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Alpha-neurexins (α-Nrxns) are synaptic adhesion molecules that play crucial roles in synapse organization, specificity, and function. This review provides a comprehensive overview of α-Nrxns, covering their gene organization, molecular architecture, and roles in both physiological and pathological contexts. We begin by detailing the unique structural properties of α-Nrxns, particularly their large extracellular regions and complex alternative splicing, which facilitate diverse trans-synaptic interactions. We then examine their critical roles in regulating presynaptic neurotransmitter release, postsynaptic receptor function, and overall synaptic organization. While deletion of α-Nrxns in mice results in only modest morphological brain abnormalities, it causes profound deficits in synaptic function, underscoring their role in fine-tuning neural circuit activity in a context-dependent manner. We also explore how specific α-Nrxn ligands such as neurexophilins or IgSF21 contribute to synaptic diversity. Furthermore, we discuss emerging evidence linking α-NRXNs to various neurodevelopmental and psychiatric disorders, including autism spectrum disorder, schizophrenia, and intellectual disability. These links are supported by both genetic association studies and behavioral analyses in α-Nrxn mutant mice, which exhibit phenotypes that partially mirror symptoms observed in human disorders. Finally, we highlight recent advances in human induced pluripotent stem cell (hiPSC)-derived neuronal models, which offer powerful platforms to investigate α-NRXN-associated disease mechanisms at the cellular level. These models enable the study of patient-specific neurobiological alterations and support the development of targeted therapeutic strategies. Collectively, this review emphasizes the pivotal role of α-Nrxns in maintaining synaptic integrity and demonstrates how their dysfunction contributes to a broad spectrum of brain disorders, providing valuable insights for future translational research.
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1 Introduction

Neurexins (Nrxns) are pleiotropic cell adhesion molecules essential for synaptic organization and function (Sudhof, 2017; Gomez et al., 2021). In mammals, three Nrxn genes generate long α- and short β-isoforms through alternative promoter usage (Reissner et al., 2013). In humans, genetic alterations in NRXN genes, particularly within α-coding regions, have been repeatedly linked to psychiatric disorders (Bena et al., 2013; Kasem et al., 2018; Hu et al., 2019; Castronovo et al., 2020; Cooper et al., 2024). Despite over three decades of intensive research, the specific and overlapping roles of α- and β-Nrxns in synaptic connectivity remain poorly understood. This gap in knowledge is due to the lack of side-by-side, systematic analyses evaluating the contribution of each isoform to defined biological processes. This review summarizes current knowledge on α-Nrxns, emphasizing their unique structural features, functional roles, and ligand repertoire in comparison to β-Nrxns in both health and disease.



2 Gene organization and molecular architecture of Nrxns

In vertebrates, Nrxns are encoded by three genes (Nrxn1, Nrxn2, and Nrxn3), each regulated by two independent promoters that drive the production of long α-Nrxns and shorter β-Nrxns (Ushkaryov et al., 1992, 1994; Ushkaryov and Sudhof, 1993; Gomez et al., 2021). Additionally, the Nrxn1 gene contains a third promoter responsible for expressing the shortest isoform, Nrxn1γ (Yan et al., 2015; Sterky et al., 2017). In humans, the NRXN genes rank among the largest in the genome: NRXN1 spans approximately 1,108.4 kb with 24 exons, NRXN2 spans 106.4 kb with 23 exons, and NRXN3 spans 1,618.5 kb with 24 exons (Tabuchi and Sudhof, 2002). These genes are located at distinct chromosomal loci: NRXN1 at 2p16.3, NRXN2 at 11q13.1, and NRXN3 at 14q24–q31.1. Phylogenetic analysis of Nrxn genes indicates that Nrxn1 and Nrxn3 are more closely related to each other than to Nrxn2, suggesting that Nrxn2 diverged earlier from a common ancestor of Nrxn1 and Nrxn3 (Treutlein et al., 2014). In invertebrates such as Drosophila melanogaster and Caenorhabditis elegans, a single shorter Nrxn gene, homologous to mammalian Nrxn1, produces both the long α and short γ isoforms (Tabuchi and Sudhof, 2002; Haklai-Topper et al., 2011). Notably, the presence of a single α-Nrxn isoform in early diverging metazoans, including Ctenophora, Porifera and Placozoa, suggests that α-Nrxn represents the ancestral form of the Nrxn family (Guzman et al., 2024).

Structurally, the Nrnxs are all type I single transmembrane proteins with distinct extracellular regions followed by a conserved juxtamembranous stalk, transmembrane segment, and short cytoplasmic tail with a PDZ-binding motif (Sudhof, 2017; Gomez et al., 2021). The extracellular portions of α-Nrxns contain six laminin-neurexin-sex hormone-binding globulin (LNS) domains interspersed with three epidermal growth factor-like (EGF-like) domains. In contrast, β-Nrxns have a unique N-terminal histidine-rich domain (HRD) and a single LNS domain corresponding to the sixth LNS domain of α-Nrxns (LNS6) (Ushkaryov et al., 1994; Sudhof, 2017). The Nrxn1γ isoform has a very small extracellular region in which only the stalk region is conserved (Sterky et al., 2017).

Interestingly, most known Nrxn ligands interact specifically with either the αLNS6/βLNS or αLNS2 domains, highlighting these regions as critical ligand-binding interfaces (Ichtchenko et al., 1995; Missler et al., 1998; Sugita et al., 2001; Boucard et al., 2005; de Wit et al., 2009; Ko et al., 2009; Uemura et al., 2010; Zhang et al., 2010; Cheng et al., 2016). The expanded domain organization of α-Nrxns relative to β-Nrxns enables them to interact with a broader and more diverse array of ligands, underscoring their functional versatility within the synaptic cleft (Missler et al., 1998; Sugita et al., 2001; Reissner et al., 2014; Singh et al., 2016; Tanabe et al., 2017; Tong et al., 2017; Fan et al., 2021; Chofflet et al., 2024). In addition, the extended architecture of α-Nrxns, featuring multiple LNS domains connected by flexible EGF-like domain hinges, enables structural adaptability (Comoletti et al., 2010; Chen et al., 2011; Miller et al., 2011; Reissner and Missler, 2011; Tanaka et al., 2012; Reissner et al., 2013). While both α- and β-Nrxns can form trans-synaptic complexes with neuroligins (Nlgns), the larger ectodomain of α-Nrxns is expected to reduce the molecular packing density of these complexes, potentially altering the spatial organization of adhesion molecules at the synapse (Tanaka et al., 2011, 2012). As the intracellular tails of both Nrxns and their binding partners contain anchoring sites for scaffolding proteins (Hata et al., 1996; Poulopoulos et al., 2009; Jeong et al., 2019), such a sparse distribution of α-Nrxn–containing adhesion complexes would also influence cytoplasmic scaffolding dynamics. Therefore, the functional differences between α- and β-Nrxns may not arise solely from distinct ligand binding profiles but also from differences in their structural and spatial architecture, even when engaging the same synaptic partners.

Beyond differential promoter usage, vertebrate Nrxns further diversify their molecular repertoire through alternative splicing at up to six sites in α-Nrxns (SS1-SS6 for Nrxn1α and Nrxn3α; SS1-SS5 for Nrxn2α) (Ullrich et al., 1995; Schreiner et al., 2014; Treutlein et al., 2014; Gomez et al., 2021). Despite the high degree of evolutionary conservation between invertebrate and vertebrate Nrxns, extensive alternative splicing appears to be exclusive to vertebrate Nrxns (Tabuchi and Sudhof, 2002). In mammals, some of these sites contain multiple alternative donor and acceptor sequences, enabling the generation of hundreds of distinct transcript isoforms in the mouse brain (Schreiner et al., 2014; Treutlein et al., 2014). Alternative splicing patterns of Nrxns are conserved between rodents and humans, as shown by transcriptomic studies of post-mortem human brain tissue and induced pluripotent stem cell (iPSC)-derived neurons (Harkin et al., 2017; Flaherty et al., 2019). While this complex splicing program is tightly regulated in a spatial and cell-type specific manner, it remains surprisingly stable temporally during neuronal maturation (Aoto et al., 2013; Fuccillo et al., 2015; Lukacsovich et al., 2019). As some of these sites are in the ligand binding regions of Nrxns, splicing can alter the partner affinities of Nrxns: splicing at SS2 or SS4 controls the binding of Nrxn-interacting molecules to αLNS2 or αLNS6/βLNS domains (Gomez et al., 2021). For example, inclusion of the insert at SS2 in αLNS2 promotes binding to neurexophilins (Nxphs) while inhibiting interaction with dystroglycan (DAG) (Missler and Sudhof, 1998; Sugita et al., 2001; Wilson et al., 2019). Altogether, alternative splicing has evolved as a key mechanism by which vertebrate Nrxns, particulary α-Nrxns, diversify their interaction profiles to enable context-dependent regulation of synaptic connectivity.



3 Expression of α-Nrxns

Nrxns are broadly expressed during both embryonic and adult stages in the central nervous system (CNS) of humans and rodents, in both neuronal and glial cell types, highlighting their diverse functional roles (Ushkaryov et al., 1992; Puschel and Betz, 1995; Fuccillo et al., 2015; Furlanis et al., 2019; Uchigashima et al., 2019; Yao et al., 2021; Bose et al., 2025). In the mouse CNS, α isoforms are expressed at higher levels than β isoforms, with Nrxn2 generally showing lower expression compared to Nrxn1 and Nrxn3 (Anderson et al., 2015; Schreiner et al., 2015). In contrast, during human cortical development, NRXN1 and NRXN2 exhibit consistently higher expression levels than NRXN3 (Harkin et al., 2017). In the embryonic mouse nervous system, Nrxn1α shows widespread expression throughout the central and peripheral nervous systems, whereas Nrxn2α, and especially Nrxn3α, display more restricted regional patterns (Puschel and Betz, 1995). Notably, Nrxn genes are expressed as early as embryonic day 10 (E10) in mice, suggesting a role for Nrxns prior to synapse formation and maturation (Puschel and Betz, 1995). In the developing human prefrontal cortex, NRXN1α and NRXN1β are both expressed, with a pronounced increase during late embryonic and early postnatal periods, followed by a sharp decline and subsequent stabilization at around five years of age (Jenkins et al., 2016; Harkin et al., 2017). This peak in NRXN1α expression coincides with critical periods of synaptogenesis, synaptic maturation, and refinement (Andersen, 2003). In contrast, NRXN2 expression remains relatively stable in the fetal human cortex between 8 and 12 weeks post-conception. Thus, temporal dynamics in NRXN expression are isoform-specific during cortical development (Harkin et al., 2017).

Nrxns are predominantly localized to presynaptic terminals, as demonstrated by subcellular fractionation and immunogold electron microscopy (Berninghausen et al., 2007; Taniguchi et al., 2007). This presynaptic localization is further supported by their function as receptors for α-latrotoxin, a neurotoxin that induces massive neurotransmitter release by acting specifically at presynaptic sites (Ushkaryov et al., 1992). Moreover, deletion of α-Nrxns leads to pronounced impairments in neurotransmitter release and presynaptic Ca2 + dynamics (Missler et al., 2003; Zhang et al., 2005; Brockhaus et al., 2018), underscoring their critical role in presynaptic function. Nonetheless, both immunogold labeling and subcellular fractionation have also identified a postsynaptic pool of Nrxns, particularly among the α isoforms (Berninghausen et al., 2007; Taniguchi et al., 2007). Additionally, immunodetection of endogenous epitope-tagged Nrxn1α in cultured cortical neurons demonstrated that, although Nrxn1α is primarily axonal, its dendritic localization progressively increases during neuronal maturation (Ribeiro et al., 2019). Supporting a postsynaptic role, α-Nrxns have been implicated in the cell-autonomous regulation of postsynaptic N-methyl-D-aspartate receptor (NMDAR) function (Kattenstroth et al., 2004). Differences in subcellular localization between α and β isoforms have also been observed in cultured parvalbumin-positive (PVALB) interneurons (INs), where exogenously expressed Nrxn1β is enriched at presynaptic boutons, whereas Nrxn1α is more diffusely distributed along the axon with only modest enrichment at presynaptic sites (Fu and Huang, 2010). Fluorescence recovery after photobleaching (FRAP) experiments further revealed that Nrxn1β exhibits active trafficking to and from putative synaptic sites, while Nrxn1α displays primarily passive diffusion within axonal compartments (Fu and Huang, 2010). Moreover, despite its larger extracellular domain, Nrxn1α exhibits higher surface mobility and lower synaptic confinement than Nrxn1β in cultured hippocampal neurons (Neupert et al., 2015). Despite these insights, a comprehensive understanding of the endogenous localization of Nrxn isoforms across neuronal subtypes and synapse classes remains limited, largely due to the lack of isoform-specific antibodies suitable for high-resolution mapping.

As an alternative to antibody-based experiments, epitope-tagged knock-in (KI) mouse models have been used to further describe Nrxn localization. Although studies using α-Nrxn-specific epitope-tagged KI mouse models are limited (Ribeiro et al., 2019), previous studies using epitope-tagged Nrxn1α/β and Nrxn3α/β KI lines have revealed that both isoforms form subsynaptic densities (SSDs), protein-rich synaptic microdomain regions, at glutamatergic synapses (Trotter et al., 2019; Lloyd et al., 2023). Importantly, endogenous Nrxn1 and Nrxn3 localize to discrete, non-overlapping SSDs, which are spatially aligned with distinct postsynaptic partners (Lloyd et al., 2023). This molecular compartmentalization is functionally significant as Nrxn1 is associated with the regulation of NMDA receptor (NMDAR)-mediated currents, whereas Nrxn3 selectively modulates AMPA receptor (AMPAR) strength (Aoto et al., 2013; Dai et al., 2019, 2021, 2023). Consistently, Nrxn3 forms nanocolumns with LRRTMs and AMPARs (Nozawa et al., 2022; Lloyd et al., 2023), while Nrxn1 forms nanocolumns with GluD1, Nlgns, and NMDARs (Nozawa et al., 2022; Lloyd et al., 2023). The nanoscale organization of these trans-synaptic assemblies and regulation of NMDAR and AMPAR currents is further regulated by alternative splicing of Nrxn1 and Nrxn3 at SS4, indicating a critical role for splice variant diversity in shaping synaptic architecture (Aoto et al., 2013; Dai et al., 2019; Nozawa et al., 2022). Finally, Nrxn1α is subject to proteolytic cleavage by the metalloprotease ADAM10, and pharmacological inhibition of ADAM10 significantly enhances both the presence and molecular content of Nrxn1 nanoclusters at glutamatergic synapses (Trotter et al., 2019). These findings suggest that α-Nrxns, and presumably β-Nrxns too, anterogradely control the nanoscopic arrangement of glutamate receptors in excitatory synapses by coordinating with specific postsynaptic ligands in a gene-, splice-, and post-translational modification-dependent manner.



4 Functions of α-Nrxns


4.1 Presynaptic calcium influx and neurotransmitter release

Constitutive deletion of all three α-Nrxn isoforms has revealed that they are required for postnatal survival: double and triple knockout (DKO and TKO) mice exhibit severe breathing deficits (Missler et al., 2003). Electrophysiological recordings in acute brainstem slices and cultured neocortical slices from newborn mice have revealed that both spontaneous and evoked GABA and glutamate neurotransmitter release are severely impaired by deletion of α-Nrxns, with the severity of the impairment increasing with the number of mutant alleles (Missler et al., 2003). In particular, there are selective defects in synaptic N- and P/Q-type voltage-gated Ca2+ channel (VGCC) activity in brainstem neurons (Missler et al., 2003; Zhang et al., 2005). Interestingly, this occurs after establishment of synaptic contacts suggesting that α-Nrxns act as synapse-specific regulators of VGCCs (Missler et al., 2003). Remarkably, transgenic expression of Nrxn1α, but not Nrxn1β, rescues evoked and spontaneous neurotransmitter release defects by improving N- and P/Q-type Ca2+ channel function in newborn brainstem slices from mice with various combinations of α-Nrxn knockout (single KO, DKO and TKO) (Missler et al., 2003; Zhang et al., 2005). These studies have highlighted two important features of Nrxns: first, as transgenic Nrxn1α can compensate for deletion of other α-Nrxn genes, there must be some degree of functional redundancy between the three α-Nrxns. Second, as Nrxn1β expression cannot rescue the defects, the unique extracellular domain of α-Nrxns must be responsible for regulating neurotransmitter release through modulation of VGCCs.

In cultured hippocampal neurons as well as at neuromuscular junctions, triple α-Nrxn deletion reduces evoked neurotransmitter release and presynaptic P/Q-type channel-mediated Ca2+ influx, while increasing somatic Ca2+ transients mediated by P/Q-channels (Sons et al., 2006; Brockhaus et al., 2018, 2024). These changes in Ca2+ dynamics are accompanied by a reduction in P/Q-type VGCC abundance at α-Nrxn TKO synapses (Brockhaus et al., 2018). While overexpression of Nrxn1α does not affect synaptic abundance of P/Q-type VGCCs and only partially restores their function, it fully normalizes presynaptic and somatic Ca2+ transients as well as neurotransmitter release in hippocampal neurons (Brockhaus et al., 2018). This is consistent with the ability of Nrxn1α to regulate other types of VGCCs (Zhang et al., 2005; Brockhaus et al., 2024) and to be preferentially found in the nano-environment of N-type VGCCs (CaV2.2) in the mouse brain (Muller et al., 2010). In combination with the α2δ-1, but not the α2δ-3, CaV auxiliary subunit, Nrxn1α facilitates Ca2+ presynaptic influx and enhances currents through P/Q-type channels (Brockhaus et al., 2018). This effect appears specific to the cooperation between Nrxn1α and α2δ-1 and likely involves the modulation of the surface presence of activable channels, rather than changes in the kinetic properties of P/Q-type channels (Missler et al., 2003; Dudanova et al., 2006; Brockhaus et al., 2018). In this context, Nrxn1α does not appear to form a stable complex with α2δ-1 or α2δ-3 proteins (Brockhaus et al., 2018), in contrast to another report (Tong et al., 2017). Instead, α-Nrxns differentially modulate the surface mobility of α2δ-1 and α2δ-3 in neurons, supporting the idea that regulation of presynaptic Ca2+ transients (PreCaTs) is a highly dynamic process that is sensitive to transient protein associations (Schneider et al., 2015; Brockhaus et al., 2018).

A recent study found that single deletion of Nrxn1α results in a decreased contribution of L-type channels to PreCaTs, while N-type channel contribution increases, with no effect on P/Q-type channels in cultured hippocampal neurons (Brockhaus et al., 2024). In contrast, pan-Nrxn KO (α and β isoforms) primarily reduces P/Q-type-mediated PreCaTs, accompanied by a relative increase in the contribution of L- and R-type VGCCs (Brockhaus et al., 2024). Consistently, pan-Nrxn deletion leads to a reduction in P/Q-channels abundance and impairs coupling between PreCaTs and neurotransmitter release at calyx of Held synapses (Luo et al., 2020). While overexpression of Nrxn1α ameliorates several synaptic defects observed in α-Nrxn1/2 DKO at excitatory and inhibitory synapses of mouse newborn brainstems, including a partial rescue of P/Q-type channel dysfunctions, these findings suggest that individual Nrxn isoforms support synaptic transmission through distinct types of presynaptic VGCCs (Zhang et al., 2005). Furthermore, regulation of VGCCs by Nrxns is likely to be highly context-dependent, given that the expression and clustering of VGCC subtypes vary at different types of synapses and during development (Iwasaki et al., 2000; Sons et al., 2006; Nakamura et al., 2015).

Inhibition of neurotransmitter release by endocannabinoid signaling is mediated by modulation of presynaptic VGCCs and a reduction in PreCaTs (Brown et al., 2004). β-Nrxn TKO reduces both evoked and spontaneous glutamatergic synaptic transmission, as well as PreCaTs, without altering the synaptic abundance of VGCCs in cultured cortical and hippocampal neurons (Anderson et al., 2015; Klatt et al., 2021). These defects in basal in synaptic transmission can be rescued by overexpression of Nrxn1β, but not Nrxn1α, in cortical neurons, or by pharmacological inhibition of the endocannabinoid pathway, suggesting that β-Nrxns specifically regulate tonic endocannabinoid-mediated neurotransmitter release (Anderson et al., 2015). However, while the reduction of PreCaTs by cannabinoid receptor 1 (CB1R) activation by 2-arachidonoylglycerol (2-AG) was dampened by 25% in pan-Nrxn KO hippocampal neurons, it was only diminished by 5% in β-Nrxn TKO neurons, indicating a potential role for α-Nrxns in tonic endocannabinoid-mediated synaptic inhibition (Brockhaus et al., 2024). Nevertheless, the inability of Nrxn1α overexpression to rescue the phenotypes observed in β-Nrxn TKO cortical neurons suggests that α- and β-Nrxns may regulate endocannabinoid-mediated neurotransmission via non-overlapping mechanisms in a context-dependent manner. Interestingly, presynaptic defects in β-Nrxn TKO cortical neurons appear to be caused by elevated 2-AG- but not anandamide (AEA)-mediated tonic endocannabinoid signaling. In contrast, loss of Nrxn1α results in reduced release probability caused by endocannabinoid dysregulation through the AEA, but not the 2-AG, pathway at corticostriatal synapses in acute brain slices (Davatolhagh and Fuccillo, 2021). Altogether, these studies suggest that, in addition to β-Nrxns, α-Nrxns also contribute to the regulation of retrograde tonic endocannabinoid signaling, thereby modulating baseline neurotransmitter release in a context-dependent manner. Furthermore, the potential role of Nrxns in controlling phasic endocannabinoid signaling remains to be formally investigated in future studies.

Aside from their roles in modulating VGCC function in the context of synaptic transmission, α-Nrxns also control two types of Ca2+-dependent endocrine secretion: (1) from pituitary melanotrophs (Dudanova et al., 2006; Mosedale et al., 2012) and (2) from pancreatic β-cells (Dudanova et al., 2006; Mosedale et al., 2012). Adult DKO mice lacking either Nrxn1α/2α or Nrxn2α/3α exhibit smaller body weights, atrophied pituitary glands with smaller melanotrophs and an almost complete inability to breed (Dudanova et al., 2006). Patch-clamp measurements have revealed reduced Ca2+-dependent secretory activity of α-Nrxn1/2 or 2/3 DKO adult mouse melanotrophs without ultrastructural changes of secretory granules (Dudanova et al., 2006). Interestingly, α-Nrxn1/2 or 2/3 DKO as well as TKO newborn mice also exhibit impaired melanotroph secretory activity but without differences in the size of the pituitary lobes or in cell size, suggesting that a functional rather than morphological defect is the primary phenotype in the pituitary gland (Dudanova et al., 2006). Unlike in brainstem and neocortical neurons (Missler et al., 2003; Zhang et al., 2005), α-Nrxn deletion (α-Nrxn1/2 or 2/3 DKO or TKO) does not lead to a reduction in Ca2+ currents but instead results in a small shift in the voltage dependence of Ca2+ currents in melanotrophs (Dudanova et al., 2006). Thus, it was proposed that α-Nrxns are crucial for the coupling of VGCCs to release-ready vesicles and metabotropic GABABR in melanotrophs, as is also the case in newborn brainstem neurons and at calyx of Held synapses (Dudanova et al., 2006; Luo et al., 2021). Although pituitary melanotrophs express GABABR (Purisai et al., 2005), it remains to be demonstrated that the secretory defects observed in α-Nrxn KO mice are specifically due to the loss of GABABR modulation of VDCCs in melanotrophs. Additionally, α-Nrxn1/2 and 2/3 DKO adult mice exhibit a profound reduction in Ca2+-dependent synaptic transmission in the hypothalamo-hypophysial axis, but this defect cannot explain the reduced secretory activity of melanotrophs since newborn mice lack these hypothalamic inputs (Dudanova et al., 2006). In support of a role for α-Nrxns in the second type of Ca2+-dependent endocrine secretion, deletion of Nrxn1α results in increased glucose-stimulated but not basal insulin secretion from pancreatic islets (Mosedale et al., 2012). While the percentage of plasma membrane-docked insulin granules is reduced in Nrxn1α KO islets, the total number of granules per cell is increased (Mosedale et al., 2012). Altogether, α-Nrxns and their ligands are expressed in different endocrine systems, and their genetic deletion support the idea of a generalized function in Ca2+-dependent endocrine secretion (Dudanova et al., 2006; Suckow et al., 2008; Mosedale et al., 2012; Suckow et al., 2012; Shah et al., 2023). Emerging evidence suggests a link between neurodevelopmental as well as mental disorders and metabolic syndromes, highlighting the possibility that dysfunction in α-NRXNs may contribute not only to neuronal impairment but also to systemic physiological disturbances (Farooqui et al., 2012; Penninx and Lange, 2018; Liu S. et al., 2021).



4.2 Regulation of NMDAR functions

β-Nrxn TKO cultured cortical neurons exhibit a reduction in both NMDAR- and AMPAR-mediated evoked EPSCs caused by a diminution in release probability (demonstrated by slower use-dependent blockade of evoked NMDAR-EPSCs by the NMDAR antagonist MK-801; (Anderson et al., 2015). In contrast, neocortical slices from α-Nrxn TKO mice show a profound reduction in NMDAR- but not AMPAR-mediated spontaneous and evoked EPSCs (Kattenstroth et al., 2004). This selective impairment suggests that α-Nrxns directly regulate NMDAR functions, but the exact mechanisms remain unclear. In Nrxn1α KO mice, NMDAR currents are reduced at thalamostriatal but not at thalamocortical or hippocampal synapses (Etherton et al., 2009; Davatolhagh and Fuccillo, 2021), whereas a robust increase and decrease in NMDAR- and AMPAR-mediated currents, respectively, occurs in corticoamygdalar pathways (Asede et al., 2020). Deletion of Nrxn2α selectively impairs NMDAR-mediated synaptic transmission at somatosensory cortical synapses, as evidenced by a reduction in NMDAR-EPSC amplitude and shortened decay time - consistent with a loss of slow-kinetic NMDAR function (Traynelis et al., 2010; Born et al., 2015). Bath application of the NMDAR antagonist APV or intracellular delivery of MK-801 reduces EPSC decay time in wild-type (WT) neurons, but has no effect in Nrxn2α KO neurons, suggesting deficits in postsynaptic NMDARs (Born et al., 2015). In addition, Nrxn2α deletion leads to a reduction in paired-pulse facilitation (PPF) with, atypically, an associated decreased presynaptic release probability (Born et al., 2015). Notably, this change in short-term plasticity appears to be NMDAR-dependent, as APV application reduces PPF in WT but not in Nrxn2α KO neurons (Born et al., 2015), consistent with a role for NMDARs in modulating PPF (Zinebi et al., 2001; Akopian and Walsh, 2002). Interestingly, additional deletion of Nrxn2β does not significantly exacerbate these phenotypes despite widespread Nrxn2β expression in neocortical regions (Born et al., 2015; Uchigashima et al., 2019). These findings highlight Nrxn2α as the principal Nrxn2 isoform responsible for the regulation of NMDAR functions. Importantly, the NMDAR dysfunction observed in α-Nrxn TKO or Nrxn2α single KO neurons is unlikely to be caused by dysregulation of the alternative splicing-dependent regulation of AMPAR and NMDAR responses by Nrxns (Aoto et al., 2013; Dai et al., 2019). Constitutive insertion at SS4 in any Nrxn isoform increases NMDAR-mediated currents, while constitutive removal of the SS4 insert does not alter NMDAR function in hippocampal neurons (Dai et al., 2019). Additionally, alternative splicing of Nrxn2 at SS4 has no effect on NMDAR-mediated synaptic responses (Dai et al., 2019). Interestingly, postsynaptic NMDAR-mediated synaptic transmission and PPF are regulated by α2δ-1 and L-type VGCCs (Akopian and Walsh, 2002; Chen et al., 2018). Given that α-Nrxns regulate α2δ-1 surface mobility (Brockhaus et al., 2018), as well as L-type Ca2+ channel function (Brockhaus et al., 2024), future studies assessing the role of VGCCs in α-Nrxn-mediated modulation of NMDARs would be valuable.



4.3 Regulation of GABAergic inhibitory transmission

As previously discussed, triple α-Nrxn deletion results in profound reduction of spontaneous and evoked GABAergic transmission in the brainstem and neocortical regions. These impairments are caused by dysfunctions in VGCCs and by a reduction in inhibitory synapse density (Missler et al., 2003; Zhang et al., 2005; Dudanova et al., 2007) likely due to impaired assembly as α-Nrxns have been shown to interact with and to recruit inhibitory postsynaptic components such as GABAAR or Nlgn2 (Kang et al., 2008; Geisler et al., 2019; Miyazaki et al., 2021).

In contrast to the triple KOs, perturbations of individual α-Nrxn isoforms typically produce modest and context-dependent effects on inhibitory synapses. Deletion of Nrxn1α or Nrxn2α does not alter spontaneous global GABAergic transmission or inhibitory synapse density in hippocampal or cortical acute brains slices (Etherton et al., 2009; Born et al., 2015). However, a specific trans-synaptic complex composed of Nrxn1α-Nlgn3 that is critically dependent on alternative splicing of Nlgn3 (lacking both A1 and A2 inserts) and Nrxn1α (requiring the SS4 insert) regulates synaptic strength between cholecystokinin (CCK)-expressing INs and pyramidal neurons (PN) (Uchigashima et al., 2020). In the basal amygdala (BA), loss of Nrxn1α impairs local inhibition by decreasing inhibitory connectivity and reducing GABAergic synaptic tone (Asede et al., 2020). These defects impair feedforward inhibition from both the dorsomedial prefrontal cortex and lateral amygdala to BA pathways (Asede et al., 2020). Notably, these functional impairments are not caused by a reduction in perisomatic inhibitory synapse density (Asede et al., 2020).

These findings suggest that individual α-Nrxn isoforms control GABAergic synaptic transmission in a cell type-specific manner, and that concurrent perturbation of multiple isoforms results in cumulative phenotypic effects on synaptic inhibition. Supporting this notion, in the ventral subiculum (vSUB), Nrxn3 controls synaptic inhibition mediated by PVALB-expressing INs onto regular-spiking (RS) PNs in a sex-dependent manner (Boxer et al., 2021). In males, Nrxn3 controls the density and strength of PVALB-RS synapses, whereas in females, it regulates their presynaptic release probability (Boxer et al., 2021). Notably, Nrxn3 appears to be dispensable for PVALB IN synapses onto burst-firing (BS) PNs (Boxer et al., 2021). Despite these functional differences, the level of Nrxn3α, the primary isoform expressed in vSUB PVALB + INs, is comparable between sexes, suggesting that the observed sexual dimorphism arises downstream or via interacting factors (Boxer et al., 2021). Additionally, Nrxn3α is essential for normal global GABAergic transmission in olfactory bulb and mPFC neurons, but not in hippocampal neurons (Aoto et al., 2015; Trotter et al., 2023). Furthermore, Nrxn3α mediates trans-synaptic signaling through DAG to regulate inhibitory synapse function, a process that is modulated by alternative splicing at SS2 (Trotter et al., 2023).

These findings underscore the highly context-dependent roles of α-Nrxns in regulating GABAergic synaptic function, shaped by factors such as cell type, brain region, and alternative splicing; importantly, emerging evidence points to biological sex as an additional layer of regulation, warranting further investigation in future studies. Furthermore, multiple deletion of α-Nrxns leads to a selective reduction in inhibitory synapse density while largely preserving excitatory synapse density and synaptic ultrastructure (Missler et al., 2003; Dudanova et al., 2007). It remains unclear whether α-Nrxns also play a role in the early formation of inhibitory synapses or if these synapses are uniquely vulnerable to functional impairments.



4.4 Modest nervous system morphological defects caused by deletion of α-Nrxns

Despite widespread temporospatial expression throughout the CNS, deletion of α-Nrxns results in only modest morphological changes in the CNS. Early studies using α-Nrxn DKO and TKO mice reported no major structural brain abnormalities, axon pathfinding defects, or increases in apoptosis (Missler et al., 2003; Dudanova et al., 2007). However, more subtle changes have been observed: in newborn TKO mice, olfactory glomeruli are reduced by approximately 20%, and in adult DKO mice, there is a similar 20% reduction in neuropil area along with a shortening of distal dendritic branches (Dudanova et al., 2007).

At the ultrastructural level, both asymmetric and symmetric synapses have normal morphology in α-Nrxn DKO and TKO mice (Missler et al., 2003). While the density of symmetric (inhibitory) synapses is selectively reduced by approximately 30%–40% in neocortical and brainstem areas of newborn TKO and adult DKO mice, asymmetric (excitatory) synapses remain unaffected (Missler et al., 2003; Dudanova et al., 2007). Whether the decrease in inhibitory synapse density reflects impaired early synapse formation or defective maintenance remains unclear. Future studies using conditional α-Nrxn deletion in mice at adult stages are needed to address this question.

While the somatosensory cortex shows no changes in the density or ultrastructure of inhibitory or excitatory synapses (Born et al., 2015), diffusion tensor imaging reveals altered brain microstructure in Nrxn2α KO mice (Pervolaraki et al., 2019). These mice exhibit increased fractional anisotropy (FA) in the amygdala, orbitofrontal cortex (OFC), anterior cingulate cortex (ACC), and hippocampus, alongside reduced FA in the basolateral amygdala (BLA). Disruptions in axonal fiber integrity are also observed in the amygdala, OFC, and ACC. Thus, Nrxn2α KO mice have atypical structural connectivity across brain regions implicated in social behavior and anxiety (Pervolaraki et al., 2019).

In the peripheral nervous system, α-Nrxn DKO causes only modest structural abnormalities. At the neuromuscular junction, synaptic morphology appears largely preserved, and overall synapse density remains unchanged in DKO mice (Sons et al., 2006).

Overall, deletion of α-Nrxns results in modest and specific morphological changes in both the central and the peripheral nervous system. Despite severe defects in neurotransmitter release at both excitatory and inhibitory synapses throughout the CNS, α-Nrxn1/2 or 2/3 DKO and TKO mice exhibit a selective reduction in inhibitory synapses. This suggests that α-Nrxns act primarily as functional regulators of synaptic transmission rather than as building blocks for nerve connections. Notably, phenotypic severity correlates with the number of mutant α-Nrxn alleles, suggesting a dosage-dependent effect and potential functional redundancy among α-Nrxn isoforms.




5 α-Nrxn specific ligands

Although many Nrxn ligands bind to both α-Nrxns and β-Nrxns (Sudhof, 2017), a few Nrxn-binding proteins have been isolated as α-Nrxn-specific ligands, for example, Nxphs (Missler et al., 1998), immunoglobulin superfamily member 21 (IgSF21) (Tanabe et al., 2017), high endothelial venule protein (hevin) (Singh et al., 2016) and voltage-gated calcium channel auxiliary subunit α2δ (CaVα2δ) (Tong et al., 2017; Figure 1). Furthermore, DAG was isolated as a α- and β-Nrxn-binding protein (Sugita et al., 2001; Reissner et al., 2014) but appears to regulate inhibitory synapse function through α-Nrxns. Each of these α-Nrxn ligands is discussed in detail here.
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FIGURE 1
Extracellular architecture of presynaptic α-neurexins and their binding partners across the synaptic cleft. Schematic representation of α-neurexin (α-Nrxn) interactions with specific ligands in the synaptic context. The domain organization of presynaptic α-Nrxns is shown, comprising six Laminin-Neurexin-Sex hormone-binding globulin (LNS1–6) domains interspersed by three epidermal growth factor-like (EGF1–3) domains, and terminating with a cytoplasmic PDZ-binding motif (PDZb). Red triangles indicate alternative splice sites (SS1–SS6), with SS6* absent in Nrxn2α. Solid lines represent known protein–protein interactions, while dashed lines with double arrowheads indicate competitive binding between ligands. The gray solid line connecting Nxph1/3 to LNS4 represents a putative interaction, based on the demonstrated binding of Nxph4 to LNS4. The competitive relationship between hevin and SPARC is also depicted, though this interaction remains to be experimentally confirmed. Where known, ligand specificity for neurexin splice variants and gene isoforms is noted in bold italics. The diagram provides spatial orientation across the synaptic cleft, with presynaptic and postsynaptic compartments and associated molecules indicated. Proteins and structures are not drawn to scale.



5.1 Neurexophilins

Nxphs are small, secreted glycoproteins that were first purified in complex with Nrxn1α on immobilized alpha-latrotoxin (Petrenko et al., 1996; Missler and Sudhof, 1998). Nxphs are expressed by four genes in mammals (Nxph1-4) but absent in invertebrates (Missler and Sudhof, 1998). Structurally, Nxphs are composed of a variable N-terminal pro-domain, a conserved C-terminal mature fragment composed of an N-glycosylated domain, and a C-terminal cysteine-rich domain (Missler et al., 1998; Missler and Sudhof, 1998). Nxphs are expressed as N-glycosylated preproteins in all cell types but only undergo proteolytic cleavage in neuronal cells (Missler et al., 1998; Missler and Sudhof, 1998). While initially only Nxph1 and 3 were shown to bind α-Nrxns through their second LNS domain (Missler et al., 1998), a subsequent study demonstrated that Nxph4 acts as a ligand of α-Nrxns in vivo (Meng et al., 2019). Interestingly, Nxph4 co-immunoprecipitates with single LNS2 and LNS4 domains suggesting that α-Nrxns contain two distinct Nxph-binding sites (Meng et al., 2019). While N-glycosylation of Nxph1 is not a prerequisite for its interaction with Nrxn1α, it stabilizes the Nxph1-Nrxn1α complex (Reissner et al., 2014). Analysis of the crystal structure of the Nxph1 mature C-terminal fragment in complex with the Nrxn1α LNS2 domain revealed that both proteins form a large contiguous beta-sandwich by alignment of their individual beta-sandwiches and that insertion at Nrxn1α splicing site 2 (SS2) strengthens the interaction with Nxph1 by addition of specific contacts sites at the Nxph1-LNS2 interface as well as by stabilizing nearby hydrophobic interactions (Wilson et al., 2019).

Nxphs isoforms exhibit distinct expression patterns in the brain. Rodents express Nxph1, 2 and 4, while humans express NXPH2, 3 and 4 (Missler and Sudhof, 1998). Nxph1 is present in scattered neurons across the adult rat brain, in a pattern suggestive of expression in inhibitory INs (Petrenko et al., 1996). Notably, in the hippocampus, Nxph1 mRNA is absent from PNs and granule cells while it is present at high levels in dispersed cells that appear to be inhibitory INs (Petrenko et al., 1996). In the olfactory bulb, Nxph1 is uniformly expressed by inhibitory periglomerular neurons and is found in glutamatergic tufted cells. Strong Nxph1 expression is also present in some thalamic nuclei (Petrenko et al., 1996). At the ultrastructural level, immunogold labeling revealed that, while Nrxns are present in neocortical asymmetric and symmetric synapses, Nxph1 is exclusively present at symmetric inhibitory synapses (Reissner et al., 2014). In contrast to the dispersed expression of Nxph1, Nxph3 and Nxph4 expression is much more restricted. Nxph3 is enriched in non-GABAergic layer 6b cortical cells as well as granule cells in lobules 9 and 10 of the cerebellar vermis in the adult mouse brain (Beglopoulos et al., 2005) and expressed by glutamatergic neurons of the deep cerebellar nuclei as well as inhibitory Golgi cells in the cerebellar cortex (Meng et al., 2019). Nxph4 is expressed in specific interconnected brain regions and cell types relevant for motor control, food and energy balance, and olfactory and emotional function (Meng et al., 2019).

Functional studies, including both loss- and gain-of-function (LOF and GOF) approaches, have implicated Nxphs in the regulation of inhibitory synaptic transmission in the brain. Nxph1 KO mice show no differences in mortality or body weight (Beglopoulos et al., 2005), but electrophysiological recordings reveal an increased frequency of miniature inhibitory postsynaptic currents (mIPSCs) in thalamic reticular nucleus inhibitory neurons as well as impaired GABABR-dependent short-term presynaptic depression at inhibitory synapses (Born et al., 2014). Interestingly, ectopic expression of Nxph1 at cortical excitatory synapses results in hindered GABABR- and GABAAR-dependent short-term presynaptic facilitation (Born et al., 2014). These alterations are accompanied by increased GABABR and GABAAR expression at excitatory synapses, suggesting that, similar to α-Nrxns, Nxph1 has an instructive role at synapses (Born et al., 2014; Miyazaki et al., 2021). Consistent with its function at inhibitory synapses, Nxph1 is a major endogenous interacting partner of Nrxn3 SS5+, an Nrxn3 isoform selectively involved in dendritic inhibition (Hauser et al., 2022). As is the case for Nxph1, deletion of Nxph3 results in no difference in mortality or body weight, and this persists even when combined with Nxph1 deletion (Beglopoulos et al., 2005). Nxph3 KO mice do not exhibit any gross brain morphological abnormalities, but do display impaired sensorimotor gating as well as motor coordination defects (Beglopoulos et al., 2005). In contrast, global homozygous deletion of Nxph4 results in lower body weight, motor coordination defects and reduced anxiety in mice of both sexes as well as female-specific sensorimotor gating deficits (Meng et al., 2019). In the cerebellum, Nxph4 KO mice exhibit drastically reduced GABAergic inhibition between Golgi and granule cells with a modest reduction in GABAergic synapses density, but glutamatergic synaptic transmission between mossy fibers and granule cells remains unaltered (Meng et al., 2019). Interestingly, Nxph4 interacts with GABAAR in cerebellar synaptosomes, suggesting a model in which α-Nrxns-Nxph4-GABAAR tripartite assembly controls GABAergic connectivity between Golgi and granule cells (Meng et al., 2019). Altogether, α-Nrxn-interacting Nxphs are expressed in non-overlapping patterns across rodent brains where they appear to selectively control GABAergic transmission.



5.2 High endothelial venule protein (hevin)/secreted protein acidic and rich in cysteine-like 1 (SPARCL1)

Hevin, also known as SPARCL1, and its close homolog SPARC, are secreted, glycosylated matricellular proteins with collagen-binding ability (Johnston et al., 1990; Yan and Sage, 1999; Hambrock et al., 2003; Eroglu, 2009; Jones and Bouvier, 2014; Yuzaki, 2018; Fan et al., 2021). Accumulating evidence links hevin and SPARC to autism spectrum disorders (ASD) (De Rubeis et al., 2014; Wallingford et al., 2017; Taketomi et al., 2022; Taketomi and Tsuruta, 2023), alcohol use disorder (Nunez-delMoral et al., 2023), and chronic pain (Chen et al., 2022; Kang et al., 2022) as well as Alzheimer’s disease (Jayakumar et al., 2017; Seddighi et al., 2018; Strunz et al., 2019; Cabral-Miranda et al., 2025).

During embryonic development, hevin and SPARC are expressed in radial glia as well as in the developing vasculature. Postnatally, both proteins are heavily secreted by astrocytes with hevin also expressed in neurons (Lively and Brown, 2008; Eroglu, 2009; Kucukdereli et al., 2011; Jones and Bouvier, 2014; Mongredien et al., 2019), while SPARC expression is restricted to glial cells (Mendis et al., 1995; Bampton et al., 2005; Cahoy et al., 2008; Vincent et al., 2008). Hevin was initially identified as a glycoprotein found in rat brain synaptosomes and named synaptic cleft protein 1 (SC1) (Johnston et al., 1990). Subsequent studies confirmed that hevin is found at excitatory synapses, notably thalamocortical synapses (Kucukdereli et al., 2011), as well as at perisynaptic glial processes (Lively et al., 2007; Lively and Brown, 2008). Interestingly, hevin and SPARC expression are developmentally regulated, reaching a peak between postnatal 15 and 25 days, which corresponds to the synaptogenesis surge (Risher et al., 2014; Singh et al., 2016). However, while SPARC expression is rapidly downregulated, hevin expression remains stable in adulthood (Kucukdereli et al., 2011). Consistent with a role in nerve repair and synaptic reorganization, hevin and SPARC expression are upregulated following CNS injury during reactive gliosis (McKinnon and Margolskee, 1996; Mendis et al., 1996, 2000; Liu et al., 2005; Lively and Brown, 2007).

Structurally, hevin and SPARC contain a flexible acidic N-terminal region followed by a globular C-terminal region encompassing a follistatin-like (FS) domain and an extracellular calcium-binding (EC) domain (Hohenester et al., 1997; Yan and Sage, 1999). While hevin and SPARC have unique N-terminal acidic domains, they share about 61% sequence identity in their FS-EC tandem region (Bradshaw, 2012). In the brain, hevin undergoes proteolytic cleavage by ADAMTS4 and MMP-3, resulting in the production of a SPARC-like fragment (SLF) containing the FS-EC region (Weaver et al., 2010, 2011; Nunez-delMoral et al., 2021). Despite their relatively high sequence homology, the 3D structures of the hevin and SPARC FS-EC regions are fundamentally different due to distinct organization of the EC domain (Fan et al., 2021). The helices linking the FS-EC tandem drive the FS domain away from the EC domain in hevin, leading to an “open” conformation (Fan et al., 2021). The C-terminal region of hevin binds the LNS5 domain of Nrxn1α, with the FS domain strengthening the interaction (Singh et al., 2016; Fan et al., 2021). Hevin also interacts weakly with Nrxn3α but fails to bind to Nrxn2α (Singh et al., 2016). Interestingly, hevin bridges Nrxn1α and Nlgn1 (B +), two proteins that otherwise do not directly interact, by simultaneously binding to both and facilitating trans-synaptic adhesion to promote synapse formation (Singh et al., 2016).

While both hevin and SPARC bind to Nrxn1α and Nlgns, it is currently not known whether they compete for these interactions (Fan et al., 2021). In cultured retinal ganglion cells (RGCs), astrocyte-secreted hevin promotes the formation of glutamatergic synapses, but, while these synapses are ultrastructurally normal, they are functionally silent (Kucukdereli et al., 2011). SPARC and the C-terminal SLF fragment of hevin antagonize hevin’s synaptogenic activity in a dose-dependent manner (Kucukdereli et al., 2011). Interestingly, hevin, SPARC and the SLF all promote neurite outgrowth and branching, suggesting that the domain and/or receptor requirements for hevin-mediated synapse formation are distinct from those for neurite outgrowth (Kucukdereli et al., 2011). In vivo, hevin and SPARC have opposite effects on retinocollicular synaptogenesis: synapse density decreases in hevin KO mice but increases in SPARC KO mice (Kucukdereli et al., 2011). Subsequent studies have shown that hevin additionally controls the formation, maturation, and maintenance of thalamocortical, but not intracortical, synapses (Risher et al., 2014; Singh et al., 2016). In cultured RGCs, hevin induces pre- and postsynaptic differentiation through Nrxn1α and Nlgns, respectively (Singh et al., 2016). Consistent with previous observations, hevin induces the formation of presynaptically active and postsynaptically silent synapses (NMDAR-positive but AMPAR-negative synapses) (Singh et al., 2016). From these studies, an elegant model emerged in which astrocyte-secreted hevin bridges presynaptic Nrxn1α and postsynaptic Nlgn1 (B+) to promote thalamocortical synapse formation (Singh et al., 2016). Importantly, the synaptogenic activity of hevin is abolished by deletion of either Nrxn1α or Nlgn1 in co-cultured thalamic and cortical neurons. However, subsequent studies have shown that, in cultured mouse cortical neurons, hevin induces active excitatory synapse formation in a Nrxn- and Nlgn-independent manner (Gan and Sudhof, 2020), and failed to observe any interaction between hevin and Nlgn1 (Elegheert et al., 2017). Additionally, in human embryonic stem cell (hESC)-derived glutamatergic neurons, young mouse serum-derived hevin induces the formation of functional excitatory synapses with recruitment of both postsynaptic AMPARs and NMDARs (Gan and Sudhof, 2019). While it is currently challenging to reconcile these observations, it is possible that these dissimilarities originate from the different experimental models used to probe hevin’s functions. For example, the observation that hevin selectively induces the formation of Nrxn1α- and Nlgn1-dependent thalamocortical, but not intracortical, synapses was made in vivo (Singh et al., 2016). It is possible that this selectivity is lost in two-dimensional cultures and that other receptors mediate hevin’s synaptogenic activity at intracortical synapses (Singh et al., 2016; Gan and Sudhof, 2020). Despite the aforementioned discrepancies, LOF and GOF studies have consistently reported that hevin selectively controls glutamatergic, but not GABAergic, synapse formation (Kucukdereli et al., 2011; Gan and Sudhof, 2020).

Apart from its role in promoting synapse formation, astrocyte-secreted hevin is required for ocular dominance plasticity following monocular deprivation (Singh et al., 2016) and morphological plasticity of dendritic spines upon exposure to enriched environmental experiences (Le et al., 2025). Additionally, hevin is required for appropriate termination of radial glia-guided neuronal migration and normal cortical lamination (Gongidi et al., 2004). Furthermore, astrocyte-released hevin is involved in synaptic reorganization and nerve repair following injury (Ge et al., 2019; Brayman et al., 2021; Kim et al., 2021; Yamagata, 2021). Although hevin KO mice are viable, fertile and without any obvious histological or basal nociception abnormalities (McKinnon et al., 2000; Kang et al., 2011; Chen et al., 2022), future studies should be conducted to probe the involvement of Nrxn1α and Nlgns in hevin-mediated plasticity and synaptic reorganization and assess in-depth brain development and behavioral abnormalities in hevin KO mice.



5.3 Immunoglobulin superfamily member 21 (IgSF21)

IgSF21 was isolated as a postsynaptic adhesion molecule that selectively induces presynaptic GABAergic differentiation through interacting with axonal Nrxn2α (Tanabe et al., 2017; Chofflet et al., 2024). IgSF21 is a glycosylphosphatidylinositol (GPI)-anchored protein containing either two or three Ig domains depending on alternative spicing (long and short IgSF21 isoforms) that is primarily expressed in PNs (Tanabe et al., 2017; Chofflet et al., 2024). Global deletion of IgSF21 in mice selectively impairs GABAergic synapse organization and function in both the hippocampus and the cortex (Tanabe et al., 2017). Notably, IgSF21 preferentially regulates dendrite-targeted inhibitory synapse organization. In agreement with in vivo loss of function studies, IgSF21 neuronal overexpression increases dendritic, but not somatic, VGAT immunoreactivity (Chofflet et al., 2024). On the other hand, Nlgn2 overexpression promotes VGAT clustering along the somatodendritic axis of transfected neurons. Interestingly, IgSF21- and Nlgn2-mediated GABAergic presynaptic differentiation relies on only partially overlapping signaling pathways in cultured hippocampal neurons. Pharmacological inhibition of JNK, CaMKII and Src signaling pathways suppresses Nlgn2-mediated induction of inhibitory presynaptic differentiation, while the synaptogenic activity of IgSF21 is only sensitive to JNK signaling blockade (Chofflet et al., 2024). Whether intracellular signaling pathways participate in the dendritic selectivity of the regulation of inhibition by IgSF21 remains to be determined.

In silico predictions and site-directed mutagenesis revealed that the first Ig domain of IgSF21 interacts with the first LNS domain of Nrxn2α through a hydrogen bonding network (Chofflet et al., 2024). Interestingly, the LNS1 domain of α-Nrxns is poorly conserved between the three genes, possibly explaining why IgSF21 binds to Nrxn2α, but not to Nrxn1α or Nrxn3α. Although alternative splicing of IgSF21 does not regulate its affinity for Nrxn2α, the long isoform of IgSF21 induces stronger GABAergic presynaptic differentiation than the short isoform (Tanabe et al., 2017). Interestingly, the ratio of long to short IgSF21 is higher in the mouse brain at P14, corresponding to the peak time period of GABAergic synaptogenesis. Thus, the synaptic IgSF21-Nrxn2α complex is emerging as a selective regulator of dendritic inhibition in the brain.



5.4 Voltage-gated calcium channel auxiliary subunit α2δ (CaVα2δ)

Alpha 2 delta (α2δ) proteins are auxiliary subunits of voltage-gated calcium channels (CaVs) encoded by four genes in mammals (CACNA2D1-4) and 2 genes in Caenorhabditis elegans (unc-36 and tag-180). In humans, α2δ subunits appear to be risk genes for ASD (Iossifov et al., 2012; De Rubeis et al., 2014) and schizophrenia (Purcell et al., 2014; Moons et al., 2016), and are also linked to other neurological disorders (Pippucci et al., 2013; Valence et al., 2019). α2δ subunits regulate CaV trafficking on the plasma membrane and to the active zone to promote the coupling of CaV function to synaptic vesicle exocytosis and neurotransmitter release (Canti et al., 2005; Bernstein and Jones, 2007; Hoppa et al., 2012; Fell et al., 2016). They also modulate CaV channel function by shifting voltage-dependent activation, altering steady-state inactivation, and accelerating inactivation (Felix et al., 1997; Klugbauer et al., 1999). In cholinergic neuromuscular junctions in Caenorhabditis elegans, the ectodomain cleaved from postsynaptic NRX-1α participates in retrograde synaptic inhibition by suppresing neurotransmitter release coupled to UNC2-CaV2s through binding to UNC-36/α2δ (Tong et al., 2017). Additionally, postsynaptic NRX-1α modulates presynaptic localization of UNC-36/α2δ, and presynaptic NLG-1 is required for NRX-1α-mediated retrograde synaptic inhibition (Tong et al., 2017). Interestingly, mouse Nrxn1α can form a complex with any rodent α2δ protein (α2δ-1, -2 or -3) in HEK293T cells, with α2δ-3 having the highest affinity for mouse Nrxn1α. Remarkably, mouse Nrxn1α decreases current density of CaV2.2s in an α2δ-3-dependent manner in a human cell line. When co-expressed with CaV2.2s containing either α2δ-1 or α2δ-2, Nrxn1α has no effect on calcium currents. Although it remains unknown whether α-Nrxns participate in retrograde synaptic inhibition through α2δ-3-containing CaV2.2s in mammals, the LNS1 and LNS5 domains of Nrxn1α are responsible for binding to α2δ-3 and decreasing CaV2.2 currents, arguing for an α-Nrxn-specific function.

Interestingly, another study reported that triple α-Nrxn KO hippocampal neurons display reduced CaV2.1-mediated presynaptic Ca2+ influx as well as decreased axonal CaV2.1 abundance and synaptic vesicle exocytosis (Brockhaus et al., 2018). Ectopic Nrxn1α can rescue presynaptic Ca2+ influx and synaptic vesicle release, partially through improving CaV2.1 function. Interestingly, Nrxn1α cooperates with α2δ-1, but not α2δ-3, to facilitate presynaptic Ca2+ influx in triple α-Nrxn KO neurons. When co-expressed in non-neuronal human cells, Nrxn1α drastically increases Ca2+ currents through CaV2.1s containing α2δ-1, but not α2δ-3. However, unlike in the previous study (Tong et al., 2017), this study did not find that Nrxn1α could form stable protein complexes with α2δ proteins (Brockhaus et al., 2018). Finally, triple deletion of α-Nrxns increases and reduces diffusion coefficients of surface α2δ-1 and α2δ-3, respectively. Altogether, these studies propose models in which α-Nrxns regulate synaptic transmission through modulation of presynaptic Ca2+ influx in cooperation with auxiliary α2δ proteins.

Apart from the role of α2δ-2 as a modulator of voltage-gated calcium channels, ectopic presynaptic expression of α2δ-2, but not α2δ-1 or -3, induces mismatched accumulation of postsynaptic inhibitory components including GABAARs apposed to presynaptic excitatory sites (Geisler et al., 2019). Interestingly, this mismatch is drastically potentiated in triple α-Nrxn KO cortical neurons, occurring even without ectopic α2δ-2 presynaptic expression (Geisler et al., 2019). It is currently unknown how presynaptic α2δ-2 induces postsynaptic mismatches. Nevertheless, given that α-Nrxns, as well as β-Nrnxs, interact directly with GABAAR to modulate inhibitory synaptic strength (Zhang et al., 2010), these results suggest the possibility that presynaptic α-Nrxns and α2δ-2 cooperate to regulate postsynaptic recruitment of GABAARs in a trans-synaptic manner (Kang et al., 2008; Geisler et al., 2019).



5.5 Dystroglycan (DAG)

The gene dystroglycan1 (Dag1) encodes a single polypeptide that is cleaved into two non-covalently attached proteins: extracellular α-DAG and transmembrane β-DAG (Ibraghimov-Beskrovnaya et al., 1992; Holt et al., 2000). DAG was initially isolated from skeletal muscle as an integral membrane component of the dystrophin-glycoprotein complex (DGC). In humans, defects in α-DAG glycosylation are linked to various progressive muscular dystrophies including Duchenne muscular dystrophy and referred to collectively as α-dystroglycanopathies (Ervasti and Campbell, 1991; Ibraghimov-Beskrovnaya et al., 1992; Cohn and Campbell, 2000; Barresi and Campbell, 2006). Notably, these α-dystroglycanopathies are frequently associated with brain malformation and intellectual disability (Nickolls and Bonnemann, 2018). Structurally, α-DAG contains an N-terminal autonomous folded domain, a central highly O-glycosylated mucin domain, and a globular C-terminal domain (Brancaccio et al., 1995, 1997; Barresi and Campbell, 2006). β-DAG contains a single transmembrane domain and a proline-rich C-terminal cytoplasmic tail (Barresi and Campbell, 2006). In non-neuronal cells, DAG acts by linking extracellular matrix components such as laminin2 to the intracellular actin skeleton through dystrophin (Barresi and Campbell, 2006). In the brain, DAG co-immunoprecipitates with Ig-Nrxn1α fusion proteins and binds the LNS2 and LNS6 domains of α-Nrxns as well as the single LNS domain of β-Nrxns (Sugita et al., 2001; Reissner et al., 2014). Notably, DAG-Nrxn interaction is regulated both by alternative splicing of α-Nrxn and by O-glycosylation of DAG. Insertion at SS2 and SS4 within the LNS2 and LNS6 domains, respectively, of α-Nrxns prevents DAG-Nrxn complex formation, and O-glycosylation of the mucin domain of DAG by LARGE (like-acetyl-glucosaminyl-transferase) is required for binding (Sugita et al., 2001; Reissner et al., 2014). Subsequent biochemical characterization revealed that α-DAG competes with Nxph1 and Nlgn1 for binding to α-Nrxns thereby restricting the formation of α-Nrxn-based multiplexes (Reissner et al., 2014). Conversely, binding of α-DAG to the Nrxn1α LNS2 domain is prevented by Nxph1, although α-DAG and Nxph1 require different epitopes for LNS2 binding (Reissner et al., 2014). The competitive nature of these interactions with α-Nrxn may be a key molecular basis for the formation of distinct α-Nrxn-based trans-synaptic complexes.

Throughout the mouse brain, α-DAG localization seems to be restricted to subsets of GABAergic synapses. In primary rat hippocampal neuron cultures, α-DAG and dystrophin are restricted to GABAergic synapses, and their synaptic localization is established late in development (Levi et al., 2002; Pribiag et al., 2014). In the mouse hippocampal CA1 region, α-DAG is mainly localized in the stratum pyramidale, consistent with its role in soma-targeting inhibitory synapses mediated by CCK-expressing INs, but is also found in a subset of GABAergic synapses in the stratum radiatum (Fruh et al., 2016; Trotter et al., 2023). In the mouse olfactory bulb (OB), α-DAG is present at large inhibitory synapses in the glomerular layer as well as reciprocal dendrodendritic inhibitory synapses in the external plexiform layer (Trotter et al., 2023). In the cerebellum, α-DAG and β-DAG can be detected in perisomatic and dendritic GABAergic synapses on Purkinje cells, but not on cerebellar INs (Grady et al., 2006; Briatore et al., 2010; Briatore et al., 2020; Trotter et al., 2023). In addition to its localization at inhibitory synapses, DAG is also present in basal lamina and blood vessels, consistent with its function in maintaining blood brain barrier integrity and neuronal and vascular interactions (Tian et al., 1996; Zaccaria et al., 2001; Briatore et al., 2010; Trotter et al., 2023; Tan et al., 2024).

Although DAG is not an α-Nrxn-specific interacting molecule (Sugita et al., 2001), a recent study revealed that the interaction between presynaptic Nrxn3α LNS2 and postsynaptic DAG is required for normal GABAergic transmission in the OB and in the medial prefrontal cortex (mPFC) (Trotter et al., 2023). Deletion of Nrxn3α/β in the OB and in the mPFC results in impaired GABAergic transmission by lowering presynaptic release probability, but this could be rescued by expression of just the Nrxn3α LNS2 domain lacking the SS2 insert (LNS2SS2–). Consistent with the binding studies, inclusion of the SS2 insert abrogated the rescue effect (Sugita et al., 2001; Reissner et al., 2014; Trotter et al., 2023). Furthermore, CRISPR interference or genetic deletion of Dag1 in OB and mPFC neurons impairs inhibitory, but not excitatory, synaptic transmission by suppressing neurotransmitter release probability, phenocopying the phenotype of Nrxn3α/β deletion (Trotter et al., 2023). Interestingly, Nrxn3 deletion in the mPFC leads to a reduction in mIPSC amplitude that is not rescued by expression of the Nrxn3α LNS2SS2– construct (Trotter et al., 2023). Furthermore, this decrease is not observed in Nrxn3 KO OB neurons, nor phenocopied by deletion of Dag1 in the mPFC, suggesting that regulation of GABAAR responses by Nrxn3 in the mPFC is DAG-independent (Trotter et al., 2023).

Forebrain-restricted homozygous deletion of Dag1 from PNs (NEX-Cre and Emx1-Cre mediated deletion) results in drastic defects in formation, maintenance, and transmission of perisomatic inhibitory synapses between CCK-expressing INs and PNs (CCK+ synapses) (Fruh et al., 2016; Jahncke et al., 2024). These defects are specific to CCK+ synapses: loss of Dag1 has no effect on perisomatic inhibitory synapses formed by PVALB+ INs or excitatory synapses (Fruh et al., 2016; Jahncke et al., 2024). Furthermore, O-linked glycosylation of DAG by protein O-mannosyltransferase 2 (Pomt2), but not the DAG cytoplasmic tail, is required for CCK+ synapse formation (Jahncke et al., 2024), suggesting the involvement of the glycosylated ectodomain of DAG, potentially through Nrxn interaction. In addition, CCK+ INs synaptic terminals are unchanged in Dag1 T190M KI mice carrying a missense mutation associated with limb-girdle muscular dystrophy (Hara et al., 2011; Fruh et al., 2016) that impairs DAG glycosylation and reduces the ability of recombinant Nrxn proteins to bind to wheat germ agglutinin (WGA)-enriched brain extract (Hara et al., 2011), suggesting that this mutation could impair DAG-Nrxn interaction, although this remains to be tested directly. Furthermore, while two studies reported that the number and localization of CCK+ INs remains unchanged following Dag1 deletion (Fruh et al., 2016; Jahncke et al., 2024), a third study found that NEX-Cre-mediated Dag1 deletion leads to a drastic loss of CCK+ INs and their innervation throughout the forebrain (Miller and Wright, 2021). Notably, Dag1 deletion does not alter the density of PVALB-, somatostatin-, or calretinin-expressing INs (Miller and Wright, 2021). In the cerebellum, conditional deletion of Dag1 in Purkinje cells (PCs) leads to reduced inhibitory transmission and a decrease in GABAergic synapse formation and maintenance on both the soma and dendrites of PCs (Briatore et al., 2020; Jahncke et al., 2025). These deficits progressively worsen over time, marked by the gradual loss of postsynaptic GABAergic components such as Nlgn2 and GABAAR, along with increasingly severe inhibitory synapse dysfunction in older mice (Briatore et al., 2020). Consistent with GABAergic synaptic and cerebellar dysfunctions, genetic perturbations of Dag1 lead to a reduced seizure induction threshold and impaired motor coordination and learning (Grady et al., 2006; Briatore et al., 2020; Jahncke et al., 2024).

In addition to its functions in CCK+ synapses formation and maintenance, DAG also plays a role in inhbitiory synapse plasticity. In cultured hippocampal neurons, α-DAG expression is upregulated by prolonged neuronal activity and is required in a glycosylation-dependent manner for homeostatic upscaling of GABAergic synapses (Pribiag et al., 2014). On the other hand, α-DAG is not required for bicuculine- or tetrodotoxin (TTX)-induced downscaling of glutamatergic and GABAergic synapses, respectively (Pribiag et al., 2014). Treatment with the heparan sulfate proteoglycan (HSPG) agrin, another α-DAG ligand, induces GABAergic synapse upscaling in an α-DAG-dependent manner (Pribiag et al., 2014). Similarly, chronic social defeat stress downregulates α-DAG expression in the ventral hippocampus (vHP) and decreases GABAAR synaptic transmission, but local administration of agrin into the vHP restores inhibitory synaptic tone and reverses depressive-like behaviors though upregulation of glycosylated α-DAG expression (Xie et al., 2022). Like agrin, Nrxns are also HSPGs (Zhang et al., 2018; Lu et al., 2023), and future studies are needed to address the role of Nrxns in α-DAG-mediated homeostatic scaling of GABAergic synapses.




6 α-Neurexins in disease


6.1 Neurexins in human diseases: genetic associations and phenotypic outcomes

Mutations in NRXN genes, especially NRXN1, have been linked to a broad spectrum of psychiatric and neurodevelopmental disorders, most notably schizophrenia (SCZ) and ASD (Bena et al., 2013; Kasem et al., 2018; Hu et al., 2019; Castronovo et al., 2020; Cooper et al., 2024), but also Tourette syndrome (Sundaram et al., 2010; Nag et al., 2013; Huang et al., 2017; Castronovo et al., 2020), intellectual disability (ID) (Castronovo et al., 2020), developmental delay (DD) (Castronovo et al., 2020), substance use disorders (SUD) (Hishimoto et al., 2007; Nussbaum et al., 2008; Stoltenberg et al., 2011), and epilepsy (Perez-Palma et al., 2017; Rochtus et al., 2019). Given the high heritability of SCZ (∼50% concordance in monozygotic twins) (Trifu et al., 2020) and ASD (∼98%) (Grice and Buxbaum, 2006), extensive genetic investigations have been conducted to elucidate their etiology and pathogenesis. Notably, psychiatric disorders are highly heritable, exhibit substantial overlap in their genetic architectures (Brainstorm et al., 2018), and often present co-morbid phenotypes (De Crescenzo et al., 2019).

Initial evidence for the involvement of NRXN genes in ASD came from a candidate gene study using single-strand conformation polymorphism (SSCP) analysis, which reported an association between NRXN1β and ASD (Feng et al., 2006). In parallel, a study employing array comparative genomic hybridization (array CGH) identified a 250 kb exonic deletion encompassing the promoter and first exon of NRXN1α in individuals with SCZ (Kirov et al., 2008). While subsequent research has strengthened the association of NRXN1–3 with ASD (Reichelt et al., 2012; Vaags et al., 2012; Hu et al., 2019; Khoja et al., 2023), only NRXN1 has shown a consistent and high-confidence association with SCZ (Reichelt et al., 2012; Kasem et al., 2018; Hu et al., 2019; Tromp et al., 2021). Although one study has suggested a possible link between NRXN3 singlenucleotide polymorphisms (SNPs) and SCZ (Hu et al., 2013), there is currently no evidence implicating NRXN2 in SCZ. Importantly, disease-associated genetic variations are largely enriched in the α isoform coding region, rather than in the coding region of the β isoform, across the NRXN family (Reichelt et al., 2012; Bena et al., 2013; Hu et al., 2019; Castronovo et al., 2020; Tromp et al., 2021; Cooper et al., 2024).

Exonic deletions in NRXN1, particularly those affecting the NRXN1α isoform, have been found to confer substantially elevated risk for schizophrenia, with odds ratios (OR) ranging from 7.44 to 14.4 in large multi-cohort studies (Rujescu et al., 2009; Ikeda et al., 2010; Hu et al., 2019). These deletions are rare but have been identified across multiple populations, including cohorts from Ireland, China, Japan, and the United States. In contrast, common genetic variants in NRXN1, such as SNP, do not appear to be widely associated with schizophrenia (Fromer et al., 2014; Purcell et al., 2014; Schizophrenia Working Group of the Psychiatric Genomics, 2014; Hu et al., 2019). However, three studies reported modest but significant associations between NRXN1 and NRXN3 polymorphisms and SCZ in a Chinese Han population (Yue et al., 2011; Liu et al., 2012; Hu et al., 2013). Conversely, several studies have reported significant associations between NRXN1-3 SNPs and ASD in different populations, although further research is required to confirm these findings (Kim et al., 2008; Wang et al., 2009; Yue et al., 2011; Liu et al., 2012; Wang et al., 2018). Therefore, the genetic risk for SCZ, and possibly ASD, conferred by NRXN1 is attributed primarily to rare, exon-disrupting CNV deletions.

NRXN1 mutations, particularly monoallelic heterozygous deletions, are characterized by incomplete penetrance and highly variable expressivity. Carriers present with a wide range of phenotypes, including ASD, SCZ, Tourette syndrome, ID, epilepsy, language delay, and mood disorders, underscoring the pleiotropic nature of NRXN1 (Ching et al., 2010; Schaaf et al., 2012; Bena et al., 2013; Curran et al., 2013; Al Shehhi et al., 2019; Castronovo et al., 2020; Fuccillo and Pak, 2021; Cooper et al., 2024). While some carriers develop neuropsychiatric conditions, others remain asymptomatic (Al Shehhi et al., 2019; Castronovo et al., 2020). These findings suggest that NRXN1 monoallelic genetic perturbations act more as risk modifiers than deterministic mutations, and their phenotypic outcomes are likely shaped by genetic background and environmental factors. Indeed, genome-wide association studies (GWAS) and recent integrative models suggest that rare variants and polygenic risk may interact to influence neuropsychiatric outcomes (Bergen et al., 2019; Klei et al., 2021). Future studies that combine NRXN CNV burden with polygenic risk scores (PRS) will be critical for disentangling the complex genetic architecture of these disorders and for improving risk prediction models.

Bi-allelic NRXN1 loss-of-function, also referred to as Pitt-Hopkins-like syndrome 2 (OMIM #614325), represents the most severe end of the clinical spectrum associated with NRXN1 disruption (Zweier et al., 2009; Castronovo et al., 2020; Fuccillo and Pak, 2021). This rare disorder arises from compound inherited heterozygous deletions and/or mutations and is characterized by a consistent phenotype comprising moderate to severe DD or ID, absence of expressive language, severe muscle hypotonia, motor stereotypies, chronic constipation, abnormal sleep-wake cycles, and social interaction deficits (Castronovo et al., 2020). In addition, patients carrying biallelic NRXN1 loss-of-function mutations often present with breathing abnormalities (Castronovo et al., 2020). To date, only 11 individuals with bi-allelic NRXN1 disruption have been reported. Most mutations affect the NRXN1α isoform and typically span the promoter region and early exons (Castronovo et al., 2020). All but two cases involved variants inherited from asymptomatic parents, underscoring the complexity of genotype–phenotype correlations and the likely contribution of additional genetic or environmental factors (Duong et al., 2012; Castronovo et al., 2020). Altogether, these cases provide compelling evidence that complete loss of NRXN1α function leads to a syndromic neurodevelopmental phenotype with consistent core clinical features and additional variability influenced by environmental and genetic factors.

Another unique case described a female infant with early-onset epileptic encephalopathy and fatal respiratory failure, who carried heterozygous missense mutations in NRXN1α (inherited from the mother with a history of sudden infant death syndrome) and NRXN2α (from the father with a history of febrile seizures) (Rochtus et al., 2019). Although this digenic combination has only been reported once, the severe respiratory phenotype is consistent with findings from Nrxn1α/2α DKO mice, which display impaired central control of breathing, suggesting a potential convergent mechanism of dysfunction (Missler et al., 2003). In addition, postmortem neuropathology also revealed arcuate nucleus hypoplasia and dentate gyrus abnormalities (Rochtus et al., 2019).



6.2 Behavioral abnormalities in α-Nrxn mutant mice

Studies investigating behavioral deficits in α-Nrxn KO rodents have predominantly focused on Nrxn1α, with comparatively fewer analyses of Nrxn2α, and currently, no behavioral phenotyping data are available for Nrxn3α KO rodents (Table 1). Most research employed constitutive deletions of α-Nrxns, and factors such as haploinsufficiency and sex-specific effects were inconsistently examined. Additionally, the use of diverse rodent genetic backgrounds may contribute to variability in the observed phenotypes.


TABLE 1 Overview of behavioral abnormalities in α-Nrxns KO rodents.


	Targeted isoforms
	Species
	Genetic manipulation
	Main findings in behavioral abnormalities
	References





	Nrxn1α
	Mouse (Hybrid SV129-C57BL/6)
	Constitutive homozygous KO
	• Impaired nest-building behavior
 • Increased repetitive self-grooming
 • Prepulse inhibition of startle deficit
 • Accelerated motor learning
 • Normal spatial learning and memory
 • Normal sociability
 • Normal anxiety
	Etherton et al., 2009



	Nrxn1α
	Mouse (Hybrid SV129-C57BL/6)
	Constitutive heterozygous KO
	• Accelerated habituation to novel environments in males
 • Accelerated habituation to novel objects in males
 • Normal anxiety
	Laarakker et al., 2012



	Nrxn1α
	Mouse (C57BL/6J)
	Constitutive heterozygous and homozygous KO
	• Reduced locomotor activity in homozygous males and females
 • Increased anxiety in homozygous males
 • Higher social preference in homozygous males and females
 • Increased aggressive behaviors in homozygous males
 • Impaired nest-building behavior in homozygous males and females
 • Normal spatial learning and memory
 • Normal short- and long-term working memory
 • Normal self-grooming
 • Normal olfaction
	Grayton et al., 2013



	Nrxn1α
	Mouse (C57BL/6J)
	Constitutive homozygous KO
	• Reduced fear memory retrieval in males
 • Normal locomotor activity
	Asede et al., 2020



	Nrxn1α
	Mouse (C57BL/6NCrl)
	Constitutive heterozygous KO
	• Impaired social novelty preference
 • Impaired spatial emotional memory in females
 • Normal object discrimination memory
 • Normal locomotor activity
 • Normal anxiety
 • Normal prepulse inhibition of startle
 • Normal nest-building behavior
	Dachtler et al., 2015



	Nrxn1α
	Mouse (C57BL/6N)
	Constitutive homozygous KO and conditional KO (Nex-Cre; telencephalic excitatory neurons)
	• Deficits in value-based selection action in constitutive and conditional KO mice
 • Deficits in value updating and representation of choice value
 • Disruption of value-associated dorsal striatum neuron activity in conditional KO mice
 • Normal vision discrimination
	Alabi et al., 2020



	Nrxn1α
	Mouse (Hybrid SV129-C57BL/6)
	Constitutive heterozygous and homozygous KO
	• Decreased slow-wave sleep in heterozygous and homozygous KO males (dose-dependent phenotype)
	Ostergaard and Kas, 2025



	Nrxn1α
	Mouse (C57BL/6J)
	Constitutive heterozygous and homozygous KO
	• Reduced social novelty preference in heterozygous and homozygous males
 • Reduced passive interactive behaviors in homozygous females and increased aggressivity in homozygous males
 • Reduced locomotor activity during dark phase in homozygous males and females
 • Decreased phase shift upon L/D to D/D change in homozygous males
 • Increased motor learning and coordination in heterozygous and homozygous males and females
 • Normal locomotor activity in novel environment
 • Normal anxiety
	Xu et al., 2023



	Nrxn1α
	Mouse (C57BL/6J)
	Constitutive heterozygous and homozygous KO
	• Reduced isolation-induced USV in homozygous pups
 • Smaller body weights in homozygous pups and adults
 • Increased locomotor activity
 • Delayed developmental milestones
 • Normal olfaction
 • Reduced social investigative behaviors in heterozygous and homozygous juvenile and adult males
 • Increased aggressive behaviors in heterozygous and homozygous adult males
 • Normal motor learning and coordination
 • No repetitive behaviors
	Armstrong et al., 2020



	Nrxn1α
	Mouse (C57BL/6J)
	Injection of SCZ patient-derived NRXN1α autoantibodies into the subarachnoid space of the frontal cortex of 8-week-old mice
	• Impaired spatial working memory
 • Prepulse inhibition of startle deficit
 • Reduced social novelty preference
 • Impaired novel object discrimination
 • Normal social preference
	Shiwaku et al., 2023



	Nrxn1α
	Rat (Sprague Dawley)
	Constitutive homozygous KO
	• Increased locomotor activity in males and females
 • Normal prepulse inhibition of startle but higher startle response
 • Impaired instrumental conditioning in males
 • Normal classical conditioning
 • Impaired latent inhibition
 • Impaired spatial learning in males and females
	Esclassan et al., 2015



	Nrxn1α
	Rat (Sprague Dawley)
	Constitutive homozygous KO
	• Increased locomotor activity
 • Increased gamma power and gamma coherence in cortico-striatal and thalamocortical circuits (freely moving animals)
 • Reduced auditory-evoked theta oscillation in frontal and parietal cortical regions
 • Profound defects in auditory mismatch negativity responses
 • Normal sociability and social stimulus-driven neuronal oscillations
	Janz et al., 2022



	Nrxn1α
	Rat (Sprague Dawley)
	Constitutive homozygous KO
	• Delayed auditory brainstem responses in juvenile but not adult rats
 • Normal hearing sensitivities
	Marashli et al., 2024



	Nrxn1α
	Rat (Sprague Dawley)
	Constitutive homozygous KO
	• Increased locomotor activity
 • Increased social play behavior
 • Increased age-inappropriate sexual mounting
	Achterberg et al., 2025



	Nrxn1α
	Rat (Sprague Dawley)
	Constitutive heterozygous and homozygous KO
	• Reduced isolation-induced USV in homozygous male and female pups
 • Increased locomotor activity in novel environment in homozygous juvenile males
 • Reduced social play behaviors in homozygous juvenile males
 • Reduced prosocial helping behaviors in heterozygous and homozygous juvenile males and females
 • Reduced performance in food-reward task in heterozygous and homozygous juvenile males and females
 • Facilitated nurturing behaviors toward isolated pups
 • Increased object investigation in homozygous males
 • Normal olfaction
 • Normal social preference and social novelty preference
	Kight et al., 2021



	Nrxn2α
	Mouse (C57BL/6NCrl)
	Constitutive homozygous KO
	• Impaired sociability and social novel preference
 • Normal locomotor activity
 • Heightened anxiety
 • Normal prepulse inhibition of startle
 • Normal spatial emotional memory
 • No depression-related behaviors
 • Normal olfaction
	Dachtler et al., 2014



	Nrxn2α
	Mouse (C57BL/6NCrl)
	Constitutive heterozygous KO
	• Impaired social novelty preference
 • Impaired object discrimination memory
 • Normal spatial emotional memory
 • Normal locomotor activity
 • Normal anxiety
 • Normal prepulse inhibition of startle
 • Normal nest-building behavior
	Dachtler et al., 2015



	Nrxn2α
	Mouse (C57BL/6J)
	Constitutive heterozygous and homozygous KO
	• Heightened anxiety in homozygous males and females
 • Increased repetitive self-grooming in homozygous females
 • Impaired nest-building behavior
 • Normal locomotor activity
 • Impaired sociability and social novel preference in homozygous females
 • Normal spatial learning and memory
 • Normal olfaction
	Born et al., 2015



	Nrxn3α
	Rat (Long Evans)
	shRNA-mediated knockdown of Nrxn3α in the central amygdala
	• Increased Varicella-zoester virus-associated pain response in male and proestrus female rats
	Kramer et al., 2022; Kramer et al., 2024



	Nrxn1α, Nrxn2α, Nrxn3α
	Mouse (Hybrid SV129-C57BL/6)
	• Constitutive homozygous Nrxn1α/2α and Nrxn2α/3α DKO
	• Faster saturation of maximum oxygen uptake during physical exercise
 • Normal maximum oxygen uptake during physical exercise
 • Normal ventilation frequency
 • Normal auditory threshold
	Sons et al., 2006






Commonly reported behavioral abnormalities in α-Nrxn KO mice include increased anxiety-like behavior, impaired nest-building, and elevated self-grooming (Etherton et al., 2009; Grayton et al., 2013; Dachtler et al., 2014; Born et al., 2015; Dachtler et al., 2015). However, it remains unclear whether the increased self-grooming reflects motor stereotypies or anxiety-induced behavior (Liu H. et al., 2021). These phenotypes are reminiscent of traits observed in individuals with ASD and SCZ (Silverman et al., 2010; Angoa-Perez et al., 2013; Kazdoba et al., 2016; Simmons et al., 2021). Notably, findings regarding social deficits in α-Nrxn KO mice are inconsistent: while some studies report no change in sociability (Etherton et al., 2009; Janz et al., 2022), others describe alterations in specific social behaviors (Grayton et al., 2013; Dachtler et al., 2014, 2015; Born et al., 2015; Achterberg et al., 2025).

Atypical sensory processing is frequently observed in patients with neurodevelopmental and psychiatric disorders (Piek and Dyck, 2004; Javitt, 2009; Marco et al., 2011; Gigliotti et al., 2024) as well as in corresponding animal models (Braff and Geyer, 1990; Balasco et al., 2019; Falcao et al., 2024). Although one study reported deficits in prepulse inhibition (PPI) of the startle response in homozygous Nrxn1α KO mice (Etherton et al., 2009), several other studies found normal PPI in both Nrxn1α and Nrxn2α KO rodents (Dachtler et al., 2014, 2015; Esclassan et al., 2015). Interestingly, Nrxn1α KO adult rats display normal PPI but exhibit an increased baseline startle response (Esclassan et al., 2015), along with reduced auditory-evoked theta oscillation in frontal and parietal cortical regions and profound defects in auditory mismatch negativity responses (Janz et al., 2022). In addition, altered auditory brainstem responses have been observed in juvenile, but not adult, Nrxn1α KO rats. Collectively, these findings suggest that deletion of Nrxn1α or Nrxn2α does not impair sensorimotor gating but does affect auditory stimulus processing. Moreover, olfactory function appears to be preserved in Nrxn1α KO mice and rats (Laarakker et al., 2012; Grayton et al., 2013; Kight et al., 2021), as well as in Nrxn2α KO mice (Dachtler et al., 2014; Born et al., 2015). However, whether loss of α-Nrxns affects other sensory modalities, such as somatosensory or visual processing, remains unclear. Given that these functions are frequently affected in individuals with ASD (Wang et al., 2015; Shafer et al., 2021), and in related mouse models (Chelini et al., 2019; Cheng et al., 2020), further investigation is warranted to determine the broader impact of α-Nrxn deletion on sensory system function.

Despite notable functional synaptic deficits in the cortex and hippocampus (Missler et al., 2003; Kattenstroth et al., 2004; Uchigashima et al., 2020), Nrxn1α KO mice and Nrxn2α KO mice typically exhibit modest cognitive impairments (Kattenstroth et al., 2004; Dudanova et al., 2007; Etherton et al., 2009; Dachtler et al., 2014; Aoto et al., 2015; Born et al., 2015; Uchigashima et al., 2020; Trotter et al., 2023). Specifically, Nrxn1α KO mice display normal spatial and working memory in Morris water maze and novel object recognition tests (Etherton et al., 2009; Grayton et al., 2013; Dachtler et al., 2015), although they show fear memory deficits in both classical and instrumental conditioning paradigms (Dachtler et al., 2015; Asede et al., 2020). On the other hand, deletion of Nrxn2α in mice does not affect fear memory (Dachtler et al., 2014, 2015). These studies suggest that Nrxn1α, but not Nrxn2α, may selectively regulate fear-related learning and memory. In contrast, Nrxn1α KO rats show impairments in instrumental, but not classical, conditioning, and exhibit deficits in latent inhibition and spatial memory, indicating species-dependent behavioral outcomes, even among rodents (Esclassan et al., 2015).



6.3 Modeling α-NRXN-linked neurodevelopmental disorders using hiPSC-derived cellular systems

Although animal models have significantly advanced our understanding of the roles of Nrxns in the nervous system, they face several key limitations in faithfully recapitulating certain aspects of neurodevelopmental and psychiatric disorders associated with NRXN perturbations. Indeed, despite the absence of electrophysiological deficits after heterozygous Nrxn1 deletion in mouse neurons engineered from ES cells, iPSC-derived human NRXN1+/– neurons exhibit robust alterations in excitatory neurotransmission, suggesting that synaptic functions of Nrxns may be species-dependent (Pak et al., 2015, 2021). Furthermore, the penetrance of heterozygous NRXN deletions in humans is incomplete, and the associated clinical presentations are highly variable (Castronovo et al., 2020; Fuccillo and Pak, 2021; Cooper et al., 2024), suggesting that additional genetic co-factors likely contribute to the resulting phenotype. Dysregulation of alternative splicing is thought to be an essential molecular mechanism for the pathogenesis of several neurodevelopmental and psychiatric disorders (Zhang et al., 2022; Ushkaryov et al., 1994; Dando et al., 2024), and NRXNs may exhibit species-specific alternative splicing that could be further regulated by patient genetic determinants. Indeed, analysis of basal and activity-dependent exon splicing in human and mouse neurons revealed significant differences between the two species (Dando et al., 2024). In addition, hiPSC-derived forebrain neurons and astroglia exhibit a diverse repertoire of NRXN1α isoforms, reflecting the extensive alternative splicing of NRXN1α observed in the human brain (Flaherty et al., 2019). Consequently, for elucidating the role of NRXNs in diverse human neurodevelopmental and psychiatric conditions, it is essential to use patient-derived cellular models, including human iPSC-derived neurons and other relevant brain cell types.

An unexpected finding from hiPSC studies is that exonic deletion of NRXN1α skews fate choice in neural progenitors and perturbs neuronal and glial maturation and the functions of these cells (Flaherty et al., 2019; Lam et al., 2019; Bose et al., 2025). Interestingly, NRXN1α expression is upregulated during neural induction and neuronal differentiation (Lam et al., 2019) suggesting it plays a pivotal role in establishment of neural stem cells, in neuronal differentiation, and in maturation of functional neuronal and glial cells. Both bi-allelic and heterozygous NRXN1α deletion in hiPSC-derived neurons and brain organoids alter neuronal and glial faith and differentiation, impair neuronal maturation, and hinder the emergence of mature excitatory neurons (Flaherty et al., 2019; Lam et al., 2019; Sebastian et al., 2023; Bose et al., 2025). On the other hand, a previous study has reported that knockdown of NRXN1α in hiPSCs selectively affects astrocytic, but not neuronal, differentiation and maturation (Zeng et al., 2013). Bi-allelic NRXN1α deletion in microglia impairs their ability to support neuronal differentiation, maturation, and the development of neuronal networks in differentiating iPSC-derived neuroepithelial stem (NES) cells (Bose et al., 2025). This impairment is driven by increased secretion of interleukin-6 (IL-6) from NRXN1α-deficient microglia, which negatively affects neuronal maturation and function (Bose et al., 2025). Interestingly, human brain organoids with engineered heterozygous NRXN1α deletion followed similar developmental trajectories as controls, with only subtle differences emerging at 3.5 months and in both glial and neuronal populations (Sebastian et al., 2023). In contrast, organoids derived from SCZ donors carrying heterozygous NRXN1α deletions showed profound developmental perturbations as early as 3 weeks, which persisted throughout maturation (Sebastian et al., 2023). These disruptions impacted not only glial and neuronal populations but also neural progenitor cells (Sebastian et al., 2023). Although both engineered and donor-derived NRXN1α deletions altered gene networks associated with the unfolded protein response (UPR) and RNA splicing, these changes were more pronounced in samples with donor-derived deletions (Sebastian et al., 2023). Overall, while some changes in gene expression and developmental abnormalities are shared in isogenic and SCZ NRXN1α deletion contexts, they emerge at different developmental stages and affect distinct cell types. Altogether, these findings support a role for α-NRXNs, in regulating neuronal and microglial differentiation and maturation. Across multiple experimental systems, loss or reduction of NRXN1α disrupts neural lineage specification, impairs neuronal maturation and alters glial cell fate. These converging findings support that α-NRXNs are essential regulators of neurodevelopmental processes in hiPSC-derived systems.

Consistent with the canonical role of NRXN1α in synaptic transmission and its involvement in neuronal maturation, genetic perturbations of NRXN1α in patient iPSC-derived neurons impact neuronal activity. While most of the studies report reduced neuronal activity, impaired network synchrony, and diminished Ca2+ signaling (Flaherty et al., 2019; Lam et al., 2019; Sebastian et al., 2023; Bose et al., 2025; Fernando et al., 2025), some have observed increased excitability, elevated sodium currents (Avazzadeh et al., 2021), and enhanced Ca2+ transients (Avazzadeh et al., 2019). This increased activity is associated with the upregulation of gene networks involved in ion transport, including VGCCs (Avazzadeh et al., 2019, 2021).

Recent studies have demonstrated that the pathogenic effects of NRXN1 deletions are highly dependent on their genomic position. Using hiPSCs derived from individuals diagnosed with psychotic disorders and carrying rare heterozygous intragenic deletions in either the 5′ region (exons 1–2) or 3′ region (exons 21–23) of NRXN1, researchers uncovered distinct molecular mechanisms underlying impaired neuronal activity (Flaherty et al., 2019; Fernando et al., 2025). Deletions at the 5′ end led to a significant reduction in canonical NRXN1α isoforms, consistent with a haploinsufficiency model (Flaherty et al., 2019; Fernando et al., 2025). In contrast, 3′ deletions resulted in the production of multiple aberrant NRXN1α splice isoforms that were absent in control hiPSC-derived neurons and post-mortem human brain tissue, implicating a GOF mechanism (Flaherty et al., 2019; Fernando et al., 2025). Despite these differences, both 5′ and 3′ deletions caused reduced spontaneous excitatory activity, impaired synaptic transmission, and disrupted neuronal maturation (Flaherty et al., 2019; Fernando et al., 2025). Importantly, overexpression of wild-type NRXN1α or treatment with β-estradiol (to increase NRXN1α locus expression) rescued neuronal deficits in neurons with 5′ deletions, supporting a LOF etiology (Flaherty et al., 2019; Fernando et al., 2025). However, the same approach failed to rescue phenotypes in neurons with 3′ deletions (Flaherty et al., 2019). Moreover, overexpression of mutant NRXN1α isoforms in control hiPSC-neurons suppressed neuronal activity, suggesting that these aberrant splice variants exert dominant-negative effects (Flaherty et al., 2019). Finally, antisense oligonucleotides targeting 3’ deletion mutant isoforms to significantly reduce the abundance of mutant isoforms led to robust changes in genes expression enriched for synaptic properties, neurotransmitter signaling and neurodevelopmental pathways (Fernando et al., 2025). Together, these findings underscore that both haploinsufficiency of wild-type NRXN1α and dominant effects of mutant isoforms contribute to the functional and clinical heterogeneity observed in NRXN1-related disorders, emphasizing the importance of isoform-level resolution in mechanistic studies and therapeutic design.

Together, hiPSC-based cellular models are powerful tools for probing the causal effects of α-NRXN genetic perturbations in neurodevelopmental and psychiatric disorders, as they allow precise experimental manipulation and, in some cases, rescue of disease-associated phenotypes. However, these systems have notable limitations, including inherent variability between lines, the lack of physiological microenvironments with multiple interacting cell types, and the absence of vasculature, which can create abnormal metabolic states. Crucially, hiPSC models cannot capture behavioral phenotypes, a hallmark of many psychiatric and neurological disorders. Hence, while hiPSCs are promising models for studying neurodevelopmental and psychiatric disorders, including α-NRXN–related perturbations, humanized rodent and non-human primate models remain essential complementary approaches.




7 Concluding remarks

Despite decades of investigation, the precise roles of α-Nrxns in neural and synaptic function and disease remain incompletely understood. These large, polymorphic synaptic adhesion molecules are distinguished from their shorter β-counterparts by extensive extracellular regions containing multiple additional LNS domains and EGF domains. These LNS domains are thought to further mediate additional context-dependent ligand interactions. Although both types of isoform share the membrane-proximal LNS domain, trans-membrane region, and identical intracellular tails, suggesting some level of redundancy in core functions, α-Nrxns appear uniquely capable of regulating presynaptic calcium channel activity and neurotransmitter release, indicating specialized roles in synaptic transmission.

Yet, functional distinctions between α- and β-Nrxns remain difficult to disentangle, as observed differences may reflect divergent spatiotemporal expression patterns rather than intrinsic molecular properties. The generation and characterization of isoform-specific tools such as selective conditional knockouts or epitope-tagged knock-in models are important as future studies to further define α-Nrxn-specific contributions in vivo.

α-Nrxns exhibit highly context-dependent roles in synaptic function, with their effects varying according to cell type, synapse type and brain region. For example, loss of Nrxn1α selectively impairs NMDAR-mediated transmission at thalamostriatal synapses, while corticostriatal and hippocampal synapses remain unaffected (Etherton et al., 2009; Davatolhagh and Fuccillo, 2021). Similarly, triple α-Nrxn deletion profoundly reduces GABAergic transmission in brainstem and neocortical synapses (Missler et al., 2003; Zhang et al., 2005), whereas deletion of individual α-Nrxn isoforms produces modest or highly specific effects, such as the Nrxn1α–Nlgn3 complex selectively regulating inhibition from CCK-expressing INs onto hippocampal PNs (Uchigashima et al., 2020). Such context-dependent roles likely arise from a combination of factors, including the local expression of specific α-Nrxn binding partners, differential expression of alternative α-Nrxn splice isoforms, or even intrinsic sexual dimorphism at particular synapses, collectively enabling α-Nrxns to fine-tune synaptic transmission in a cell- and synapse-specific manner.

Emerging evidence suggests that α-NRXNs play a more prominent role than β-isoforms in the pathogenesis of neurodevelopmental and neuropsychiatric disorders, including ASD and SCZ, where synaptic dysfunction is a central pathology. Notably, recent studies using iPSC-derived human neurons have suggested that genetic perturbations of α-NRXNs may interact with patient-specific genetic backgrounds and impair neuronal maturation prior to synapse formation. Furthermore, distinct α-NRXN deletions contribute to disease through diverse mechanisms, underscoring the need to stratify patients by whether their mutations act via LOF or GOF effects. Such stratification is critical to developing individualized strategies aimed at restoring NRXN dysfunction and dysregulation by either increasing WT isoform expression or suppressing pathogenic variants.

To further our understanding of the physiological and pathological relevance of α-NRXNs, future work must combine isoform-specific genetic models, high-resolution expression profiling, and context-dependent functional assays across diverse neural systems. Only through such integrative approaches can we define the essential, redundant, and disease-relevant roles of α-NRXNS, ultimately informing targeted therapeutic strategies.
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