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            Abstract
Ionotropic glutamate delta receptors 1 (GluD1) and 2 (GluD2) exhibit the molecular architecture of postsynaptic ionotropic glutamate receptors, but assemble into trans-synaptic adhesion complexes by binding to secreted cerebellins that in turn interact with presynaptic neurexins1,2,3,4. It is unclear whether neurexin–cerebellin–GluD1/2 assemblies serve an adhesive synapse-formation function or mediate trans-synaptic signalling. Here we show in hippocampal synapses, that binding of presynaptic neurexin–cerebellin complexes to postsynaptic GluD1 controls glutamate receptor activity without affecting synapse numbers. Specifically, neurexin-1–cerebellin-2 and neurexin-3–cerebellin-2 complexes differentially regulate NMDA (N-methyl-d-aspartate) receptors and AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptors by activating distinct postsynaptic GluD1 effector signals. Of note, minimal GluD1 and GluD2 constructs containing only their N-terminal cerebellin-binding and C-terminal cytoplasmic domains, joined by an unrelated transmembrane region, fully control the levels of NMDA and AMPA receptors. The distinct signalling specificity of presynaptic neurexin-1 and neurexin-35,6 is encoded by their alternatively spliced splice site 4 sequences, whereas the regulatory functions of postsynaptic GluD1 are mediated by conserved cytoplasmic sequence motifs spanning 5–13 residues. Thus, GluDs are signalling molecules that regulate NMDA and AMPA receptors by an unexpected transduction mechanism that bypasses their ionotropic receptor architecture and directly converts extracellular neurexin–cerebellin signals into postsynaptic receptor responses.
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                    Fig. 1: GluD1 controls AMPARs and NMDARs without altering synapse numbers.[image: ]


Fig. 2: GluD1 controls postsynaptic AMPAR EPSCs and NMDAR EPSCs by a CBLN2-dependent mechanism.[image: ]


Fig. 3: GluD1 transduces both the NRXN1SS4+ signal that enhances NMDAR EPSCs and the NRXN3SS4+ signal that suppresses AMPAR EPSCs.[image: ]


Fig. 4: Distinct cytoplasmic GluD1 sequences regulate AMPARs and NMDARs independent of the GluD1 ionotropic receptor transmembrane architecture.[image: ]


Fig. 5: Short GluD1 cytoplasmic sequence motifs transduce presynaptic neurexin signals into postsynaptic AMPAR and NMDAR responses.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 CRISPR-mediated deletion and synaptic localization of GluD1 in cultured hippocampal neurons, and the effect on synapse numbers and synaptic function.
a, Quantitative RT–PCR demonstrating robust GluD1 but weak GluD2 expression in cultured hippocampal neurons, providing the rationale for targeting GluD1 over GluD2. b, Experimental strategy for the CRISPR-mediated GluD1 deletion. Hippocampal cultures from Cas9-expressing transgenic18 mice were infected at DIV4-5 with lentiviruses expressing only mCherry or co-expressing mCherry with GluD1-directed sgRNAs, and were analysed at DIV15-17. c, Screening of five sgRNAs for the GluD1 KO efficacy in hippocampal cultures from Cas9-expressing transgenic mice18. GluD1 mRNA levels were analysed by quantitative RT–PCR in neurons as described in a. sgRNA sequences: sgRNA1, 5′-GCCGACTCCATCATCCACAT-3′; sgRNA2, 5′-GTAACGCACTGGCATATCCA-3′; sgRNA3, 5′-GGCCAATAATCCGTTCCAGG-3′; sgRNA4, 5′-GAACGCAGCCAAGGACGACA-3′; sgRNA5, 5′-CTTCGAGGAGAACGCAGCCA-3′. sgRNA1 was used for all subsequent experiments. d, GluD1 deletion using sgRNA1 in hippocampal cultures from Cas9-expressing transgenic mice abolishes most GluD1 protein expression by the time of analysis used in the current experiments. Protein levels were quantified using immunoblots (see Fig. 1b) with fluorescent secondary antibodies. e, Representative images of more than 3 experiments of hippocampal neurons cultured from Cas9-expressing transgenic mice and infected with a control lentivirus or a lentivirus expressing sgRNA1 targeting GluD1 (CRISPR). Neurons were stained for MAP2 and DAPI; the mCherry signal is from the lentiviruses). f, Representative images of hippocampal neurons cultured from Cas9-expressing transgenic mice and infected with a control lentivirus or a lentivirus expressing sgRNA1 targeting GluD1 (CRISPR, used as a negative control for GluD1 staining). Neurons were stained for vGluT1, MAP2 and GluD1 (left and middle panels) or Homer1 (right panels). g, Co-localization quantifications indicate that the GluD1 and the Homer1 signals are both adjacent to vGluT1 signals and are highly correlated with each other (Pearson correlation test). For minimum distance quantification, the range of 0.1-4 μm was analysed for distances between presynaptic vGlut1 and postsynaptic GluD1 or Homer1. h, CRISPR-mediated deletion of GluD1 has no effect on excitatory synapse numbers in hippocampal neurons, independently confirming the experiments shown in Fig. 1 using double labelling for pre- and postsynaptic excitatory synapse markers (vGluT1 and Homer1, respectively). Only puncta positive for both markers were quantified (left, representative images of neurons stained for vGluT1, Homer1 and MAP2; right, summary graphs of the density of double-positive for vGluT1 and Homer1 synaptic puncta). i, CRISPR-mediated GluD1 deletion does not alter EPSC kinetics (left, AMPAR-EPSC rise time (20–80%); middle, AMPAR-EPSC decay constants at −70 mV fitted with double-exponential function; NMDAR-EPSC decay constants at +40 mV fitted with double-exponential function. Data for i and j are from the experiments of Fig. 1g–i. j, k, CRISPR-mediated GluD1 deletion does not alter the coefficient of variation (j; left, representative traces; right, summary graph of coefficient of variation), or the PPR of AMPAR-EPSCs (k; top, sample traces; bottom, summary plots of the PPRs as a function of interstimulus intervals (ISIs)). Data are means ± s.e.m. (number of independent experiments (data points) is indicated in the bars of a–d, regions of interests/independent experiments is listed in h, and number of neurons/ independent experiments is indicated in i–k). Statistical significance was assessed by two-tailed Student’s t-test or two-way ANOVA (*P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001; for numerical P values, see source data; non-significant comparisons are not indicated).
Source data


Extended Data Fig. 2 Effects of the CRISPR-mediated deletion of GluD1 and Cre-mediated deletion of Cbln2 in vivo.
a, b, Experimental strategy for CRISPR-mediated sparse GluD1 deletion in neurons of the subiculum in the hippocampal formation. Mice were bilaterally infected at P21 by stereotactic injections of lentiviruses co-expressing sgRNA directed against GluD1 and mCherry. Mice were sacrificed at P42-P49, and subiculum sections were analysed by acute slice physiology comparing adjacent infected mCherry-positive GluD1-deficient neurons with non-infected control neurons (strategy outline (a); diagram of stereotactic injections (b)). c, Image of a subiculum section from a stereotactically infected mouse (representative of 6 experiments). Arrows identify sparsely infected mCherry-positive neurons. d, CRISPR-mediated GluD1 deletion does not alter the coefficient of variation of AMPAR-EPSCs (left, representative traces; right, summary graph of coefficient of variation). e, CRISPR-mediated GluD1 deletion does not alter the EPSC kinetics (left, EPSC rise time (20–80%); middle, EPSC decay constants at −70 mV fitted with double-exponential function; EPSC decay constants at +40 mV fitted with double-exponential function). Data in this panel and panel d were from the experiments in Fig. 1l. f, g, RNA in situ hybridization analyses reveal that cerebellin-1 (Cbln1) is poorly expressed in the hippocampal formation, cerebellin-2 (Cbln2) is detectable only in subiculum neurons, and cerebellin-4 (Cbln4) is found only in a subset of interneurons (overview of the hippocampal formation hybridized for Cbln1, Cbln2, and Cbln4 mRNAs (f); representative images for each cerebellin (g)). Images are representative of multiple brain sections, and match those obtained by the Allen Brain Institute (https://mouse.brain-map.org). h, Experimental strategy for analysis of conditional Cbln2 deletions in vivo using Cbln2 cKO mice19. Mice were bilaterally infected at P21 by stereotactic injections of AAVs expressing ΔCre-eGFP (control) or Cre-eGFP, and subiculum neurons were analysed in acute slices 2-3 weeks later. In this and all following experiments, ΔCre refers to the expression of a mutant inactive Cre that is otherwise indistinguishable from Cre. i, Conditional Cbln2 deletion from subiculum neurons does not impair excitatory synapse numbers (representative images complementing those shown in Fig. 2a). j, Summary graph of the EPSC success rate during minimal stimulation experiments (Fig. 2d). k, Conditional Cbln2 deletion does not alter the coefficient of variation of AMPAR-EPSCs (left, representative traces; right, summary graph of coefficient of variation). l, Image of an acute slice of the hippocampal formation from a mouse infected with AAVs expressing Cre-eGFP (green), and illustration of the electrophysiological recording configuration. m, Conditional Cbln2 deletion does not alter the EPSC kinetics (left, EPSC rise time (20–80%); middle, EPSC decay constants at −70 mV fitted with double-exponential function; EPSC decay constants at +40 mV fitted with double-exponential function). Data in this panel and panel k were from the experiments shown in Fig. 2c. n, Constitutive Cbln2 deletion does not alter the AMPA/NMDA EPSC ratio at CA3-CA1 Schaffer collateral synapses (left, representative traces; right, summary graph). Both conditional and constitutive Cbln2 deletions cause a massive change in this ratio when analysed in subiculum synapses (see Fig. 2). o, Cumulative probability plots show that the conditional Cbln2 deletion in subiculum significantly shifts the distribution of AMPAR-EPSC amplitudes the right and of NMDAR-EPSC amplitudes to the left, as analysed during minimal stimulation experiments. Data are means ± s.e.m. (number of neurons/mice is indicated in the bars of d, e, j, k, m, n). Statistical significance was assessed by two-tailed Student’s t-test or two sample K-S test (*P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001; for exact P values, see source data; non-significant relations are not indicated).
Source data


Extended Data Fig. 3 Double deletion of GluD1 and Cbln2 produces the same phenotype as individual deletions of GluD1 and Cbln2 in hippocampal cultures.
a, Experimental strategy. Hippocampal cultures from newborn mice expressing Cas9 on the Cbln2 cKO background (cas9 and Cbln2fl/fl) were infected with lentiviruses and analysed as indicated. Immunoblots on the right show that expression of the GluD1-directed sgRNA suppressed GluD1 protein levels with ΔCre or Cre co-expression (for additional data, please also see Supplementary Fig. 1b). b, Quantifications of GluD1 levels show that CRISPR-mediated deletion of GluD1 is efficient even after Cre-mediated deletion of Cbln2. GluD1 protein levels were measured by quantitative immunoblotting using fluorescent secondary antibodies in neurons of the indicated genotypes. c, Representative images of neurons stained for vGluT1 and MAP2. Merged images and analyses of synaptic properties are shown in Fig. 2h. d, Summary graphs of vGluT1 puncta size and vGluT1 staining intensity as a function of the Cbln2-GluD1 double deletion (additional analyses for Fig. 2h). e, f, Conditional Cbln2 deletion has no effect on excitatory synapse numbers in hippocampal neurons as analysed in independent experiments complementing those of Fig. 2, but using double labelling for a presynaptic (vGluT1) and postsynaptic marker (Homer1). Only double-positive puncta were quantified (representative images of neurons stained for vGluT1, Homer1 and MAP2 (e); summary graph of the density of vGluT1 & Homer1 double-positive synaptic puncta(f)). g, Double GluD1 and Cbln2 deletion does not alter the coefficient of variation of AMPAR-EPSCs (left, representative traces; right, summary graph of coefficient of variation). h, Double GluD1 and Cbln2 deletion does not alter EPSC kinetics (left, EPSC rise time (20–80%); middle, AMPAR-EPSC decay constants at −70 mV fitted with a double-exponential function; right, NMDAR-EPSC decay constants at +40 mV fitted with a double-exponential function). Data in g and h were from the experiments of Fig. 2i–l. i. Measurements of PPRs of evoked AMPAR-EPSCs show that the double GluD1 and Cbln2 deletion does not significantly alter PPRs (left, representative traces; right, summary plot of PPRs as a function of ISIs). Data are means ± s.e.m. (n’s in b, independent experiments (data points) are shown in bars; in d and f, dendrites/independent experiments; in g–i, neurons/independent experiments are listed). Statistical significance was assessed by two-tailed Student’s t-test or two-way ANOVA (**P ≤ 0.01, and ***P ≤ 0.001; for numerical P values, see source data; non-significant comparisons are not indicated).
Source data


Extended Data Fig. 4 Mechanism of Nrxn1βSS4+ and Nrxn3βSS4+ regulation of NMDARs and AMPARs.
a, Experimental strategy for testing the effect of the CRISPR-mediated GluD1 deletion on Nrxn1βSS4+- and Nrxn3βSS4+-mediated signalling in hippocampal cultures. Neurons cultured from Cas9 mice were infected at DIV4-5 with lentiviruses expressing only mCherry or co-expressing mCherry and GluD1-sgRNA, and again at DIV 6-7 with lentiviruses expressing various Nrxn1β or Nrxn3β constructs. Neurons were analysed at DIV15-17. b, Nrxn1βSS4-, Nrxn1βSS4+, Nrxn3βSS4-, and Nrxn3βSS4+ are similarly expressed in hippocampal cultures (top, sample blots; bottom, quantification of protein levels using Flag-tag antibodies; for additional data, please also see Supplementary Fig. 1c). c, Quantifications of Nrxn1βSS4-, Nrxn1βSS4+, Nrxn3βSS4-, and Nrxn3βSS4+ surface levels show that all constructs are efficiently transported to the cell-surface (left, representative images; right, summary graphs of the staining intensity of surface Flag-tagged proteins). Neurons were prepared as described in a. d–h, Nrxn1βSS4-, Nrxn1βSS4+, Nrxn3βSS4-, and Nrxn3βSS4+ expression and GluD1 deletions, alone or in combination, did not change the kinetics of AMPAR- and NMDAR-EPSCs or the PPRs of AMPAR-EPSCs (AMPAR-EPSC rise time (20–80%) (d); AMPAR-EPSC decay constants at −70 mV fitted with double-exponential function [top, fast component; bottom, slow component] (e); NMDAR-EPSC decay constants at +40 mV fitted with double-exponential function [top, fast component; bottom, slow component] (f); representative PPR traces (g); summary graphs of PPRs as a function of inter-stimulus intervals (h)). Data are from experiments in Fig. 3. i, Sequences of the alternatively spliced inserts of Nrxn1βSS4+ and Nrxn3βSS4+ and of the ‘swap’ mutants of these alternatively spliced inserts, referred to as Nrxn1βN3-SS4+ and Nrxn3βN1-SS4+, in which the SS4+ sequence of Nrxn1βSS4+ is introduced into Nrxn3βSS4+, and vice versa. j, k, Same as b and c, but with expression of Nrxn1βN3-SS4+ and Nrxn3βN1-SS4+ (for additional data, please also see Supplementary Fig. 1d). l–p, Nrxn1βN3-SS4+ and Nrxn3βN1-SS4+, alone or in combination with the GluD1 KO, do not change the kinetics of AMPAR- and NMDAR-EPSCs or the paired-pulse ratio of AMPAR-EPSCs (AMPAR-EPSC rise time (20–80%) (l); AMPAR-EPSC decay constants at −70 mV fitted with a double-exponential function (m); NMDAR-EPSC decay constants at +40 mV fitted with a double-exponential function (n); representative PPR traces (o); summary graphs of PPRs as a function of inter-stimulus intervals (p)). Data are from experiments in Fig. 3. Data are means ± s.e.m.; independent experiments (data points) are shown in bars (b, j); numbers of sections/independent experiments are shown in bars (c, k); neurons/independent experiments are listed (d–f, h, l–n, p). Please see source data for details.
Source data


Extended Data Fig. 5 Design of GluD1 mutant proteins and of minimal GluD1-CD4 and GluD2-CD4 proteins.
a, Alignment of the C-terminal sequences of mouse GluD1 and GluD2 to illustrate the location of cytoplasmic tail mutations in GluD1 and the positions where GluD sequences were fused to the CD4 transmembrane region in the GluD1-CD4TMR and GluD2-CD4TMR constructs (dotted lines indicate sequence not shown; ATD, amino-terminal domain; TMR 3, third transmembrane region that is followed by the cytoplasmic tail). The five highly conserved sequence motifs in the cytoplasmic C-terminal sequence that were mutated in rescue constructs are highlighted and labelled. In mutants #1–#4, the four internal sequence motifs #1–#4 were replaced by the same GQGHG sequences. The consensus sequence for type 1 PDZ domains at the very C terminus of GluD1 and GluD2 (GTSI) was replaced with a consensus sequence for type 2 PDZ domains (EYYV). This replacement blocks the interaction of the C-terminal PDZ-domain binding sequence of GluD1 with type 1 PDZ-domain proteins, an interaction that has a well documented essential function for GluD2 in cerebellar long-term synaptic plasticity31,32. b, List and description of all GluD1 and GluD2 mutants analysed. In the hybrid GluD1-CD4TMR and GluD2-CD4TMR constructs, all GluD1 and GluD2 sequences from the end of the ATD (that is, the beginning of the presumptive glutamate-binding domain) until the end of the last (3rd) TMR (for GluD1, residues 437–851; for GluD2, residues 441–851) were replaced by a linker and the TMR of CD4 (see shown sequences). As a result, GluD-CD4TMR hybrid proteins lack the TMRs and presumptive glutamate-binding domain of GluDs. In addition, GluD1-CD4TMR and GluD2-CD4TMR contain a shortened cytoplasmic tail with only 59 GluD1 residues, lacking the juxta-membranous part of the cytoplasmic tail. The minimal GluD1-CD4TMR constructs contain only short sequence motifs (5–13 residues) that are mutated in mutants #3 or #4.


Extended Data Fig. 6 GluD1 mutants and GluD1-CD4TMR and GluD2-CD4TMR constructs express well on the neuronal cell surface.
a, Experimental strategy for rescue experiments with GluD1 and GluD2 rescue constructs in GluD1-deficient in hippocampal cultures from Cas9 mice. Cells were infected at DIV4-5 with lentiviruses expressing mCherry only or mCherry together with the GluD1 sgRNA, and again at DIV 6-7 with lentiviruses expressing the wild-type and mutant GluD1 and GluD2 constructs. Neurons were analysed at DIV15-17. b–d, Most mutant GluD1 and GluD2 proteins are similarly expressed in hippocampal cultures (representative immunoblots (for additional data, please also see Supplementary Fig. 1e–g) (b, c); quantification of GluD1 and GluD2 expression using GluD1 antibodies [top] or HA-antibodies recognizing the HA-epitope tag that was added to the N terminus of the rescue proteins [bottom] (d)). Note that although some constructs do not express as well as others (for example, mutant #5), all constructs were overexpressed compared to endogenous GluD1 protein levels. e, f, Quantifications of the surface levels of GluD1 and GluD2 rescue proteins reveal efficient transport of all proteins to the cell-surface. Surface exposure was measured using staining of non-permeabilized fixed neurons with antibodies to extracellular epitopes (representative images (e); summary graphs of the staining intensity of internal HA-tagged proteins (top of panel), of surface HA-tagged proteins (middle of panel) and the ratio of surface/total proteins (bottom of panel) (f)). Neurons were stained first for surface HA before permeabilization, and then for internal HA after permeabilization using different HA antibodies. Data are means ± s.e.m. (independent experiments (data points) are shown in bars for d, sections/independent experiments are shown in the bars for f. Please see source data for details.
Source data


Extended Data Fig. 7 Analysis of EPSC kinetics and PPRs in various rescue experiments with cultured GluD1-deficient neurons.
a–i, Quantification of EPSC kinetics for measurements of evoked EPSCs under various GluD1 KO and rescue conditions as indicated, demonstrating that the EPSC kinetics do not change with any experimental manipulation (EPSC rise time (20–80%) (a, d, g); AMPAR-EPSC decay constants recorded at −70 mV and fitted with a double-exponential function (top, fast component; bottom, slow component (b, e, h); NMDAR-EPSC decay constants recorded at +40 mV and fitted with a double-exponential function (top, fast component; bottom, slow component (c, f, i)). Data are from the experiments described in Figs. 4c–e, n–p, 5c–e. j, Representative traces of PPR recordings in cultured neurons under the indicated conditions. k, Summary graphs of the PPRs as a function of the inter-stimulus intervals under the indicated conditions. Data are means ± s.e.m. (for a–i, n values are shown in Figs. 4c–e, n–p, 5c–e; for j, k, neurons/independent experiments are shown in k). Statistical significance was assessed by two-tailed Student’s t-test or two-way ANOVA. No statistically significant differences were observed. Please see source data for details.
Source data


Extended Data Fig. 8 Analysis of wild-type and mutant GluD1N-CD4TMR-GluD935–993 proteins.
a, Design of wild-type and mutant GluD1N-CD4TMR-GluD935–993 constructs, corresponding to the GluD1-CD4TMR construct (Fig. 4l) with a greatly shortened C-terminal tail. In the Mut3 and Mut4 constructs, the internal sequence motifs were replaced by the same ‘GQGHG’ sequence, and the C-terminal ‘GTSI’ sequence was mutated to ‘EYYV’ (Extended Data Fig. 5). b, c, Immunoblotting analyses show that most mutant GluD1 proteins are similarly expressed in hippocampal cultures (representative immunoblots (b); quantification of GluD1 expression using the HA-epitope tag that was added to the N terminus of the rescue proteins (c); for additional data, please also see Supplementary Fig. 1h). d, e, Quantifications of GluD1 rescue protein surface levels show that wild-type and Mut3- and Mut4-mutant GluD1N-CD4TMR-GluD935–993 proteins are efficiently transported to the cell-surface (representative images (d); summary graphs of the staining intensity of internal HA-tagged proteins (left), of surface HA-tagged proteins (middle) and the ratio of surface/total proteins (right) (e)). Surface exposure was measured by staining neurons first for surface HA before permeabilization, and then for internal HA after permeabilization using different HA antibodies. f, Representative traces of evoked AMPAR- and NMDAR-EPSCs recorded in hippocampal cultures without or with the GluD1 deletion and rescue with WT, Mut3, and Mut4 GluD1N-CD4TMR-GluD1935–993 constructs. g, Summary graphs of the AMPA/NMDA ratio illustrating that the GluD1 deletion enhances the AMPA/NMDA ratio ~300%, that the WT GluD1N-CD4TMR-GluD1935–993 construct fully rescues this phenotype, but that Mut3- and Mut4-mutant GluD1N-CD4TMR-GluD1935–993 constructs only partly rescue. Neurons were infected with lentiviruses encoding mCherry without or with the GluD1 sgRNA at DIV4-5, re-infected with lentiviruses encoding various GluD1 constructs at DIV6-7, and analysed at DIV15-17. h, i, Summary graphs of the amplitudes of AMPAR-EPSCs (h) and NMDAR-EPSCs (i) demonstrating that the GluD1 deletion increases AMPARs (~150%) but decreases NMDARs (~40%), and that WT GluD1N-CD4TMR-GluD1935–993 fully rescues both phenotypes, whereas Mut3-mutant GluD1N-CD4TMR-GluD1935–993 rescues only the AMPAR but not the NMDAR phenotype and Mut4-mutant GluD1N-CD4TMR-GluD1935–993 rescues only the NMDAR but not the AMPAR phenotype. j, None of the GluD1 manipulations affects the PPR of AMPAR-EPSCs (left, representative traces of PPR recordings; right, summary graphs of PPRs as a function of the inter-stimulus intervals). Data are means ± s.e.m. (n values are shown in bars: independent experiments (data points) (c); sections/independent experiments (e); neurons/independent experiments (g, j)). Statistical significance was assessed by two-tailed Student’s t-test or two-way ANOVA (*P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001; for numerical P values, see source data; non-significant comparisons are not indicated).
Source data


Extended Data Fig. 9 Validation of minimal GluD1-CD4TMR proteins containing only short cytoplasmic GluD1 sequence motifs.
a, b, Minimal GluD1-CD4TMR proteins containing only short cytoplasmic GluD1 sequence motifs proteins are expressed at similar levels in cultured hippocampal neurons (representative immunoblots (a); quantification of GluD1 expression using the N-terminal HA-epitope tag of rescue proteins (b); for additional data, please also see Supplementary Fig. 1i). See Extended Data Fig. 5 for an explanation of the constructs used. c, Surface quantifications show that all minimal GluD1-CD4TMR proteins are efficiently transported to the cell-surface (left, representative images; right, summary graphs of the staining intensity of internal HA-tagged proteins (top), of surface HA-tagged proteins (middle) and of the ratio of surface/total proteins (bottom panel)). Surface exposure was measured by staining neurons first for surface HA before permeabilization, and then for internal HA after permeabilization using different HA antibodies. Controls demonstrated that fixed non-permeabilized cells are impermeant to antibodies. d–f, Summary graphs demonstrating that minimal GluD1-CD4TMR proteins do not change the NMDAR- or AMPAR-EPSC kinetics (AMPAR-EPSC rise times (20–80%) (d); AMPAR-EPSC decay constants at −70 mV fitted with a double-exponential function (top, fast component; bottom, slow component) (e); NMDAR-EPSC decay constants at +40 mV fitted with a double-exponential function (top, fast component; bottom, slow component) (f)). Data are from the experiments in Fig. 5g–i. g, h, The GluD1 deletion without or with expression of minimal GluD1-CD4TMR rescue constructs does not change the paired-pulse ratio (PPR) of AMPAR-EPSCs (representative traces (g); summary graphs of PPRs as a function of the inter-stimulus intervals under the indicated conditions (h)). Data are means ± s.e.m. (number in bars: independent experiments (data points) (b); sections/independent experiments (c); neurons/independent experiments (h); numbers of cells/independent experiments for d–f are given in Fig. 5). Statistical significance was assessed by two-tailed Student’s t-test or two-way ANOVA. No statistically significant differences were observed. Please see source data for details.
Source data


Extended Data Fig. 10 Mechanistic model of Nrxn1SS4+→Cbln2→GluD1→NMDAR and Nrxn3SS4+→Cbln2→GluD1→AMPAR signalling pathways.
The model, based on the present data, proposes that Nrxn1- and Nrxn3-alternative splicing at SS4 regulates the postsynaptic content of AMPARs and NMDARs at hippocampal synapses in the subiculum but not the CA1 region by binding to Cbln2, which in turn binds to GluD1 (see Figs. 1 and 2). Surprisingly, binding to the same GluD1-Cbln2 complex enables Nrxn1SS4+ to enhance NMDARs but not AMPARs, whereas binding of Nrxn3SS4+ to the GluD1-Cbln2 complex suppresses AMPARs but not NMDARs (see Fig. 3). Signal transduction by the Nrxn1SS4+-Cbln2-GluD1 and Nrxn3SS4+-Cbln2-GluD1 assemblies is mediated by distinct cytoplasmic GluD1 sequences (HRSPN for AMPAR regulation by Nrxn3SS4+, SRTLS for NMDAR regulation by Nrxn1SS4+), suggesting that GluD1 couples Nrxn1SS4+ and Nrxn3SS4+ signals to distinct effector sequences (see Figs. 4 and 5). Since GluD1 and GluD2 constructs lacking the native GluD1 transmembrane architecture are fully active (see Fig. 4 and 5), binding of Nrxn1SS4+-Cbln2 and Nrxn3SS4+-Cbln2 complexes to the ATD of GluD1 (and of GluD2) activates a transmembrane signal without inducing a conformational change in the transmembrane regions of GluDs.
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