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Abstract 

Neuroligins are postsynaptic cell adhesion molecules that are relevant to many neurodevelopmental disorders. They 
are differentially enriched at the postsynapse and interact with their presynaptic ligands, neurexins, whose differential 
binding to neuroligins has been shown to regulate synaptogenesis, transmission, and other synaptic properties. The 
proper functioning of functional networks in the brain depends on the proper connection between neuronal syn-
apses. Impaired synaptogenesis or synaptic transmission results in synaptic dysfunction, and these synaptic patholo-
gies are the basis for many neurodevelopmental disorders. Deletions or mutations in the neuroligins genes have been 
found in patients with both autism and schizophrenia. It is because of the important role of neuroligins in synaptic 
connectivity and synaptic dysfunction that studies on neuroligins in the past have mainly focused on their expression 
in neurons. As studies on the expression of genes specific to various cells of the central nervous system deepened, 
neuroligins were found to be expressed in non-neuronal cells as well. In the central nervous system, glial cells are the 
most representative non-neuronal cells, which can also express neuroligins in large amounts, especially astrocytes and 
oligodendrocytes, and they are involved in the regulation of synaptic function, as are neuronal neuroligins. This review 
examines the mechanisms of neuron neuroligins and non-neuronal neuroligins in the central nervous system and 
also discusses the important role of neuroligins in the development of the central nervous system and neurodevelop-
mental disorders from the perspective of neuronal neuroligins and glial neuroligins.
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Introduction
Signals transmitted in synapses are the basis for informa-
tion processing in the brain, and neurons form a network 
of intercommunication and communication through 
synapses. In this vast network of information, synapses 

play a role in transmitting, processing, and refining infor-
mation. In recent years, a class of proteins containing 
cell adhesion molecules (CAMs) has been identified in 
synapses. Neuroligins (NLs) and neurexins (NRXs) are 
considered to be well-characterized cell adhesion mol-
ecules and, they are also molecules with specific synaptic 
functions [1, 2]. Specific synaptic structures are formed 
through the interactions between these CAMs. Specifi-
cally, to ensure proper synaptic function, specific axons 
need to be connected to specific dendrites [3, 4]. In this 
context, these CAMs can meet the need for synaptic 
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communication by recruiting specific neurotransmitter 
receptors.

The current study shows that NLs are actively involved 
in regulating synaptogenesis and synaptic function. Their 
trans-synaptic interactions with presynaptic NRXs are 
the basis for their complex functions. The specific recog-
nition and connection between axons and dendrites rely 
on the complex recognition code between NLs and NRXs 
[5, 6]. In addition to this, NLs have been widely reported 
to be associated with the regulation of N-methyl-d-as-
partate receptor (NMDAR) and alpha-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid receptor (AMPAR) 
functions [7, 8], and to be involved in the recruitment 
of synaptic proteins and the regulation of synaptic plas-
ticity [9–11]. This proper synaptic contact and synaptic 
plasticity ensure that the brain functions properly. Since 
a range of neurodevelopmental disorders such as Autism 
Spectrum Disorder and Schizophrenia are closely related 
to synaptic dysfunction [12]. Consequently, NLs-related 
synaptic dysfunction is thought to underlie brain devel-
opment and cognition. With the intensive research on 
the expression of various cell-specific genes in the central 
nervous system (CNS) in recent years, the function of 
glial NLs in the CNS has received more and more atten-
tion. In this review, we focused on the molecular mecha-
nism of neuronal NL and non-neuronal NL in CNS from 
the aspects of subcellular localization, structural changes, 
and ligands of neuroligins, and construct a more com-
plete conceptual framework for the role of neuroligins 
expressed in various types of glial cells. Meanwhile, we 
summarize the roles of neuronal NLs and glial NLs in 
synaptic development, synaptic transmission, and syn-
aptic connections. We also focused our attention on the 
pathophysiological role of glial NLs and neuronal NLs in 
neurodevelopmental disorders.

General characteristics of neuroligin
Years before neuroligins were discovered, neurexins, a 
presynaptic transmembrane receptor that interacts with 
them, were identified as a candidate molecule encoding 
inter-neuronal communication [13, 14], and it can induce 
the release of large amounts of neurotransmitters from 
nerve endings to regulate various complex functions of 
synapses (reviewed in [15]). The realization of complex 
synaptic functions is not only dependent on the presyn-
aptic membrane, which releases neurotransmitters, and 
the postsynaptic membrane, which responds to neuro-
transmitters. The complex protein interactions that take 
place in the synaptic gap (the space between the presyn-
aptic and postsynaptic membranes) are also critical to 
the realization of synaptic function. The binding of neu-
roligin and neurexin then plays a key role in the dynamic 
regulation of these complex sets of protein interactions. 

Specifically, neurexins of the presynaptic membrane 
extend their extracellular structural domains into the 
synaptic gap and bind to the postsynaptic membrane 
ligand neuroligin to form trans-synaptic bridges (other 
postsynaptic membrane ligands of neurexin are beyond 
the focus of this review) (reviewed in [16]). Activity-
dependent shearing of neuroligin and its ligands, changes 
in structural conformation in allosteric regulation, or 
competition for overlapping binding sites between them 
will affect their binding [17–19], and it may be these 
changes that contribute to the function of neuroligin.

Structure and subtypes
Neuroligin is a single-pass type-I transmembrane pro-
tein. Humans express five NLs genes, including four fam-
ily members common to mammals (NL1, 2, 3 and NL4) 
and an additional homologue in the human Y chromo-
some [12, 20–22]. In general, they have structural similar-
ities in amino acid sequences, but to a certain extent they 
have the specific conserved structural domains they have 
large extracellular acetylcholinesterase-like structural 
domains, and these exocytotic structural domains are 
localized to the postsynaptic membrane [23]. In addition, 
they have cytoplasmic tails that bind scaffold molecules 
(e.g., postsynaptic density protein 95, gephyrin, collyb-
istin) [24, 25], and a specific transmembrane domain 
exists in each region to separate these extracellular ace-
tylcholinesterase-like domains from the cytoplasmic 
tails [26, 27]. Each NL contains two different alternative 
splice sites and generates different extracellular structural 
domains by insertional alternative splicing [28]. These 
alternative splice sites can influence the specificity of 
trans-synaptic adhesion interactions [6, 28]. In particu-
lar, NL 1 contains a splice site at position A (SSA) that 
can carry a 20 or 40 a.a. insert, and an additional splice 
site at position B (SSB) to carry a 9 a.a. glycosylated splice 
inserts [16]. Short exons contained at these two sites give 
rise to four NL1 splicing variants (NL1(-), NL1A, NL1B, 
and NL1AB) [29]. Similarly, alternative splicing of NL2 at 
SSA can also generate two splicing variants (NL2(-) and 
NL2A). The different splice sites of NLs create a series of 
changes in the binding.

Affinity and synaptic induction activity of NRXs and 
NLs [6, 28], thereby affecting cellular functions includ-
ing synaptic formation rate and synaptic plasticity [30, 
31]. Therefore, splicing variants of NLs play a modulatory 
role in the NLs–NRXs complexes that regulate excitatory 
and inhibitory synapses. Notably, bridging of NL1 and 
NRX1α is thought to occur via Hevin secreted by astro-
cytes, which is critical for the formation and plasticity of 
thalamocortical connections in the developing visual cor-
tex [37]. This also suggests that NLs are also closely asso-
ciated with glial cells in the central nervous system.
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Subcellular distribution
Different isoforms of neuroligins have their unique 
subcellular localization. Initially, immunostaining and 
biochemical analysis showed that NL1 is localized at 
glutamatergic (excitatory) synapses; NL2 is located at 
GABAergic (inhibitor) synapses, and NL3 can be local-
ized at both excitatory and inhibitory postsynapses 
[23, 32–34]. Compared to the above NLs family, little 
is known about NL4. Unlike NL1-3, NL4 is poorly pre-
served evolutionarily (58% is preserved from humans to 
mice). Human NL4 is located after glutamatergic syn-
apses, whereas mouse NL4-like is located after glycin-
ergic synapses [35, 36], which limits the conclusion that 
mouse models are used for human cells [22]. NL mRNAs 
display unique expression profiles in a region-, cell-
type-specific manner [37]. By chromogenic and fluores-
cent in situ hybridization, Uchigashima et al. found that 
NL1 mRNA had the highest signal in the hippocampus 
compared to NL2 and NL3, while expression was weak 
in all other regions of the CNS. In contrast, NL2 mRNA 
is abundantly expressed in both the hippocampus and 
olfactory mitral cell layer and cerebellar Purkinje cell 
layer. As for NL3 mRNA, it is expressed in various parts 
of the CNS, but its peak level can be observed in the hip-
pocampus [37]. Consistent with the mRNA expression 
pattern, NL3 is expressed throughout the brain, with 
higher levels in the hippocampus, neocortex, striatum, 
and brainstem and lower levels in the thalamus and cer-
ebellum (reviewed in [38]). Because of the unique role 
of NL3 splicing variants in regulating synaptic function, 
subcellular localization of NL3 splice isoforms becomes 
important. Regrettably, to date, there seem to be no stud-
ies on the subcellular localization of endogenous NL3 
splicing variants, except for one article in which NL3 
regulates inhibitory synaptic transmission in a splice 
subtype-dependent manner and demonstrates that 
expression of NL3 splice variants is highly expressed in 
hippocampal CA1 pyramidal neurons [39].

The mechanism of neuroligin
Dimerization
Since the extracellular structural domain for NL exhibits 
great similarity to the structure of acetylcholinesterase 
protein [29], it has been inferred that NLs are as prone 
to dimer formation as cholinesterases. Indeed, intracel-
lular neuroligin naturally exists in the form of dimers 
[40]. When mutations in the acetylcholinesterase-like 
extracellular structural domain of NLs produce neuroli-
gins mutants, they reduce the synaptic activity caused 
by biochemical dimers of NLs, as well as their adhesion 
to NRXs [41]. After the existence of NLs dimers was 
established, a large number of studies began to focus on 

the role of dimerization of NLs in the overall synapse 
formation process. It has been shown that it is neuroli-
gins dimers (and not neuroligins monomers) that are 
selectively transported to the cell surface, implying that 
dimerization of neuroligins is a necessary form for their 
involvement in transport [42]. Not only that, the aggre-
gation of neurexin in the early steps of differentiation 
of axonal segments into presynaptic terminals is com-
pletely dependent on the presence of neuroligins in the 
dimerized state [41, 43]. These data suggest that the 
dimerization of neuroligin is an indispensable step in 
the coordinated assembly of synapses. In addition to the 
above-mentioned homodimerization, there is also heter-
odimerization between neuroligin. It was found by coim-
munoprecipitation that NL3 can heterodimerize with 
NL1 and NL2 to form NL1–NL3 and NL2–NL3 com-
plexes [32]. Whether homodimeric or heterodimeric, this 
structural variation in neuroligins is an effective mecha-
nism for ensuring synaptic diversity.

Binding partners
In addition to the changes of neuroligins themselves 
involved in the process of synapse formation, their bind-
ing to ligands also plays a central role in synapse devel-
opment. Here we will compare the mechanism of NLs 
binding to ligands in neuronal NLs and non-neuronal 
cells separately and explore the similarities and differ-
ences between them.

Neuron neuroligins
Chronologically, postsynaptic density protein 95 (PSD-
95) was the first partner found to bind to Neuroligin. As 
a member of the membrane-associate guanylate kinase 
(MAGUK) family, PSD-95 contains three PDZ struc-
tural domains, one SH3 structural domain, and one GK 
structural domain starting from the N-terminal end [44]. 
Where NMDAR and potassium channels interact with 
the first and second PDZ structural domains, respec-
tively, to regulate the functional properties of membrane 
proteins [45, 46]. The third PDZ structural domain of 
PSD-95 can then bind to the cytoplasmic C-terminus of 
Neuroligin to participate in the formation of the neu-
roligin–neurexin complex [47, 48]. Notably, consistent 
with the endogenous distribution of NLs, NL2 was co-
recruited with PSD-95 and gephyrin (inhibitory syn-
aptic scaffolding protein), whereas NL1 recruited only 
PSD-95 [33]. Since PSD-95 is a major component of 
glutamatergic excitatory synapses, and NL1 is similarly 
localized to excitatory synapses, many of the next stud-
ies focused on the physiological roles of NL-1 and PSD-
95 in the glutamatergic signaling pathway. It is precisely 
because the PDZ domain of PSD-95 can bind to gluta-
mate receptors and  K+ channels, that there may be the 
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aggregation of corresponding neurotransmitter receptors 
and ion channels at the intercellular junction site of neu-
roligin-neurexin, to play the role of NRX–NL axis in the 
regulation of synaptic activity. Studies have shown that 
PSD-95 can recruit NL1 to excitatory synapses and trans-
fer NL2 from inhibitory synapses to excitatory synapses 
to change the ratio of excitatory and inhibitory synapses 
[33, 49]. In addition, Dean et al. found that recruitment 
of neurexin mutants lacking cytoplasmic tails contain-
ing PDZ domains could not lead to effective presynaptic 
differentiation [41]. All these indicate that presynaptic or 
postsynaptic differentiation is largely dependent on the 
interaction of scaffolding proteins with NLs or NRXs.

In contrast, for inhibitory synapses such as glycinergic 
and GABAergic synapses, Gephyrin becomes a major 
component of their postsynapses and plays an important 
role in the postsynaptic localization of these two types 
[50]. At GABAergic synapses, NL2 is co-localized post-
synaptically with Gephyrin. The binding domain of NL2 
with gephyrin is conservative in all neuroligin subtypes, 
which means that NL1, NL2, and NL3 can bind well with 
gephyrin [25]. This indicates that the specific role of NL2 
in inhibitory synapses does not depend solely on the 
binding with gephyrin. Poulopoulos et  al. also showed 
that NL2 has a specific binding partner different from 
NL1 or NL3: collybistin. NL2 can interact with collybistin 
to induce the targeted delivery of gephyrin-collybistin to 
the plasma membrane [25]. This certainly provides evi-
dence for a specific role of NL2 at inhibitory synapses. 
Synaptic scaffolding molecule (S-SCAM), on the other 
hand, exists with a structural domain similar to PSD-95 
that interacts with NMDAR subunits and neuroligin [51]. 
S-SCAM can bind to neuroligin through two different 
structural domains, PDZ- and WW-structural domains 
[52]. Unlike PSD-95, S-SCAM is present in both excita-
tory and inhibitory synapses. Moreover, the PDZ-binding 
domain and WW-binding domain are conserved in all 
neuroligin subtypes, so it is easy to see that S-SCAM can 
bind to and function in all neuroligin subtypes.

In comparison, NL3, the only NL subtype local-
ized in excitatory and inhibitory synapses [23, 32–34], 
has long been thought to exist as only one presynaptic 
binding partner, NRX, whereas a recent study identi-
fied presynaptically-expressed type IIA receptor protein 
tyrosine phosphatase delta (PTPδ) as a selective ligand 
for NL3 [53]. As presynaptic hub proteins, it is simi-
lar to NRX in generating different subtypes by selective 
shearing of microexons [54]. Yoshida et  al. showed that 
PTPδ, which lacks mini-exon B, can interact with NL3 in 
trans-synapse. Further structural analysis also revealed 
that PTPδ and NRX1β may compete for binding to NL3; 
interestingly, this competitive binding is only present 
in NL3 and not in the remaining NL subtypes, and the 

R451C mutation in Nlgn3 can block this noncanonical 
NL3-PTPδ signaling [53]. This new finding brings a new 
pathway of synaptic tissue interaction and also provides 
a new way of studying the role of NL3 in the regulation 
of synaptic function in non-neuronal cells, i.e., what role 
the interaction between NL3 and NRX and PTPδ, which 
are different signaling pathways, plays in the regulation 
of synaptogenesis or synaptic function in non-neuronal 
cells.

Non‑neuronal neuroligin
Like neuronal NL, non-neuronal NL also relies on the 
NRX–NL axis to play a significant function in the central 
nervous system. However, unlike neuronal NL, PSD-95, 
an important binding partner of NL at the postsynapse, 
does not seem to be located in non-neuronal cells [44]. 
Therefore, signaling between non-neuronal NLs and 
NRXs is necessarily different from the neuronal NRX–
NL axis. In the CNS, non-neuronal glial cells account for 
approximately half of the total cell population and play a 
large role in the formation of CNS systems and functions 
[55]. Thus, in the following, we focus on the perspective 
of glial cells.

Indeed, Scheiffele et al. found through in vitro studies 
that when NL1 is expressed exogenously in HEK293 cells, 
non-neuronal HEK293 cells can form heterologous con-
nections with their co-cultured neurons [56]. Not only 
that, but non-neuronal HEK293 cells can also trigger the 
formation of presynaptic specialization at heterologous 
junctions [56]. Similarly, Chubykin et  al. found that the 
artificial synapse induced by NL1 could even show nor-
mal synaptic morphology, including presynaptic active 
regions, docked vesicles, and even usually postsynaptic 
density [57]. Of course, such exogenous expression of NL 
on synapses has all been shown to act by relying on its 
presynaptic ligand NRXs [33, 58].

In addition to the exogenous expression of NL men-
tioned above, the effect of endogenous expression of 
NL should not be neglected as well. With the improve-
ment of cell purification techniques, techniques such as 
single-cell analysis of brain cells [59, 60], ACS sorting 
or cell-specific ribosome purification [61, 62], or acutely 
purified human astrocytes [63] have been used to delve 
into the cell type-specific transcriptome in CNS. Analysis 
of these data reveals that NL is widely present in astro-
cytes, schwann cells, and oligodendrocytes in the retina 
and spinal cord [64, 65], and not only that, the expression 
levels of NLs1–3 in astrocytes and oligodendrocytes may 
even be higher than in neurons [63]. This has forced us 
to focus on the role of glial cell NL in the development of 
the whole CNS. Existing studies mainly focus on the reg-
ulation of synapse or glial cell structure and function by 
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the combination of glial NL and presynaptic NRX. This 
part will be described in detail below.

The above NL binding to presynaptic NRX plays a role 
in synaptic regulation through the NRX–NL axis. How-
ever, when studies are not limited to the NRX–NL axis, 
we can identify other possible mechanisms of NL in the 
signaling between glial cells and synapses. Recent stud-
ies have shown that the extracellular structural domain of 
NL plays an important role in postsynaptic interactions. 
For example, Budreck et  al. found that NL1-specific 
recruitment of endogenous NMDAR was not depend-
ent on PSD-95 because deletion of the C-terminal struc-
tural domain of NL1 did not prevent the formation of 
the NL1–NMDAR complex [66]. NL1 can determine 
the synaptic abundance of NMDAR through the interac-
tion of its specific extracellular structural domain with 
the GluN1 subunit of NMDAR [66]. NL1 KO mice can 
exhibit lower NMDA current [67]. Moreover, researchers 
found that in transfected neurons, postsynaptic overex-
pression of NL1 can significantly increase synaptic den-
sity, but its binding with NRX is not necessary for this 
ability to increase synaptic density [68]. These studies 
have proved that there are some mechanisms by which 
NL1 directly binds to glutamate receptors to affect synap-
tic strength. This conflicts with this classical model that 
NL requires binding to synaptic receptors via scaffolding 
molecules such as PSD-95 and Gephyrin. In inhibitory 
synapses, NL2 binding to gephyrin and collybistin con-
trols inhibitory synaptic maturation by regulating GABA 
receptor aggregation on neurons [25]. In contrast, recent 
studies have shown that the MAM structural domain-
containing GPI anchor protein MDGA binds specifically 
to NL2 through its Ig structural domain and, in doing 
so, disrupts NL2–NRX interactions and negatively regu-
lates inhibitory synapses [69]. Although the above NL1 
and NL2 extracellular binding sites have not been identi-
fied, these data provide some potential evidence that NL 
expressed in glial cells lacking scaffold molecules such as 
PSD-95 and gephyrin can communicate with neurons.

Neuroligin in glia
As more and more proteins that interact with NL are dis-
covered, the understanding of NL signaling between syn-
apses or between cells becomes more sophisticated. After 
summarizing the mechanisms of neuronal NL and non-
neuronal NL in intercellular communication, we turned 
our attention to the role played by cell-specific NL in the 
CNS.

Since a certain review of glial neuroligins has been con-
ducted recently [70], here we will summarize the results 
of these new studies. In this section, we focus on con-
structing a more complete conceptual framework for 

the role of neuroligins expressed in various types of glial 
cells.

Disruption of glial NL damages the structure and function 
of glial cells and synapses
In the central nervous system, excitatory synapses mostly 
form at the junction between presynaptic axon terminals 
and postsynaptic dendritic spines [71], although, some 
inhibitory synapses may also be present [72]. Because 
the shape and volume in each part of the spine are closely 
related to synaptic signals, the number, density, and dis-
tribution of dendritic spines are crucial for synaptic 
signaling. For example, the volume of the spine head is 
positively correlated with currents such as the number of 
PSDs and AMPAR [73]. And the morphology of dendritic 
spines is maintained and sculpted by F-actin [74]. Not 
only that, but presynaptic actin can also form a reticulum 
around synaptic vesicles that can act as a scaffold for syn-
aptic vesicle modulators [75] and organize postsynaptic 
neurotransmitter receptors (NMDAR, AMPAR) post-
synaptically [76]. By examining the role of the cytoplas-
mic C-terminal structural domain (CTD) of NL1 in spine 
and synapse regulation, Liu et  al. found that although 
NL1 is unnecessary for initial synapse formation, the 
CTD of NL1 can be activated through interaction with 
the spine-associated Rap GTPase-activating protein and 
subsequent activation of the LIM-domain activation of 
this signaling pathway leads to spine/synapse growth, 
and synaptic strength increases in the hippocampus [77]. 
NLs can also recruit wave regulatory complex (WRC) 
proteins to the cell membrane on the cell membrane to 
stimulate f-actin assembly and consequently affect synap-
tic transmission and growth [78, 79]. Studies of glial cells 
in recent years have enriched the role of glial cells in the 
CNS, instead of considering them only as support cells. 
They can extend branches and make dynamic contacts 
with neurons and synapses during CNS development 
[80], and the formation of these branches is also depend-
ent on the f-actin cytoskeleton. This means that F-actin is 
relevant to both glial cells and synaptic signaling. When 
the structure of these branches is affected, both glial 
cells and neurons will be affected in a way that cannot be 
ignored [81].

In Drosophila, gliotactin plays an important role in 
the formation of the glia sheath and the establishment 
of the blood–nerve barrier. Because removal of mutants 
of gliotactin leads to disruption of glial wrapping, result-
ing in disruption and paralysis of the blood–nerve barrier 
[82]. In addition, Gilbert et al. found that NL 3 is a retinal 
homologue of gliotactin, and many glial cells (Schwann 
cells, retinal astrocytes, and spinal cord astrocytes) can 
express NL3 during the development of the periph-
eral nervous system (PNS) and CNS [20]. In the future, 
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it will be very meaningful to understand the loss of NL 
expressed by different glial cells leading to CNS and the 
disruption of the function of each glial cell itself.

Glia neuroligin in myelination
Myelin is the glial plasma membrane arranged in mul-
tiple layers and concentrically wrapped around axons, 
which can accelerate signal transmission and reduce the 
energy consumption of neurons [83]. In the PNS, NL1 
is a component involved in myelin formation expressed 
by Schwann cells to promote the formation and matu-
ration of nerve myelin [84]. Also, since NL1 expression 
on Schwann cells is increased during sensory neuron 
depolarization and signaling of Schwann cell-associated 
axons, NL1 can be used as a suitable marker for sensory 
Schwann cells [85]. In addition, previous studies on glio-
tactin, a homolog of NL3, demonstrated that gliotactin 
is required for myelin development in the Drosophila 
PNS [20]. Myelination in the PNS is relatively simple, 
with individual Schwann cells myelinating only a single 
axonal segment, and only large-diameter axons can be 
myelinated by Schwann cells [86]. In contrast, the pat-
tern of myelination in the CNS is much more complex. 
Because myelination in the CNS follows a strict tempo-
ral sequence, axons in different regions are myelinated 
only at the correct time [87], a process that is heavily 
dependent on the differentiation of oligodendrocyte 
precursor cells (OPCs) to oligodendrocytes [88]. In the 
central nervous system, oligodendrocytes can express 
NL3, which was confirmed in the BarrasmRNA database 
[62]. Proctor et  al. demonstratedthe existence of paral-
lel axon-glial signals between neuronal axons neurexin 
and microglia dendrites NL3 by an in  vitro rat section 
culture model [62]. Because in this model, cultured oli-
godendrocytes can come into contact with non-neuronal 
cells that exogenously express NLs conjugates NRX1α 
or NRX1β, and that oligodendrocyte differentiation is 
stalled at the immature stage when oligodendrocytes are 
cultured with NL1-ECD, a more competitive NLs conju-
gate than endogenous NLs. With this comes a decrease in 
the percentage of myelinated axons [62]. Limited by the 
fact that the above experiments were conducted in vitro, 
it is not easy to ensure that NRX–NL signaling is not 
affected, and in this model, neurotransmitter release may 

be compromised. Both oligodendrocyte differentiation 
and myelin formation are influenced by neurotransmit-
ters, as glutamate released from axons can promote oli-
godendrocyte differentiation as well as myelin formation 
[89]. Considering the functional redundancy of NL, a 
more precise understanding of the role played by NL3 in 
myelin formation may require more accurate ultrastruc-
tural analysis to detect it, such as electron microscopic 
analysis.

Neuroligins in astrocytes
Astrocytes are likewise highly complex glial cells in the 
central nervous system. They act as active participants in 
synapse development in the CNS, and they play a unique 
role in synapse formation, elimination, and synaptic plas-
ticity [90]. Synapses are special structures between neu-
rons, which are the basis of inter-neuron communication 
and the key to the proper connection of neuronal net-
works in the brain.

According to the morphology and location, astrocytes 
can be divided into the protoplasmic astrocytes of the 
grey matter and the fibrous astrocytes of the white mat-
ter [91], where highly differentiated protoplasmic astro-
cytes can infiltrate into the surrounding nerve fibers. 
They finely control the process of synapse formation by 
secreting factors such as thrombospondin [92], Hevin 
[93], γ-protocadherins [94], TGF-β [95], brain-derived 
neurotrophic factor [96], etc., which induce glutamater-
gic synapse formation, increase the recruitment of post-
synaptic AMPA receptors and NMDA receptors, and 
wrap neurons [97] (Fig. 1). And the fibrous astrocytes of 
the white matter are associated with myelinated axonal 
tracts. Therefore, it is clear that astrocytes play an impor-
tant role in brain development and synaptic transmission. 
These roles depend in large part on the complex mor-
phology and structure of astrocytes. The study of various 
synaptic modification molecules secreted by astrocytes 
and their compatibility with specific interaction partners 
provides directions for a better understanding of astro-
glial-neuronal signaling pathways and synaptic diversity 
in the CNS. NL expressed on astrocytes not only devel-
ops its own complex morphology and functional matu-
ration through the role of neuron-expressed NRX, but 
also plays an essential role in synaptic development [104]. 

Fig. 1 Neuroligins in astrocytes. a Schematic representation of neuroligin–neurexin intercontact. Astrocyte NLs can interact with presynaptic 
NRX. Their bidirectional transduction signals mediate the recruitment of calcium channels in the synaptic active zone. Neurotransmitters released 
by calcium channels influence synaptogenesis as well as function by binding to receptors on the synaptic surface. In addition to calcium 
channel recruitment, glutamate receptors such as NMDAR, AMPAR, and presynaptic vesicles are recruited to the synaptic active zone to mediate 
synaptogenesis and influence synaptic function. b Intercontact between astrocytes NL and presynaptic NRX may affect the expression of 
synaptogenic factors such as thrombin-reactive protein and SPARCL1/Hevin secreted by astrocytes. Neuroligin–neurexin intercontact resulting 
in elevated expression of synaptogenic factors can cause post-synaptic recruitment of AMPAR and NMDAR and affect synaptic generation. At the 
same time, these synaptogenic factors can also be targeted for release into the inter-synapse and participate in the regulation of synaptic function

(See figure on next page.)
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Communication between different cell types and neu-
rons can be bridged by NRX–NL and play different roles. 
The understanding of these mechanisms highlights the 

importance of understanding the molecular regulation of 
interactions between various synaptic modification mol-
ecules, including NRX–NL.

Fig. 1 (See legend on previous page.)
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In their study of the mechanisms underlying the estab-
lishment of the complex morphology of astrocytes, Stogs-
dill et  al. found that the establishment of the complex 
morphology of astrocytes is closely related to NL [98]. 
Using this system, they demonstrated that in  vitro, the 
morphogenesis triggered by astrocyte-neuron contact is 
inextricably linked to the roles of NL1-3 and neuronal 
NRX secreted by astrocytes. It is certainly a surprising 
result that, NL2 expressed by astrocytes controls the 
formation or maintenance of excitatory synapses within 
specific astrocytic regions in a cellular non-autonomous 
manner [98]. Whereas previous studies have shown that 
NL2 expressed by neurons are localized at inhibitory 
synapses [34] and is responsible for the regulation of 
inhibitory synapse formation and function [25, 99] (This 
section will be described in detail later).

The selective knockdown of astrocyte NL2 and whole-
cell membrane clamp recordings of miniature excitatory 
and miniature inhibitory postsynaptic currents in corti-
cal neurons revealed that the deletion of astrocyte NL2 
significantly decreased the frequency and amplitude of 
miniature excitatory postsynaptic currents, along with 
an increase in the frequency of miniature inhibitory post-
synaptic currents. This increase in the frequency of min-
iature inhibitory postsynaptic currents may be caused by 
an increase in the number of inhibitory synapses [98].

The connection between astrocytes and NL is much 
more than that. During synapse formation, Hevin 
secreted by astrocytes can induce synapse formation by 
bridging NRX–NL, and its antagonist SPARC can block 
the synaptogenic effect of Hevin. Previous studies have 
shown that the otherwise non-compatible presynaptic 
neurexin-1alpha NRX1α and postsynaptic NL1β in the 
developing mouse visual cortex can be connected via 
Hevin and thereby regulate the formation and refinement 
of glutamatergic synapses in the thalamo cortex [100]. 
Recent studies have also revealed the mechanisms by 
which Hevin, SPARC, and MDGAs (a negative regulator 
of synaptic development) interact with the extracellular 
matrix during synapse and neuronal circuit formation 
[101]. Fan et al. showed that the ratio of Hevin to SPARC 
and their competition for the binding sites on selective 
NL and NRX may promote or inhibit synapses, while 
the competitive binding of MDGA and Hevin to NL may 
determine the balance between excitatory and inhibitory 
synapses in CNS. Moreover, the combination of Hevin 
and collagen may connect NRX and NL bridges to the 
extracellular matrix to stabilize synapses [101]. αNRX1 
and αNRX2 are also expressed in astrocytes [37], but how 
astrocyte-expressed NRX binds to postsynaptic NL is not 
yet known.

In conclusion, astrocyte-expressed NLs have a dif-
ferent mechanism of action in synaptogenesis than 

neuron-expressed NLs. On the one hand, bidirectional 
signaling of astrocyte NL and neuronal NRX adhe-
sion may directly regulate synaptogenesis and function 
(Fig. 1a), while on the other hand astrocytes may regulate 
synaptogenesis by altering the expression of synaptogenic 
factors such as thrombospondin, SPARCL1/Hevin, or by 
targeted release to synapses. At the same time, bridging 
of NRX–NL to the extracellular matrix may stabilize syn-
apses in a way that limits the diffusion of synaptic neuro-
transmitters (Fig. 1b).

NLs in synapses
In recent years, there has been a growing interest in the 
NLs family in synaptic transmission and synaptic plas-
ticity, as the integrity of synaptic transmission and the 
regulation of synaptic plasticity, are critical for the brain 
to process information. Simply stated, synaptic plastic-
ity is when synaptic inputs change their strength due to 
prior activation. Long-term potentiation (LTP) and its 
counterpart long-term depression (LTD), as manifesta-
tions of synaptic plasticity, constitute the basic properties 
of most excitatory synapses in the CNS and are the basis 
for learning and memory [102]. In addition to learning 
and memory, long-term synaptic plasticity also plays an 
important role in areas including pain, addiction, neu-
rodegenerative diseases, etc. In general, high-frequency 
afferent activity leads to an increase in NMDA receptor-
mediated calcium inward flow, which increases intracel-
lular calcium concentration and thus induces LTP [103]. 
NMDAR-dependent LTD is induced by weak activation 
of NMDARs (for example, due to modest membrane 
depolarization or low stimulation frequencies) and is 
thought to result from a smaller rise in postsynaptic 
Ca2+ than is required for LTP [102]. In addition to LTP 
and LTD, NL can also regulate presynaptic short-term 
plasticity (STP). STP can be divided into three catego-
ries: depression, facilitation, and augmentation/postte-
tanic potentiation (PTP). Normally, these three forms of 
plasticity can coexist within the same synapse [104]. The 
interactions between these forms of plasticity are then 
reflected by net synaptic strength [105]. It is well known 
that STP is closely related to calcium signaling, vesicle 
pools, postsynaptic transmitters, etc. [104, 106]. In syn-
apses, NL can also affect these factors by binding to PSD-
95, NRX, etc. Futai et al. measured the paired-pulse ratio 
(PPR) of the AMPAR-EPSC (which can be viewed as a 
form of presynaptic STP, usually inversely proportional 
to the presynaptic release probability) [106]. The PPR of 
PSD-95-transfected cells was significantly lower than that 
of untransfected neurons, suggesting that overexpression 
of PSD-95 increased the presynaptic release probability. 
It also confirmed the retrograde regulation of presynap-
tic glutamate release probability by PSD-95. Other than 
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that, the sensitivity of presynaptic release to extracellular 
Ca2+ was also increased by postsynaptic overexpres-
sion of PSD-95 [107]. In other words, endogenous PSD-
95 and NLG-mediated trans-synaptic signaling cascades 
are necessary for the retrograde modulation of the vesicle 
pool.

STP is also closely associated with each characteristic 
neuronal oscillatory activity in the CNS. It has long been 
known that different subtypes of specific interneurons 
in the brain can shape different rhythmic activities in 
the cortex, such that β oscillations are closely associated 
with stable activities such as preparation, while γ oscilla-
tions are more associated with dynamic activities such as 
motor seizures [108]. Abnormalities in specific rhythms 
in certain brain regions are commonly associated with 
human neurological or psychiatric disorders such as Par-
kinson’s disease [109] and schizophrenia [110]. In the 
cellular network model of Feng et al., model AMPA and 
GABA synapses exhibit short-term presynaptic plasticity 
between fast spiking inhibitory (FSI) and pyramidal cells 
(PN) [111]. Meanwhile, driving the network with short 
bursts of afferent activity drove relatively stronger γ, and 
driving with long duration bursts reduced γ power, but 
enhanced β. And when the STP mechanism is removed 
from the model, the above phenomenon disappears, 
which proves that STP plays a key role in the collabora-
tion between β oscillations and γ oscillations [111]. Thus, 
the modulatory effects of NL on STP in the CNS may 
shape different oscillations in cortical circuits and in this 
way participate in the regulation of each behavioral state 
[112].

NLs regulate excitatory synaptic transmission and synaptic 
plasticity
As described above, typically, NL1 is localized behind 
excitatory synapses to perform its function. Excitatory 
synapses are dominated by glutamatergic synapses. Both 
in studies of different regions of the brain and slices of 
neuronal cultures from different organisms, it is possible 
to conclude that there is a selective role for NL1 in gluta-
matergic synapses [8]. AMPAR mediate most fast excita-
tory synaptic transmission in the mammalian brain by 
interacting with the PDZ structural domain of PSD-95. 
Kalina et  al. found a strong spatial correlation between 
the AMPAR nanodomain and the postsynaptic adhe-
sion protein NL1, which was disrupted by the expression 
of truncated forms of NL1. To maintain the efficiency of 
high-speed synaptic responses, glutamate needs to be 
precisely released by the synapse in front of the AMPAR 
nanodomain, and synapses can optimize the use of gluta-
mate through NL1-based trans-synaptic adhesion by con-
trolling the alignment between the presynaptic release 
site and the AMPAR nanodomain with surprisingly high 

sensitivity [113] (Fig. 2). At the same time, knockdown or 
knockout of NL1 would result in a decrease in NMDAR-
mediated postsynaptic currents, NL1 controls the syn-
aptic abundance of NMDAR through the NL1-specific 
extracellular determinant cluster. Once this interaction 
is lost, NMDAR-mediated synaptic transmission will be 
impaired [66]. In contrast, NMDAR-mediated postsyn-
aptic currents can be increased by overexpressing NL1 
levels [114]. Neuroligins localized at excitatory synapses 
include NL4 in addition to NL1, Samuele et  al. found 
that, unlike mouse Neuroligin-4like, which is localized 
at inhibitory synapses, human NL4 is mainly expressed 
at excitatory synapses in the cerebral cortex. The overex-
pression of NL4 in human embryonic stem cell-derived 
neurons leads to an increase in the number of excitatory 
synapses on the one hand, and a significant decrease in 
synaptic strength on the other, thereby regulating excita-
tory synaptic transmission in neurons [115].

As for the regulation of synaptic plasticity by NLs, 
An in  vitro study showed that NL1 can be phosphoryl-
ated by CaMKII to regulate its function in excitatory 
synapses [116], as CaMKII plays a key role in the regula-
tion of activity-dependent synaptic plasticity. In addition 
to this, it was found that knockouts of NL1 in develop-
ing neurons of the Xenopus laevis tadpoles retina as well 
as in isolated hippocampal cultures from newborn NL1 
KO mice exhibited a decrease in AMPA receptor current 
frequency and amplitude as well as AMPA receptor clus-
ter density [24, 117] (Fig.  2). These studies demonstrate 
the important role of NL1 in the involvement of synap-
tic plasticity. Using a conditional knockdown approach, 
researchers determined that NL1 knockdown impaired 
NMDAR-mediated excitatory postsynaptic currents 
(NMDAR EPSCs) in the CA1 region of the mouse hip-
pocampus and eliminated NMDAR-dependent LTP 
[118]. Consistent with this, NL1 KO showed signifi-
cantly reduced hippocampal synaptosomal expression 
levels of the AMPA receptor subunit GluA2 and NMDA 
receptor subunits GluN1, GluN2A, and GluN2B [119]. 
This decrease in glutamatergic receptors and impaired 
prominent excitatory transmission both contribute to the 
diminished synaptic excitatory response. Taken together, 
NL1 plays an important role in regulating synaptic excit-
ability transmission and synaptic plasticity.

Concerning NL4, unlike mice, human NL4 is predomi-
nantly expressed in the cortex and preferentially localized 
at excitatory postsynapses. Unlike mice, human NL4 is 
predominantly expressed in the cortex and preferen-
tially localized post-synaptically at excitatory synapses. 
Overexpression of human NL4 in mouse neurons can 
specifically alter excitatory synapses [120]. In assessing 
the effects of NL4 overexpression on human neurons, 
Marro et al. found that NL4 overexpression increased the 
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number of excitatory synapses while decreasing the fre-
quency of spontaneous excitatory postsynaptic currents 
(sEPSCs), noting that the amplitude did not decrease as 
a result (Fig. 2) [115]. This suggests that NL4 overexpres-
sion induces the formation of new synapses, but at the 
same time decreases the proportion of functional syn-
apses [115].

The function of NLs at inhibitory synapses
As previously described, NL2 is localized to the inhibi-
tory postsynaptic, and previous studies have shown that 
NL2 overexpression in neuron cultures and mice selec-
tively enhances inhibitory synaptic function, suggesting 
that NL2 may play a central role in inhibitory synaptic 
development and function. The total number of inhibi-
tory synapses in NL2KO mice does not appear to be 
decreased; NL2 affects the postsynaptic protein com-
position of GABAergic synapses. It was shown that the 
expression of GABAergic postsynaptic protein complexes 
(e.g. GABAARs and the scaffolding protein gephyrin) was 

reduced in NL2KO mice while the expression of presyn-
aptic protein complexes [e.g. vesicular inhibitory amino 
acid transporter (VIAAT)) appeared to be unaffected 
[121]. Inhibitory synaptic transmission is often assessed 
using miniature (mIPSC) or spontaneous (sIPSC)] post-
synaptic currents, and in NL2KO mice, not only did 
inhibitory postsynaptic protein composition change, but 
mIPSC and sIPSC were also significantly decreased in 
various brain regions [122–124]. In fact, in most regions, 
the absence of NL2 would lead to a decrease in the ampli-
tude of mIPSC, and this decrease would imply either a 
decrease in the function of inhibitory synaptic GABAe-
rgic postsynaptic GABA receptors or a decrease in their 
number. It is puzzling that along with the decrease in 
mIPSC amplitude there is also a decrease in mIPSC 
frequency, but mIPSC frequency is generally used to 
respond to changes in presynaptic GABA release levels 
at GABAergic synapses, whereas NL2 deletion mainly 
affects postsynaptic protein composition. It is puzzling 
that along with the decrease in mIPSC amplitude there 

Fig. 2 NLs in excitatory synapse. Neuroligin–neurexin interactions can affect the synaptic abundance of NMDAR, which in turn affects 
NMDAR-mediated synaptic transmission. They also affect the targeted release of glutamate, which is closely related to the efficiency of glutamate 
use. Postsynaptic NL1 can be phosphorylated by CaMKII and thus regulate synaptic plasticity
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is also a decrease in mIPSC frequency, but mIPSC fre-
quency is generally used to respond to changes in pre-
synaptic GABA release levels at GABAergic synapses, 
whereas NL2 deletion mainly affects postsynaptic protein 
composition. In addition, the binding of neuroligins and 
his receptor neurexins mediated trans-synaptic signaling 
may also have some effect on presynaptic GABA release, 
which in turn reduces the frequency of mIPSC. These are 
two possible mechanisms for the reduction of mIPSC fre-
quency, and their contributions to mIPSC frequency have 
not been elucidated, but they may not be opposed to each 
other, which of course needs to be further explored.

In addition to NL2, NL3 can also be localized after 
inhibitory synapses, and many studies exist on the role 
of NL3 on GABA receptor-mediated inhibitory synapses 
like the decrease in amplitude and frequency of mIPSC 
caused by NL2 deletion, in CA1 pyramidal neurons, total 
or conditional knockout of the NL3 gene only leads to 
an increase in the frequency of mIPSC without affecting 
its amplitude [118, 125]. Compared with NL3 KO mice, 
NL3 R451C-knockin mice carrying R451C replacement 
for human autism mutations also showed a strong syn-
aptic phenotype but failed to find significant changes in 
NL3 knockout mice. Földy et  al. used paired recordings 
in mice carrying these mutations to measure synaptic 
transmission at GABAergic synapses formed on pyram-
idal neurons by basket cells expressing hippocampal 
microstrip and cholecystokinin. They found that disrup-
tion of obligatory endogenous cannabinoid signaling at 
cannabinoid CB1 receptors expressed in Cck+ inhibitory 
synapses selectively enhanced both Cck+ synapses in 
NL3KO mice and synaptic transmission at Cck+ inhibi-
tory synapses in NL3-R451C KI mice [126]. However, 
the importance of NL3 for this endogenous cannabinoid 
transmission seems to be limited to early development, 
as the NL3 conditional KO mice at P21 did not cause 
changes in mIPSC amplitude and frequency [118].

Inhibitory synaptic transmission in other regions of the 
brain is also influenced by NL3 function. Nlgn3-R451C 
KI mice have altered synaptic activity in the basolateral 
amygdala and exhibit reduced mIPSC amplitude [127]. 
Not only that, impaired endogenous cannabinoid signal-
ing at CB1-expressing Cck+ synapses in Nlgn3-R451C 
KI mice resulted in elevated VITTA expression. At the 
same time, inhibitory synaptic transmission is signifi-
cantly increased in Nlgn3-R451C KI mice [128].

Neuroligins in the ‘synaptopathy’
In recent years, the concept of ‘synaptopathy’ has been 
extended from neurodegenerative and neurological dis-
orders to psychiatric diseases.

Disruption of synaptic structure and function is a major 
determinant of psychiatric diseases. NL is associated with 

a variety of neurological disorders including Alzheimer’s 
disease, schizophrenia, ASD, etc. It is not surprising to 
see that loss of glial neuroligin function disrupts synap-
tic structure and function, suggesting the involvement 
of glial neuroligin in the pathogenesis of these diseases. 
Therefore, a full understanding of how glial neuroligin 
affects the structure and function of synapses facilitates 
a deeper understanding of the complex mechanisms of 
neurological diseases.

Neuroligins and Alzheimer’s disease
Alzheimer’s disease (AD) is the leading cause of demen-
tia in the elderly population, and AD is characterized by 
severe cognitive deficits, including memory loss and lan-
guage impairment. In addition to cognitive deficits, neu-
ropsychiatric symptoms such as depression, apathy, and 
hallucinations are often seen in patients with AD [129, 
130]. As a neurodegenerative disorder, the key patho-
logical features of AD include neuronal loss and cellular 
dysfunction. Neuronal loss and synaptic loss are the main 
causes of cognitive impairment in AD patients, which 
also fully demonstrates the importance of synaptic altera-
tions in the pathogenesis of AD [131]. Moreover, in the 
early stages of the disease, there is significantly more syn-
aptic loss than neuronal loss [131–133], which is a strong 
indication that synaptic dysfunction can be a major fac-
tor in the cognitive decline of AD [134]. In the AD mouse 
model, synaptic dysfunction occurs in the first phase 
[135, 136] and disruption of synaptic connections will in 
turn lead to neuronal dysfunction resulting in cognitive 
deficits [134].

Neuroligins mediate basic synaptic functions. How-
ever, NL gene mutations have been found in patients 
with autism and other neurological disorders [137, 138], 
suggesting that neuroligins may be closely associated 
with cognitive impairment. The researchers found that 
neuroligin-1 knockout mice exhibited increased repeti-
tive grooming movements similar to those observed in 
individuals with autism, suggesting that such repetitive 
movements may be associated with autism [67]. Not 
only that, but Neuroligin-1 knockout would also result 
in a reduced NMDA/AMPA ratio at cortico-striatal syn-
apses in mice [67]. Abnormalities in this ratio can also be 
seen in AD patients and are closely associated with the 
critical regulatory role of NL1 on synapses. Thus this 
evidence suggests that NL1 is most likely involved in the 
pathogenesis of AD. When neuroligin-1 protein is over-
expressed, the regulation of the ratio of excitatory to 
inhibitory synapses by NL and NRX is altered, resulting 
in defective memory acquisition, increased maturation 
of excitatory synapses, and impaired memory formation, 
synaptic plasticity, and impaired learning in mice [10]. 
In mice, inhibition of neuroligin-1 would reduce NMDA 
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receptor-mediated currents and prevent the expression 
of LTP. Specifically, neuroligin-1 inhibition would reduce 
LTP expression by decreasing NMDA receptor-mediated 
currents, thereby blocking the storage of associative fear 
memory [9]. NMDA receptor-mediated synaptic trans-
mission underlies the formation of long-term memory 
in animals, and the above results suggest that sustained 
expression of NL1 is necessary to maintain NMDAR-
mediated synaptic transmission. Similarly, knockdown of 
NL1 in mice would result in impaired hippocampal long-
term potentiation, causing mice to exhibit deficits in spa-
tial learning and memory [67].

By overexpressing NL2, the researchers found that 
small changes in NL2 expression could lead to a larger 
synaptic contact area and an enlarged pool of synap-
tic vesicles in the frontal cortex, as well as an over-
all decrease in the excitation and inhibition (E/I) ratio 
[139]. These animals also exhibit stereotyped jumping 
behavior, anxiety, impaired social interactions, and an 
increased incidence of spike-wave discharges [139]. Exci-
tation levels in the brain are controlled by inhibitory sig-
nals exerted primarily by GABA neurons, and this E/I 
imbalance and the behavioral changes associated with 
neurodevelopmental disorders may form the basis of 
neurodevelopmental disorders.

Neuroligin-3 mutant mice with an arginineto-cysteine 
substitution at amino acid #451 (NL3 R451C) exhibit 
moderately impaired social behavior, enhanced water 
maze learning ability, and increased synaptic inhibition 
in the somatosensory cortex. This is thought to be caused 
by increased inhibitory synaptic transmission [128].

Acetylcholinesterase is the first synaptic protein 
described to interact with Aβ, and the sequence of the 
extracellular structural domain of the NLs family is 
homologous to cholinesterase, making NLs a candidate 
synaptic protein that may affect intracellular Aβ deposi-
tion [140]. Dinamarca et  al. used intrinsic fluorescence 
and surface plasmon resonance to find that Aβ binds 
to the extracellular domain of NL-1 with a K(d) in the 
nanomolar range. In addition, the interaction of NL-1 
with Aβ increased the formation of Aβ oligomers, sug-
gesting that this interaction may trigger the targeting 
of Aβ oligomers to the postsynaptic region of excita-
tory synapses, which may lead to synaptotoxicity and 
degeneration of AD [141]. ApoE4 is the major known 
genetic risk factor for AD, accounting for more than 
95% of AD cases [142]. Zhong et  al. found a reduced 
density of NL1-immunoreactive postsynaptic termi-
nals in a mouse model (Arg-61 apoE mice) expressing 
a variant of the APOE protein showing all apoE4-spe-
cific structural properties, implying the presence of this 
postsynaptic defect in this mouse model [143]. Further-
more, in the brain and neuronal cultures, ADAM10, the 

major shedding enzyme of NL1, catalyzed the cleavage 
of the extracellular structural domain of NL1, followed 
by cleavage of the car boxy-terminus region of NL1 by 
γ-secretase to release its intracellular structural domain 
fragments. Not only that, this NL1 cleavage is also reg-
ulated by neuronal excitatory activity, as an increase 
in NL1 shedding is observed with the addition of both 
NMDA and β-neurexin to the culture medium. This 
NL1 shedding leads to a decrease in the number of den-
dritic spines in neuronal cultures [144]. The extracellular 
environment of the AD brain may be excitotoxic due to 
enhancement of glutamate receptors by neuroligin-1. 
This glutamate shedding via NMDAR-mediated regula-
tion of NL1 may have implications for neuronal activity. 
Similarly, postsynaptic cleavage of NL1 could affect the 
stability of presynaptic NRX1β and thus the overall syn-
aptic function [145].

In rodents, amyloidogenic fiber-induced neuroinflam-
mation enhances the activity of the HDAC2-MeCP2 
corepressor complex and decreases NL1 expression, 
leading to hippocampal glutamatergic dysfunction and 
cerebral ischemia, which may be a potential cause of 
amyloid-induced memory deficits [146]. The potential 
role of NLs for AD is expected to translate into effective 
pharmacological interventions for AD patients to reduce 
neuroinflammation and neurodegenerative degeneration.

Neuroligins and Autism Spectrum Disorder
Autism is a broad cognitive disorder characterized by 
impairments in social interactions, such as daily commu-
nication, social interaction, and play, and can be accom-
panied by stereotypical patterns of behavior [147, 148]. 
Autism has an extremely strong genetic background, 
which manifests itself in childhood. The symptoms of 
ASD are part of a variety of neurological disorders such 
as fragile X syndrome and Rett syndrome [149–151]. 
Usually, ASD is closely associated with mental retar-
dation, but individuals with ASD occasionally show 
enhanced cognitive abilities, which is known as the ‘autis-
tic savant syndrome’ [152]. The inheritance of ASD is 
highly complex and heterogeneous, involving not only 
the number of genes involved but also the nature of the 
genetic variation [153]. A few cases of idiopathic ASD are 
associated with mutations in individual genes, including 
those encoding neuroligins and their associated proteins 
[154].

Researchers found missense and non-missense muta-
tions in NL3 and NL4 in some human ASD patients [12, 
155, 156]. Genetic analysis of rare ASD variants has also 
shown a potential association with NL3 and NL4 muta-
tions in humans [12, 157].

Several point mutations in the NL are associated with 
ASD, most of which result in substitution localization on 
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extracellular protein structural domains, and only a few 
localize on intracellular structural domains.

To this point, five rare NL1 mutations associated with 
ASD have been identified, corresponding to substitutions 
in P89L, T90I, L269P, G297E, and H795Y [158]. Among 
these, only H795Y is localized within the cytoplasmic 
structural domain, while the remaining four substitutions 
are located in the extracellular cholinesterase structural 
domain and play a role in altering the protein structure. 
The stability of the protein surface-rich proline loop was 
mainly affected by the P89L and T90I substitutions [40, 
159]. Computerized prediction of the pathogenic role of 
these five NL1 variants in patients with ASD using CADD 
[160], SIFT [161], PolyPhen2 [162], MutationTaster [163], 
LRT [164], Mutation Assessmentor [165], and FATHMM 
[166], according to the predicted results, these mutants 
can be classified into two pathogenic variants, high-risk 
variants (P89L, L269P, and G297E) and low-risk variants 
(H795Y and T90I). Unlike NL1 wild-type mice, high-
risk mutants cause altered protein transport. May lead 
to misfolded proteins, leaving these mutated molecules 
stranded in the endoplasmic reticulum (ER) [158]. The 
two low-risk variants were not associated with changes 
in subcellular localization, but H795YS had a higher 
susceptibility to hydrolytic cleavage and degradation of 
the protein thereby reducing its expression level [158]. 
P89L NL1 variant knock-in (KI) mice can exhibit abnor-
mal social behavior and impaired spatial memory [158], 
whereas NL1 KO mice exhibit spatial memory deficits 
and increased repetitive behavior [9, 67, 119].

An in vivo study showed that NL2 deficiency leads to 
impaired inhibitory synaptic function without affecting 
its number and that this reduced synaptic function is 
associated with a range of behavioral phenotypes includ-
ing a significant increase in anxiety-like behavior, and 
reduced pain sensitivity, and motor coordination [167]. 
Sun et  al. identified six rare missense point mutations 
including R215H, V510M, R621H, A637T, P800L, and 
A819S by systematically screening for mutations in NL2 
exons and promoter regions in a cohort of schizophrenic 
patients [137], where R215H,6V510M are located in the 
NL2 extracellular cholinesterase-like protein structural 
domain, while R621H and A637T are in the extracellular 
stalk structural domain and intracellular WW binding 
domain. The R215H variant is retained in the endoplas-
mic reticulum and has reduced expression at the plasma 
membrane, resulting in a defective GABAergic synapse 
due to the inability to transport it to the cell membrane. 
Not only that, the aggregation of the variant expressing 
R215H with NRX1-β-expressing cells was significantly 
reduced and the variant failed to induce the formation 
of GABAergic synapses in co-culture experiments. This 
may be due to the retention of NL2 in the endoplasmic 

reticulum, preventing the cell surface and extracellu-
lar export of NL2 from binding to NRX1-β [137]. NL2 
R215H KI homozygous mice exhibit several behavioral 
abnormalities similar to those of psychiatric patients car-
rying the NL2 mutation such as growth retardation, anx-
iety-like behavior, impaired spatial learning, and memory 
[168].

The Arg residue at position 451 in NL3 is highly con-
served in cholinesterase-like proteins[169], and the 
R451C substitution impairs NL3 folding and/or dimeri-
zation and transport to the cell surface, leading to reten-
tion of the endoplasmic reticulum and degradation 
via the proteasome [170–172]. In addition to this, this 
substitution would lead to defective transport of NL3, 
leaving the protein stranded on the endoplasmic reticu-
lum, which in turn leads to reduced delivery of NL3 to 
the cell surface. Even if a small fraction of the protein 
reaches the cell membrane surface, its binding activity to 
NRX1-β has been significantly reduced [173]. NL3-KO 
mice exhibited behaviors similar to human ASD symp-
toms such as reduced vocalizations and social memory 
deficits [174], and functional alterations in different brain 
regions not found in NL3 KO mice [125, 128]. R451C 
NL3 KI mice also exhibit autism-like genotypes in cog-
nitive and social Tasks [128, 175]. Although functional 
alterations in different brain regions have not been found 
in NL3 KO mice, several brain regions in R451C NL3 KI 
mice have smaller volumes of gray matter structures such 
as the hippocampus, striatum, and thalamus than wild 
mice, while the volume of white matter structures such 
as the cerebral peduncle, corpus callosum, fornix/fim-
bria, and internal capsule was significantly reduced, and 
this reduction appeared to be due to a decrease in the 
number of axons or less mature axons [176]. R451C NL3 
KI MICE also significantly increase AMPAR-mediated 
excitatory synaptic transmission in the hippocampal CA1 
region and markedly alter the kinetics of NMDA recep-
tor-mediated synaptic responses [125].

In conclusion, studies of R451C NL3 KI mice showed 
social behavior deficits [177], increased repetitive, ste-
reotypic behavior [178], and disruption of excitatory and 
inhibitory synaptic balance [128]. All these phenomena 
are closely related to the abnormal circuit-dependent 
synaptic efficiency caused by ASD-associated NL3 muta-
tions, and the circuit-specific function of NL3 and its 
potential molecular mechanisms important in ASD have 
been reviewed in detail by Uchigashima et al. [38]. These 
suggest a mechanism for NL3 function in controlling the 
behavioral phenotype of ASD.

Similar to NL3, NL4 KO mice can exhibit highly selec-
tive deficits in social communication and interaction 
similar to those exhibited by human ASD. Not only that 
but the brain volume of NL4 KO mice was also reduced 
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relative to WT mice [174, 179]. Genetic findings also 
support the conclusions of this animal study, and these 
results illustrate the relevance of NL4 gene mutations to 
ASD as well as cognitive impairment [156].

There is no direct evidence for the involvement of glial 
cell NL in the pathogenesis of ASD. Valproic acid (VPA) 
is an anticonvulsant drug widely used in epilepsy, and its 
anticonvulsant effect may be produced by modulating 
the synaptic excitation/inhibition balance [180]. Some 
studies have shown that VPA use by pregnant women 
will increase the incidence of ASD in them [181]. Wang 
et  al. demonstrated in a primary rat neuron, astrocyte, 
and glial cell co-culture system that VPA treatment sig-
nificantly upregulated NL1 transcription and that this 
upregulation was only seen in astrocytes but not in neu-
ronal cells [182]. From this, we can speculate that NRX–
NL-mediated cross-cellular contacts between astrocytes 
and neurons may be compromised. Whether astrocytes 
are treated with VPA to affect functions other than syn-
aptic excitation/inhibition balance is still unknown.

Neuroligins and schizophrenia
Schizophrenia is a heterogeneous syndrome rather than 
a single defining sign or symptom [183]. Symptoms of 
schizophrenia include positive symptoms (delusions, 
hallucinations) and negative symptoms (decreased emo-
tional expression and response, decreased interper-
sonal involvement, decreased speech production, and 
apathy). These symptoms usually appear in late adoles-
cence or early adulthood. Disruption of synaptic con-
nectivity is thought to be a major pathological driver of 
schizophrenia [184]. Schizophrenia is highly heritable, 
with the results of a meta-analysis showing a probability 
of inheritance of roughly 70–80% [185]. The genetics of 
schizophrenia are complex and analysis of genetic data 
is difficult. In patients with schizophrenia, researchers 
have identified mutations in the NL2 [137] and NL4 [186] 
genes.

An in vivo study showed that NL2 deficiency leads to 
impaired inhibitory synaptic function without affect-
ing its number and that this reduced synaptic func-
tion is associated with a range of behavioral phenotypes 
including a significant increase in anxiety-like behavior, 
and reduced pain sensitivity, and motor coordination 
[167]. Sun et al. identified six rare missense point muta-
tions including R215H, V510M, R621H, A637T, P800L, 
and A819S by systematically screening for mutations in 
NL2 exons and promoter regions in a cohort of schizo-
phrenic patients [137], where R215H and 6V510M are 
located in the NL2 extracellular cholinesterase-like pro-
tein structural domain, while R621H and A637T are in 
the extracellular stalk structural domain and intracellular 
WW binding domain. The R215H variant is retained in 

the endoplasmic reticulum and has reduced expression at 
the plasma membrane, resulting in a defective GABAer-
gic synapse due to the inability to transport it to the cell 
membrane. Not only that, the aggregation of the variant 
expressing R215H with cells expressed NRX1β was sig-
nificantly reduced and the variant failed to induce the 
formation of GABAergic synapses in co-culture experi-
ments. This may be due to the retention of NL2 in the 
endoplasmic reticulum, preventing the cell surface and 
extracellular export of NL2 from binding to NRX1β 
[137]. NL2 R215H KI homozygous mice exhibit several 
behavioral abnormalities similar to those of schizophre-
nia carrying the NL2 mutation such as growth retarda-
tion, anxiety-like behavior, impaired spatial learning, and 
memory [168]. In addition, disruption of GABAergic 
synaptic transmission in schizophrenic patients would 
lead to deficits in inhibitory circuit function, which 
would also result in memory impairment [187]. Stud-
ies of NL2 in animal models of schizophrenia following 
postnatal administration of NMDA receptor antagonists 
revealed that only NL2 protein levels in the medial pre-
frontal cortex of the adolescent rat brain were altered, 
while adult rats did not appear to be affected by NL2 
protein expression levels [188]. NL2-R215H knock-in 
mice exhibit reduced inhibitory synaptic proteins, corre-
sponding defects in inhibitory synaptic transmission, and 
schizophrenic-like behaviors including anxiety and stress 
responses [168, 189]. All of these results nicely illustrate 
that changes in NL2 protein levels may lead to inhibi-
tory synaptic dysgenesis, such as the defective GABAer-
gic transmission observed in the brains of schizophrenic 
patients, and that this dysgenesis is most likely to occur 
during adolescence.

In terms of glial neuroligins, although there are no 
direct studies for the time being to suggest that glial NLs 
are involved in the pathogenesis of schizophrenia, a study 
using mice chimeric with human patient-derived glial 
progenitor cells found a significant downregulation of 
NL3 in chimeric glial progenitors compared to controls 
[190]. In addition, chimeric mice exhibit impaired astro-
cyte differentiation and reduced morphological complex-
ity [190]. Having previously detailed that astrocyte NL 
regulates astrocyte morphogenesis and the interaction 
between astrocytes and synapses, it is not difficult to link 
the abnormal behavior of schizophrenia to astrocyte NLs.

Discussion
In this review, we attempt to address the important roles 
of neuronal neuroligins and glial neuroligins in synaptic 
development, synaptic transmission, synaptic plastic-
ity, and neuropsychiatric disorders from both perspec-
tives. Although the process of synapse formation has not 
been clearly described in decades of research, there is no 
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doubt that CAMs, represented by neuroligins, play a cru-
cial role in the process of synapse formation. Given that 
synaptic connections ensure the proper functioning of 
neural circuits in the brain and that structural and func-
tional dysfunctions of synapses are important determi-
nants of psychiatric disorders, it is important to analyze 
the basic mechanisms of synaptic development. Under-
standing these mechanisms not only helps us to under-
stand how the brain works but also provides insight into 
psychiatric or neurodegenerative disorders. However, for 
the current study, we still have many questions to explore 
the role of neuroligins in the development of the central 
nervous system in more depth.

First, as for the basic mechanism of glial NL, most 
studies still focus on its role in binding with its typical 
partner NRX. Recent studies have found that NL does 
not work only through binding to NRX. NL can not only 
participate in the regulation of synapses through its spe-
cific extracellular domain [68], but also directly bind to 
glutamate receptors to change synaptic strength. Not 
only that, the binding of NL3 to its atypical partners such 
as PTPδ can undergo trans-synaptic interactions medi-
ating noncanonical NL3-PTPδ signaling [55]. Since the 
composition of the cytoplasmic membrane is not uni-
form across cell types, for example, the scaffolding mol-
ecule PSD-95 is present only as a major component of 
the excitatory postsynaptic membrane. Therefore, there 
must be differences in the intercellular Signal Transduc-
tion between neuronal neuroligin and glial neuroligin. 
The above-mentioned role played by NL independently 
of NRX gives us new insights. Whether glial cells (whose 
plasma membrane is different from that of neurons) can 
also participate in the regulation of synaptic function 
through these pathways. There is limited direct research 
on the signaling mechanisms of glial NL between cells, 
and the role of glial cells in the CNS determines the 
importance of this signaling mechanism of glial NL 
between cells for the maintenance of CNS function. In 
the future, studies on the communication between glial 
NL and neurons are still of great interest.

Second, our understanding of the structure of neuroli-
gins is actually more than its physiological role, which 
fully illustrates that it is much more difficult to under-
stand the physiological function of proteins than to 
understand their molecular structure. We need to further 
understand the specific role of glial neuroligins or neu-
ronal neuroligins at the synapse. For example, the specific 
mechanism of E/I ratio imbalance due to NLs and how 
NLs mediate the transduction of synaptic transmission 
signals remain a major challenge for now. This will have 
a direct impact on our understanding of neural circuits.

Third, although recently Stogsdill et  al. linked astro-
cyte morphogenesis to synaptogenesis via astrocyte 

NLs and showed the possibility that synaptic patho-
logical changes associated with NLs mutations depend 
on or even originate from astrocyte dysfunction [98]. 
However, there are still the following issues that need 
to be studied. 1. What downstream pathways exist for 
astrocyte NLs to regulate astrocyte morphogenesis; 
2. Whether bidirectional signaling via astrocyte NLs-
mediated astrocyte-neuron adhesion directly regulates 
synapse formation and function, and what their specific 
mechanisms are; 3. The specific mechanisms by which 
astrocyte NLs control synaptic connections.

Fourth, in addition to astrocytes, we summarize the 
role of oligodendrocyte NLs in the central nervous sys-
tem. Proctor et  al. demonstrated that oligodendrocyte 
NLs play an important role in oligodendrocyte dif-
ferentiation as well as myelin formation [64], but how 
oligodendrocyte NLs promote oligodendrocyte differ-
entiation as well as myelin formation is unclear.

Finally, a large number of existing studies have 
focused on the indispensable role of neuronal NLs in 
neurodevelopmental diseases such as Schizophrenia, 
ASD, and AD, but little is known about the role of glial 
NLs in related diseases. Glial NLs are also abundantly 
expressed in the CNS and influence synaptic develop-
ment at all times, affecting the function of neural cir-
cuits in the brain. And circuit dysfunction underlies 
many neurodevelopmental disorders, which means 
that exploring the role of glial cell NLs in neurodevel-
opmental disorders is relevant and beneficial to one’s 
understanding of these disorders.

In conclusion, future individualized studies of differ-
ent cell types expressing NLs genes are still needed to 
assess the similarities and differences in the role of NLs 
expressed by each cell type. The determination of syn-
aptic transmission, synaptic structure, and the location 
of NLs and synapses can be performed with the help of 
CRISPR tools. Both fundamental mechanistic analysis 
of NLs in synaptic development and exhaustive molecu-
lar structural analysis of NLs are beneficial to the under-
standing of normal brain functioning as well as brain 
diseases.

Author contributions
XL: This author contributed in study design, literature search, and manuscript 
preparation. FH, DY: This author helped conceptualize, write the original draft, 
and review and edit the manuscript. YL, LZ, JY: This author helped review and 
edit the manuscript. HS, XW: This author contributed in study design, literature 
search, and manuscript preparation. This manuscript was handled by: XL. All 
authors read and approved the final manuscript.

Funding
This work was supported by grants from the National Natural Science 
Foundation of China (82060219); Provincial Science Foundation of Jiangxi 
(2018ZDG40028, 20192BCB23024 and 20202BABL206016); Youth Team Project 
of the Second Affiliated Hospital of Nanchang University (2019YNTD12003); 



Page 16 of 19Liu et al. Journal of Translational Medicine          (2022) 20:418 

Jiangxi postgraduate innovation special fund project (YC2021-S177, YC2021-
S195); Jiangxi Province thousands of Plans (jxsq2019201023).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that the research was conducted in the absence of any 
commercial or financial relationships that could be construed as a potential 
conflict of interest.

Author details
1 Department of Anesthesiology, The Second Affiliated Hospital of Nanchang 
University, Nanchang 330006, Jiangxi, China. 2 Key Laboratory of Anesthesiol-
ogy of Jiangxi Province, 1# Minde Road, Nanchang 330006, Jiangxi, People’s 
Republic of China. 3 Department of Anesthesiology, The First Affiliated Hospital 
of Nanchang University, Nanchang 330006, Jiangxi, China. 

Received: 25 July 2022   Accepted: 1 September 2022

References
 1. Dean C, Dresbach T. Neuroligins and neurexins: linking cell adhe-

sion, synapse formation and cognitive function. Trends Neurosci. 
2006;29(1):21–9.

 2. Craig AM, Kang Y. Neurexin-neuroligin signaling in synapse develop-
ment. Curr Opin Neurobiol. 2007;17(1):43–52.

 3. Akins MR, Biederer T. Cell-cell interactions in synaptogenesis. Curr 
Opin Neurobiol. 2006;16(1):83–9.

 4. Dalva MB, McClelland AC, Kayser MS. Cell adhesion molecules: signal-
ling functions at the synapse. Nat Rev Neurosci. 2007;8(3):206–20.

 5. Siddiqui TJ, et al. LRRTMs and neuroligins bind neurexins with a 
differential code to cooperate in glutamate synapse development. J 
Neurosci. 2010;30(22):7495–506.

 6. Chih B, Gollan L, Scheiffele P. Alternative splicing controls selective 
trans-synaptic interactions of the neuroligin-neurexin complex. 
Neuron. 2006;51(2):171–8.

 7. Etherton MR, et al. An autism-associated point mutation in the neu-
roligin cytoplasmic tail selectively impairs AMPA receptor-mediated 
synaptic transmission in hippocampus. EMBO J. 2011;30(14):2908–19.

 8. Chubykin AA, et al. Activity-dependent validation of excitatory versus 
inhibitory synapses by neuroligin-1 versus neuroligin-2. Neuron. 
2007;54(6):919–31.

 9. Kim J, et al. Neuroligin-1 is required for normal expression of LTP and 
associative fear memory in the amygdala of adult animals. Proc Natl 
Acad Sci USA. 2008;105(26):9087–92.

 10. Dahlhaus R, et al. Overexpression of the cell adhesion protein 
neuroligin-1 induces learning deficits and impairs synaptic plasticity 
by altering the ratio of excitation to inhibition in the hippocampus. 
Hippocampus. 2010;20(2):305–22.

 11. Jung SY, et al. Input-specific synaptic plasticity in the amygdala is 
regulated by neuroligin-1 via postsynaptic NMDA receptors. Proc 
Natl Acad Sci USA. 2010;107(10):4710–5.

 12. Jamain S, et al. Mutations of the X-linked genes encoding neu-
roligins NLGN3 and NLGN4 are associated with autism. Nat Genet. 
2003;34(1):27–9.

 13. Ullrich B, Ushkaryov YA, Südhof TC. Cartography of neurexins: more 
than 1000 isoforms generated by alternative splicing and expressed in 
distinct subsets of neurons. Neuron. 1995;14(3):497–507.

 14. Missler M, Südhof TC. Neurexins: three genes and 1001 products. Trends 
Genet. 1998;14(1):20–6.

 15. Südhof TC. alpha-Latrotoxin and its receptors: neurexins and CIRL/
latrophilins. Annu Rev Neurosci. 2001;24:933–62.

 16. Südhof TC. Synaptic neurexin complexes: a molecular code for the logic 
of neural circuits. Cell. 2017;171(4):745–69.

 17. Elegheert J, et al. Structural mechanism for modulation of synaptic neu-
roligin–neurexin signaling by MDGA proteins. Neuron. 2017;95(4):896-
913.e10.

 18. Gangwar SP, et al. Molecular mechanism of MDGA1: regulation of 
neuroligin 2: neurexin trans-synaptic bridges. Neuron. 2017;94(6):1132-
1141.e4.

 19. Reissner C, et al. Dystroglycan binding to α-neurexin competes 
with neurexophilin-1 and neuroligin in the brain. J Biol Chem. 
2014;289(40):27585–603.

 20. Gilbert M, et al. Neuroligin 3 is a vertebrate gliotactin expressed in the 
olfactory ensheathing glia, a growth-promoting class of macroglia. Glia. 
2001;34(3):151–64.

 21. Bolliger MF, et al. Identification of a novel neuroligin in humans 
which binds to PSD-95 and has a widespread expression. Biochem J. 
2001;356(Pt 2):581–8.

 22. Bolliger MF, et al. Unusually rapid evolution of Neuroligin-4 in mice. Proc 
Natl Acad Sci USA. 2008;105(17):6421–6.

 23. Song JY, et al. Neuroligin 1 is a postsynaptic cell-adhesion molecule of 
excitatory synapses. Proc Natl Acad Sci USA. 1999;96(3):1100–5.

 24. Mondin M, et al. Neurexin-neuroligin adhesions capture surface-
diffusing AMPA receptors through PSD-95 scaffolds. J Neurosci. 
2011;31(38):13500–15.

 25. Poulopoulos A, et al. Neuroligin 2 drives postsynaptic assembly at peri-
somatic inhibitory synapses through gephyrin and collybistin. Neuron. 
2009;63(5):628–42.

 26. Nguyen T, Südhof TC. Binding properties of neuroligin 1 and neurexin 
1beta reveal function as heterophilic cell adhesion molecules. J Biol 
Chem. 1997;272(41):26032–9.

 27. Choi UB, et al. Beyond the random coil: stochastic conforma-
tional switching in intrinsically disordered proteins. Structure. 
2011;19(4):566–76.

 28. Koehnke J, et al. Splice form dependence of beta-neurexin/neuroligin 
binding interactions. Neuron. 2010;67(1):61–74.

 29. Ichtchenko K, Nguyen T, Südhof TC. Structures, alternative splic-
ing, and neurexin binding of multiple neuroligins. J Biol Chem. 
1996;271(5):2676–82.

 30. Shipman SL, Nicoll RA. A subtype-specific function for the extracellular 
domain of neuroligin 1 in hippocampal LTP. Neuron. 2012;76(2):309–16.

 31. Lee H, Dean C, Isacoff E. Alternative splicing of neuroligin regulates the 
rate of presynaptic differentiation. J Neurosci. 2010;30(34):11435–46.

 32. Budreck EC, Scheiffele P. Neuroligin-3 is a neuronal adhesion 
protein at GABAergic and glutamatergic synapses. Eur J Neurosci. 
2007;26(7):1738–48.

 33. Graf ER, et al. Neurexins induce differentiation of GABA and glutamate 
postsynaptic specializations via neuroligins. Cell. 2004;119(7):1013–26.

 34. Varoqueaux F, Jamain S, Brose N. Neuroligin 2 is exclusively localized to 
inhibitory synapses. Eur J Cell Biol. 2004;83(9):449–56.

 35. Hoon M, et al. Neuroligin-4 is localized to glycinergic postsynapses 
and regulates inhibition in the retina. Proc Natl Acad Sci USA. 
2011;108(7):3053–8.

 36. Bemben MA, et al. Autism-associated mutation inhibits protein kinase 
C-mediated neuroligin-4X enhancement of excitatory synapses. Proc 
Natl Acad Sci USA. 2015;112(8):2551–6.

 37. Uchigashima M, et al. Differential expression of neurexin genes in the 
mouse brain. J Comp Neurol. 2019;527(12):1940–65.

 38. Uchigashima M, Cheung A, Futai K. Neuroligin-3: a circuit-specific 
synapse organizer that shapes normal function and autism spectrum 
disorder-associated dysfunction. Front Mol Neurosci. 2021;14:749164.

 39. Uchigashima M, et al. Neuroligin3 splice isoforms shape inhibi-
tory synaptic function in the mouse hippocampus. J Biol Chem. 
2020;295(25):8589–95.



Page 17 of 19Liu et al. Journal of Translational Medicine          (2022) 20:418  

 40. Araç D, et al. Structures of neuroligin-1 and the neuroligin-1/neurexin-1 
beta complex reveal specific protein-protein and protein-Ca2+ interac-
tions. Neuron. 2007;56(6):992–1003.

 41. Dean C, et al. Neurexin mediates the assembly of presynaptic terminals. 
Nat Neurosci. 2003;6(7):708–16.

 42. Poulopoulos A, et al. Homodimerization and isoform-specific heterodi-
merization of neuroligins. Biochem J. 2012;446(2):321–30.

 43. Shipman SL, Nicoll RA. Dimerization of postsynaptic neuroligin drives 
synaptic assembly via transsynaptic clustering of neurexin. Proc Natl 
Acad Sci USA. 2012;109(47):19432–7.

 44. Funke L, Dakoji S, Bredt DS. Membrane-associated guanylate kinases 
regulate adhesion and plasticity at cell junctions. Annu Rev Biochem. 
2005;74:219–45.

 45. Lin Y, et al. PSD-95 and PKC converge in regulating NMDA receptor traf-
ficking and gating. Proc Natl Acad Sci USA. 2006;103(52):19902–7.

 46. Nehring RB, et al. Neuronal inwardly rectifying K(+) channels differen-
tially couple to PDZ proteins of the PSD-95/SAP90 family. J Neurosci. 
2000;20(1):156–62.

 47. Irie M, et al. Binding of neuroligins to PSD-95. Science. 
1997;277(5331):1511–5.

 48. Meyer G, et al. The complexity of PDZ domain-mediated interactions at 
glutamatergic synapses: a case study on neuroligin. Neuropharmacol-
ogy. 2004;47(5):724–33.

 49. Levinson JN, El-Husseini A. Building excitatory and inhibitory synapses: 
balancing neuroligin partnerships. Neuron. 2005;48(2):171–4.

 50. Moss SJ, Smart TG. Constructing inhibitory synapses. Nat Rev Neurosci. 
2001;2(4):240–50.

 51. Hirao K, et al. A novel multiple PDZ domain-containing molecule inter-
acting with N-methyl-D-aspartate receptors and neuronal cell adhesion 
proteins. J Biol Chem. 1998;273(33):21105–10.

 52. Iida J, et al. Synaptic scaffolding molecule is involved in the synaptic 
clustering of neuroligin. Mol Cell Neurosci. 2004;27(4):497–508.

 53. Yoshida T, et al. Canonical versus non-canonical transsynaptic signaling 
of neuroligin 3 tunes development of sociality in mice. Nat Commun. 
2021;12(1):1848.

 54. Takahashi H, Craig AM. Protein tyrosine phosphatases PTPδ, PTPσ, 
and LAR: presynaptic hubs for synapse organization. Trends Neurosci. 
2013;36(9):522–34.

 55. Allen NJ, Lyons DA. Glia as architects of central nervous system forma-
tion and function. Science. 2018;362(6411):181–5.

 56. Scheiffele P, et al. Neuroligin expressed in nonneuronal cells triggers 
presynaptic development in contacting axons. Cell. 2000;101(6):657–69.

 57. Chubykin AA, et al. Dissection of synapse induction by neuroligins: 
effect of a neuroligin mutation associated with autism. J Biol Chem. 
2005;280(23):22365–74.

 58. Nam CI, Chen L. Postsynaptic assembly induced by neurexin-
neuroligin interaction and neurotransmitter. Proc Natl Acad Sci USA. 
2005;102(17):6137–42.

 59. Cao Y, et al. scRNASeqDB: a database for RNA-seq based gene expres-
sion profiles in human single cells. Genes (Basel). 2017;8(12):368.

 60. Saunders A, et al. Molecular diversity and specializations among the 
cells of the adult mouse brain. Cell. 2018;174(4):1015-1030.e16.

 61. Cahoy JD, et al. A transcriptome database for astrocytes, neurons, and 
oligodendrocytes: a new resource for understanding brain develop-
ment and function. J Neurosci. 2008;28(1):264–78.

 62. Zhang Y, et al. An RNA-sequencing transcriptome and splicing database 
of glia, neurons, and vascular cells of the cerebral cortex. J Neurosci. 
2014;34(36):11929–47.

 63. Zhang Y, et al. Purification and characterization of progenitor and 
mature human astrocytes reveals transcriptional and functional differ-
ences with mouse. Neuron. 2016;89(1):37–53.

 64. Proctor DT, et al. Axo-glial communication through neurexin-neuroligin 
signaling regulates myelination and oligodendrocyte differentiation. 
Glia. 2015;63(11):2023–39.

 65. Karram K, Chatterjee N, Trotter J. NG2-expressing cells in the nervous 
system: role of the proteoglycan in migration and glial-neuron interac-
tion. J Anat. 2005;207(6):735–44.

 66. Budreck EC, et al. Neuroligin-1 controls synaptic abundance of 
NMDA-type glutamate receptors through extracellular coupling. Proc 
Natl Acad Sci USA. 2013;110(2):725–30.

 67. Blundell J, et al. Neuroligin-1 deletion results in impaired spa-
tial memory and increased repetitive behavior. J Neurosci. 
2010;30(6):2115–29.

 68. Ko J, et al. Neuroligin-1 performs neurexin-dependent and 
neurexin-independent functions in synapse validation. EMBO J. 
2009;28(20):3244–55.

 69. Lee K, et al. MDGAs interact selectively with neuroligin-2 but not 
other neuroligins to regulate inhibitory synapse development. Proc 
Natl Acad Sci USA. 2013;110(1):336–41.

 70. Sakers K, Eroglu C. Control of neural development and function by 
glial neuroligins. Curr Opin Neurobiol. 2019;57:163–70.

 71. Newpher TM, Ehlers MD. Spine microdomains for postsynaptic signal-
ing and plasticity. Trends Cell Biol. 2009;19(5):218–27.

 72. Villa KL, et al. Inhibitory synapses are repeatedly assembled and 
removed at persistent sites in vivo. Neuron. 2016;89(4):756–69.

 73. Matsuzaki M, et al. Dendritic spine geometry is critical for AMPA 
receptor expression in hippocampal CA1 pyramidal neurons. Nat 
Neurosci. 2001;4(11):1086–92.

 74. Hotulainen P, Hoogenraad CC. Actin in dendritic spines: connecting 
dynamics to function. J Cell Biol. 2010;189(4):619–29.

 75. Sankaranarayanan S, Atluri PP, Ryan TA. Actin has a molecular scaf-
folding, not propulsive, role in presynaptic function. Nat Neurosci. 
2003;6(2):127–35.

 76. Allison DW, et al. Role of actin in anchoring postsynaptic receptors 
in cultured hippocampal neurons: differential attachment of NMDA 
versus AMPA receptors. J Neurosci. 1998;18(7):2423–36.

 77. Liu A, et al. Neuroligin 1 regulates spines and synaptic plastic-
ity via LIMK1/cofilin-mediated actin reorganization. J Cell Biol. 
2016;212(4):449–63.

 78. Chia PH, et al. Local F-actin network links synapse formation and 
axon branching. Cell. 2014;156(1–2):208–20.

 79. Xing G, et al. Neurexin-Neuroligin 1 regulates synaptic morphology 
and functions via the WAVE regulatory complex in neuromuscular 
junction. Elife. 2018;7:e30457.

 80. Farhy-Tselnicker I, Allen NJ. Astrocytes, neurons, synapses: a tripartite 
view on cortical circuit development. Neural Dev. 2018;13(1):7.

 81. Murk K, et al. The antagonistic modulation of Arp2/3 activity by 
N-WASP, WAVE2 and PICK1 defines dynamic changes in astrocyte 
morphology. J Cell Sci. 2013;126(Pt 17):3873–83.

 82. Auld VJ, et al. Gliotactin, a novel transmembrane protein on periph-
eral glia, is required to form the blood-nerve barrier in Drosophila. 
Cell. 1995;81(5):757–67.

 83. Hartline DK, Colman DR. Rapid conduction and the evolution of giant 
axons and myelinated fibers. Curr Biol. 2007;17(1):R29-35.

 84. Jahn O, Tenzer S, Werner HB. Myelin proteomics: molecular anatomy 
of an insulating sheath. Mol Neurobiol. 2009;40(1):55–72.

 85. Biswas S, et al. Sensory regulation of neuroligins and neurexin I in the 
honeybee brain. PLoS ONE. 2010;5(2):e9133.

 86. Voyvodic JT. Target size regulates calibre and myelination of sympa-
thetic axons. Nature. 1989;342(6248):430–3.

 87. Kinney HC, et al. Sequence of central nervous system myelination 
in human infancy. II. Patterns of myelination in autopsied infants. J 
Neuropathol Exp Neurol. 1988;47(3):217–34.

 88. Foran DR, Peterson AC. Myelin acquisition in the central nervous sys-
tem of the mouse revealed by an MBP-Lac Z transgene. J Neurosci. 
1992;12(12):4890–7.

 89. Micu I, et al. Axo-myelinic neurotransmission: a novel mode of 
cell signalling in the central nervous system. Nat Rev Neurosci. 
2017;19(1):58.

 90. Banker GA. Trophic interactions between astroglial cells and hippocam-
pal neurons in culture. Science. 1980;209(4458):809–10.

 91. Kettenmann H, Verkhratsky A. Neuroglia: the 150 years after. Trends 
Neurosci. 2008;31(12):653–9.

 92. Christopherson KS, et al. Thrombospondins are astrocyte-secreted 
proteins that promote CNS synaptogenesis. Cell. 2005;120(3):421–33.

 93. Kucukdereli H, et al. Control of excitatory CNS synaptogenesis by 
astrocyte-secreted proteins Hevin and SPARC. Proc Natl Acad Sci USA. 
2011;108(32):E440–9.



Page 18 of 19Liu et al. Journal of Translational Medicine          (2022) 20:418 

 94. Garrett AM, Weiner JA. Control of CNS synapse development by 
{gamma}-protocadherin-mediated astrocyte-neuron contact. J Neuro-
sci. 2009;29(38):11723–31.

 95. Diniz LP, et al. Astrocyte-induced synaptogenesis is mediated by 
transforming growth factor β signaling through modulation of D-serine 
levels in cerebral cortex neurons. J Biol Chem. 2012;287(49):41432–45.

 96. Gómez-Casati ME, et al. Nonneuronal cells regulate synapse formation 
in the vestibular sensory epithelium via erbB-dependent BDNF expres-
sion. Proc Natl Acad Sci USA. 2010;107(39):17005–10.

 97. Witcher MR, Kirov SA, Harris KM. Plasticity of perisynaptic astro-
glia during synaptogenesis in the mature rat hippocampus. Glia. 
2007;55(1):13–23.

 98. Stogsdill JA, et al. Astrocytic neuroligins control astrocyte morphogen-
esis and synaptogenesis. Nature. 2017;551(7679):192–7.

 99. Varoqueaux F, et al. Neuroligins determine synapse maturation and 
function. Neuron. 2006;51(6):741–54.

 100. Singh SK, et al. Astrocytes assemble thalamocortical synapses by bridg-
ing NRX1α and NL1 via Hevin. Cell. 2016;164(1–2):183–96.

 101. Fan S, et al. Interplay between hevin, SPARC, and MDGAs: modulators 
of neurexin-neuroligin transsynaptic bridges. Structure. 2021;29(7):664-
678.e6.

 102. Malenka RC, Bear MF. LTP and LTD: an embarrassment of riches. Neuron. 
2004;44(1):5–21.

 103. Nicoll RA, Roche KW. Long-term potentiation: peeling the onion. Neu-
ropharmacology. 2013;74:18–22.

 104. Regehr WG. Short-term presynaptic plasticity. Cold Spring Harb Per-
spect Biol. 2012;4(7):a005702.

 105. Pan B, Zucker RS. A general model of synaptic transmission and short-
term plasticity. Neuron. 2009;62(4):539–54.

 106. Zucker RS, Regehr WG. Short-term synaptic plasticity. Annu Rev Physiol. 
2002;64:355–405.

 107. Futai K, et al. Retrograde modulation of presynaptic release probabil-
ity through signaling mediated by PSD-95-neuroligin. Nat Neurosci. 
2007;10(2):186–95.

 108. Chen G, et al. Distinct inhibitory circuits orchestrate cortical beta and 
gamma band oscillations. Neuron. 2017;96(6):1403-1418.e6.

 109. Lalo E, et al. Patterns of bidirectional communication between cortex 
and basal ganglia during movement in patients with Parkinson disease. 
J Neurosci. 2008;28(12):3008–16.

 110. Uhlhaas PJ, Singer W. Abnormal neural oscillations and synchrony in 
schizophrenia. Nat Rev Neurosci. 2010;11(2):100–13.

 111. Feng F, Headley DB, Nair SS. Model neocortical microcircuit sup-
ports beta and gamma rhythms. Int IEEE EMBS Conf Neural Eng. 
2021;2021:91–4.

 112. Steriade M, McCormick DA, Sejnowski TJ. Thalamocortical oscillations in 
the sleeping and aroused brain. Science. 1993;262(5134):679–85.

 113. Haas KT, et al. Pre-post synaptic alignment through neuroligin-1 tunes 
synaptic transmission efficiency. Elife. 2018;7:e31755.

 114. Kwon HB, et al. Neuroligin-1-dependent competition regulates 
cortical synaptogenesis and synapse number. Nat Neurosci. 
2012;15(12):1667–74.

 115. Marro SG, et al. Neuroligin-4 regulates excitatory synaptic transmission 
in human neurons. Neuron. 2019;103(4):617-626.e6.

 116. Bemben MA, et al. CaMKII phosphorylation of neuroligin-1 regulates 
excitatory synapses. Nat Neurosci. 2014;17(1):56–64.

 117. Chen SX, et al. Neurexin-neuroligin cell adhesion complexes contribute 
to synaptotropic dendritogenesis via growth stabilization mechanisms 
in vivo. Neuron. 2010;67(6):967–83.

 118. Jiang M, et al. Conditional ablation of neuroligin-1 in CA1 pyramidal 
neurons blocks LTP by a cell-autonomous NMDA receptor-independent 
mechanism. Mol Psychiatry. 2017;22(3):375–83.

 119. Jedlicka P, et al. Neuroligin-1 regulates excitatory synaptic transmission, 
LTP and EPSP-spike coupling in the dentate gyrus in vivo. Brain Struct 
Funct. 2015;220(1):47–58.

 120. Chanda S, et al. Pathogenic mechanism of an autism-associated 
neuroligin mutation involves altered AMPA-receptor trafficking. Mol 
Psychiatry. 2016;21(2):169–77.

 121. Rudolph U, Möhler H. GABAA receptor subtypes: therapeutic potential 
in down syndrome, affective disorders, schizophrenia, and autism. 
Annu Rev Pharmacol Toxicol. 2014;54:483–507.

 122. Horn ME, Nicoll RA. Somatostatin and parvalbumin inhibitory synapses 
onto hippocampal pyramidal neurons are regulated by distinct mecha-
nisms. Proc Natl Acad Sci USA. 2018;115(3):589–94.

 123. Jedlicka P, et al. Increased dentate gyrus excitability in neuroligin-2-defi-
cient mice in vivo. Cereb Cortex. 2011;21(2):357–67.

 124. Gibson JR, Huber KM, Südhof TC. Neuroligin-2 deletion selectively 
decreases inhibitory synaptic transmission originating from fast-
spiking but not from somatostatin-positive interneurons. J Neurosci. 
2009;29(44):13883–97.

 125. Etherton M, et al. Autism-linked neuroligin-3 R451C mutation differen-
tially alters hippocampal and cortical synaptic function. Proc Natl Acad 
Sci USA. 2011;108(33):13764–9.

 126. Földy C, Malenka RC, Südhof TC. Autism-associated neuroligin-3 muta-
tions commonly disrupt tonic endocannabinoid signaling. Neuron. 
2013;78(3):498–509.

 127. Hosie S, et al. Altered amygdala excitation and CB1 receptor modula-
tion of aggressive behavior in the neuroligin-3 (R451C) mouse model of 
autism. Front Cell Neurosci. 2018;12:234.

 128. Tabuchi K, et al. A neuroligin-3 mutation implicated in autism increases 
inhibitory synaptic transmission in mice. Science. 2007;318(5847):71–6.

 129. Tarawneh R, Holtzman DM. The clinical problem of symptomatic Alzhei-
mer disease and mild cognitive impairment. Cold Spring Harb Perspect 
Med. 2012;2(5):a006148.

 130. Lyketsos CG, et al. Neuropsychiatric symptoms in Alzheimer’s disease. 
Alzheimers Dement. 2011;7(5):532–9.

 131. DeKosky ST, Scheff SW. Synapse loss in frontal cortex biopsies in 
Alzheimer’s disease: correlation with cognitive severity. Ann Neurol. 
1990;27(5):457–64.

 132. Scheff SW, DeKosky ST, Price DA. Quantitative assessment of 
cortical synaptic density in Alzheimer’s disease. Neurobiol Aging. 
1990;11(1):29–37.

 133. Masliah E, et al. Immunohistochemical quantification of the synapse-
related protein synaptophysin in Alzheimer disease. Neurosci Lett. 
1989;103(2):234–9.

 134. Terry RD, et al. Physical basis of cognitive alterations in Alzheimer’s 
disease: synapse loss is the major correlate of cognitive impairment. 
Ann Neurol. 1991;30(4):572–80.

 135. Bancher C, et al. Neuropathological staging of Alzheimer lesions and 
intellectual status in Alzheimer’s and Parkinson’s disease patients. 
Neurosci Lett. 1993;162(1–2):179–82.

 136. Buttini M, et al. Beta-amyloid immunotherapy prevents synaptic 
degeneration in a mouse model of Alzheimer’s disease. J Neurosci. 
2005;25(40):9096–101.

 137. Sun C, et al. Identification and functional characterization of rare muta-
tions of the neuroligin-2 gene (NLGN2) associated with schizophrenia. 
Hum Mol Genet. 2011;20(15):3042–51.

 138. Südhof TC. Neuroligins and neurexins link synaptic function to cogni-
tive disease. Nature. 2008;455(7215):903–11.

 139. Hines RM, et al. Synaptic imbalance, stereotypies, and impaired social 
interactions in mice with altered neuroligin 2 expression. J Neurosci. 
2008;28(24):6055–67.

 140. Scholl FG, Scheiffele P. Making connections: cholinesterase-domain 
proteins in the CNS. Trends Neurosci. 2003;26(11):618–24.

 141. Dinamarca MC, et al. The synaptic protein neuroligin-1 interacts with 
the amyloid β-peptide. Is there a role in Alzheimer’s disease? Biochem-
istry. 2011;50(38):8127–37.

 142. Roses AD. Apolipoprotein E alleles as risk factors in Alzheimer’s disease. 
Annu Rev Med. 1996;47:387–400.

 143. Zhong N, et al. Apolipoprotein E4 domain interaction: synaptic and 
cognitive deficits in mice. Alzheimers Dement. 2008;4(3):179–92.

 144. Suzuki K, et al. Activity-dependent proteolytic cleavage of neuroligin-1. 
Neuron. 2012;76(2):410–22.

 145. Peixoto RT, et al. Transsynaptic signaling by activity-dependent cleav-
age of neuroligin-1. Neuron. 2012;76(2):396–409.

 146. Bie B, et al. Epigenetic suppression of neuroligin 1 underlies amyloid-
induced memory deficiency. Nat Neurosci. 2014;17(2):223–31.

 147. Geschwind DH, Levitt P. Autism spectrum disorders: developmental 
disconnection syndromes. Curr Opin Neurobiol. 2007;17(1):103–11.



Page 19 of 19Liu et al. Journal of Translational Medicine          (2022) 20:418  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 148. Persico AM, Bourgeron T. Searching for ways out of the autism maze: 
genetic, epigenetic and environmental clues. Trends Neurosci. 
2006;29(7):349–58.

 149. Moretti P, Zoghbi HY. MeCP2 dysfunction in Rett syndrome and related 
disorders. Curr Opin Genet Dev. 2006;16(3):276–81.

 150. Belmonte MK, Bourgeron T. Fragile X syndrome and autism at 
the intersection of genetic and neural networks. Nat Neurosci. 
2006;9(10):1221–5.

 151. Moldin SO, Rubenstein JL, Hyman SE. Can autism speak to neurosci-
ence? J Neurosci. 2006;26(26):6893–6.

 152. O’Connor N, Hermelin B. The memory structure of autistic idiot-savant 
mnemonists. Br J Psychol. 1989;80(Pt 1):97–111.

 153. Abrahams BS, Geschwind DH. Advances in autism genetics: on the 
threshold of a new neurobiology. Nat Rev Genet. 2008;9(5):341–55.

 154. Garber K. Neuroscience. Autism’s cause may reside in abnormalities at 
the synapse. Science. 2007;317(5835):190–1.

 155. Laumonnier F, et al. X-linked mental retardation and autism are associ-
ated with a mutation in the NLGN4 gene, a member of the neuroligin 
family. Am J Hum Genet. 2004;74(3):552–7.

 156. Yan J, et al. Analysis of the neuroligin 3 and 4 genes in autism and other 
neuropsychiatric patients. Mol Psychiatry. 2005;10(4):329–32.

 157. Ylisaukko-oja T, et al. Analysis of four neuroligin genes as candidates for 
autism. Eur J Hum Genet. 2005;13(12):1285–92.

 158. Nakanishi M, et al. Functional significance of rare neuroligin 1 variants 
found in autism. PLoS Genet. 2017;13(8):e1006940.

 159. Chen X, et al. Structural basis for synaptic adhesion mediated by 
neuroligin-neurexin interactions. Nat Struct Mol Biol. 2008;15(1):50–6.

 160. Kircher M, et al. A general framework for estimating the relative patho-
genicity of human genetic variants. Nat Genet. 2014;46(3):310–5.

 161. Ng PC, Henikoff S. SIFT: Predicting amino acid changes that affect 
protein function. Nucleic Acids Res. 2003;31(13):3812–4.

 162. Adzhubei IA, et al. A method and server for predicting damaging mis-
sense mutations. Nat Methods. 2010;7(4):248–9.

 163. Schwarz JM, et al. MutationTaster2: mutation prediction for the deep-
sequencing age. Nat Methods. 2014;11(4):361–2.

 164. Chun S, Fay JC. Identification of deleterious mutations within three 
human genomes. Genome Res. 2009;19(9):1553–61.

 165. Reva B, Antipin Y, Sander C. Predicting the functional impact of 
protein mutations: application to cancer genomics. Nucleic Acids Res. 
2011;39(17):e118.

 166. Shihab HA, et al. Predicting the functional, molecular, and phenotypic 
consequences of amino acid substitutions using hidden Markov mod-
els. Hum Mutat. 2013;34(1):57–65.

 167. Blundell J, et al. Increased anxiety-like behavior in mice lacking the 
inhibitory synapse cell adhesion molecule neuroligin 2. Genes Brain 
Behav. 2009;8(1):114–26.

 168. Chen CH, et al. Neuroligin 2 R215H mutant mice manifest anxiety, 
increased prepulse inhibition, and impaired spatial learning and 
memory. Front Psychiatry. 2017;8:257.

 169. De Jaco A, et al. A mutation linked with autism reveals a common 
mechanism of endoplasmic reticulum retention for the alpha, beta-
hydrolase fold protein family. J Biol Chem. 2006;281(14):9667–76.

 170. Azoulay-Ginsburg S, et al. A lipophilic 4-phenylbutyric acid derivative 
that prevents aggregation and retention of misfolded proteins. Chemis-
try. 2020;26(8):1834–45.

 171. De Jaco A, et al. Folding anomalies of neuroligin3 caused by a muta-
tion in the alpha/beta-hydrolase fold domain. Chem Biol Interact. 
2010;187(1–3):56–8.

 172. De Jaco A, et al. Trafficking of cholinesterases and neuroligins 
mutant proteins. An association with autism. Chem Biol Interact. 
2008;175(1–3):349–51.

 173. Comoletti D, et al. The Arg451Cys-neuroligin-3 mutation associ-
ated with autism reveals a defect in protein processing. J Neurosci. 
2004;24(20):4889–93.

 174. Radyushkin K, et al. Neuroligin-3-deficient mice: model of a monogenic 
heritable form of autism with an olfactory deficit. Genes Brain Behav. 
2009;8(4):416–25.

 175. Norris RHC, et al. Mutations in neuroligin-3 in male mice impact behav-
ioral flexibility but not relational memory in a touchscreen test of visual 
transitive inference. Mol Autism. 2019;10:42.

 176. Ellegood J, Lerch JP, Henkelman RM. Brain abnormalities in a Neuroli-
gin3 R451C knockin mouse model associated with autism. Autism Res. 
2011;4(5):368–76.

 177. Jaramillo TC, et al. Autism-related neuroligin-3 mutation alters social 
behavior and spatial learning. Autism Res. 2014;7(2):264–72.

 178. Burrows EL, et al. A neuroligin-3 mutation implicated in autism causes 
abnormal aggression and increases repetitive behavior in mice. Mol 
Autism. 2015;6:62.

 179. Jamain S, et al. Reduced social interaction and ultrasonic communica-
tion in a mouse model of monogenic heritable autism. Proc Natl Acad 
Sci USA. 2008;105(5):1710–5.

 180. Gobbi G, Janiri L. Sodium- and magnesium-valproate in vivo modulate 
glutamatergic and GABAergic synapses in the medial prefrontal cortex. 
Psychopharmacology. 2006;185(2):255–62.

 181. Christensen J, et al. Prenatal valproate exposure and risk of autism spec-
trum disorders and childhood autism. JAMA. 2013;309(16):1696–703.

 182. Wang CC, et al. Valproic acid mediates the synaptic excitatory/inhibitory 
balance through astrocytes—a preliminary study. Prog Neuropsychop-
harmacol Biol Psychiatry. 2012;37(1):111–20.

 183. Ross CA, et al. Neurobiology of schizophrenia. Neuron. 
2006;52(1):139–53.

 184. McGlashan TH, Hoffman RE. Schizophrenia as a disorder of devel-
opmentally reduced synaptic connectivity. Arch Gen Psychiatry. 
2000;57(7):637–48.

 185. Sullivan PF, Kendler KS, Neale MC. Schizophrenia as a complex trait: 
evidence from a meta-analysis of twin studies. Arch Gen Psychiatry. 
2003;60(12):1187–92.

 186. Sand P, et al. Screening for Neuroligin 4 (NLGN4) truncating and 
transmembrane domain mutations in schizophrenia. Schizophr Res. 
2006;82(2–3):277–8.

 187. Lewis DA, González-Burgos G. Neuroplasticity of neocortical circuits in 
schizophrenia. Neuropsychopharmacology. 2008;33(1):141–65.

 188. Mordalska P, et al. S.04.08 Impairment of synaptic cell adhesion mol-
ecule expression in the medial prefrontal cortex in the neurodevelop-
mental model of schizophrenia. Eur Neuropsychopharmacol. 2011;21.

 189. Jiang DY, et al. GABAergic deficits and schizophrenia-like behaviors in a 
mouse model carrying patient-derived neuroligin-2 R215H mutation. 
Mol Brain. 2018;11(1):31.

 190. Windrem MS, et al. Human iPSC Glial mouse chimeras reveal glial 
contributions to schizophrenia. Cell Stem Cell. 2017;21(2):195-208.e6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Roles of neuroligins in central nervous system development: focus on glial neuroligins and neuron neuroligins
	Abstract 
	Introduction
	General characteristics of neuroligin
	Structure and subtypes
	Subcellular distribution

	The mechanism of neuroligin
	Dimerization
	Binding partners
	Neuron neuroligins
	Non-neuronal neuroligin


	Neuroligin in glia
	Disruption of glial NL damages the structure and function of glial cells and synapses
	Glia neuroligin in myelination
	Neuroligins in astrocytes

	NLs in synapses
	NLs regulate excitatory synaptic transmission and synaptic plasticity
	The function of NLs at inhibitory synapses

	Neuroligins in the ‘synaptopathy’
	Neuroligins and Alzheimer’s disease
	Neuroligins and Autism Spectrum Disorder
	Neuroligins and schizophrenia

	Discussion
	References




