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New perspective on sustained antidepressant effect: focus on
neurexins regulating synaptic plasticity
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Depression is highly prevalent globally, however, currently available medications face challenges such as low response rates and short
duration of efficacy. Additionally, depression mostly accompany other psychiatric disorders, further progressing to major depressive
disorder without long-term effective management. Thus, sustained antidepressant strategies are urgently needed. Recently, ketamine
and psilocybin gained attention as potential sustained antidepressants. Review of recent studies highlights that synaptic plasticity
changes as key events of downstream long-lasting changes in sustained antidepressant effect. This underscores the significance of
synaptic plasticity in sustained antidepressant effect. Moreover, neurexins, key molecules involved in the regulation of synaptic
plasticity, act as critical links between synaptic plasticity and sustained antidepressant effects, involving mechanisms including protein
level, selective splicing, epigenetics, astrocytes, positional redistribution and protein structure. Based on the regulation of synaptic
plasticity by neurexins, several drugs with potential for sustained antidepressant effect are also discussed. Focusing on neurexins in
regulating synaptic plasticity promises much for further understanding underlying mechanisms of sustained antidepressant and the
next step in new drug development. This research represents a highly promising future research direction.
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FACTS

● Currently available medications for depression face challenges
such as low response rates and short duration of efficacy.
Additionally, many patients with depression also experience
other psychiatric disorders, which further increases the risk of
development if effectively managed overdue. Therefore, there
is an urgent need for sustained antidepressant strategies.

● Ketamine and psilocybin gained attention as potential agents
for sustained antidepressant effect. Review of recent studies
highlights that synaptic plasticity changes as key events of
downstream long-lasting changes in sustained antidepressant
effect.

● Neurexins, which are key molecules involved in regulating
synaptic plasticity, serve as a crucial link between synaptic
plasticity and sustained antidepressant effect, involving
mechanisms including protein level, selective splicing, epige-
netics, astrocytes, positional redistribution and protein structure.

● Focusing on the role of neurexins in regulating synaptic plasticity
holds great promise for understanding the underlying mechan-
isms and exploring new drugs for sustained antidepressant effect.

OPEN QUESTIONS

● Which of the many mechanisms by which neurexins modulate
synaptic plasticity correspond specifically to those involved in
sustained antidepressant effect?

● How do neurexins modulating synaptic plasticity relate
upstream and downstream to existing antidepressant
mechanisms?

● What are some of the drugs that potentially have modulated
neurexins available to study sustained antidepressant effect?

INTRODUCTION
Depression is one of the most serious psychiatric illness worldwide
and is characterized by general and persistent low mood [1, 2].
Approximately 350 million people suffer from depression, seriously
jeopardizing people’s physical and mental health [3]. Current
research shows that the pathogenesis of depression is complicated
and that the clinical manifestations caused by different pathogenic
mechanisms [4, 5]. In addition, many depressed patients are
accompanied by other mental illnesses such as schizophrenia and
autism [6, 7]. If the illness is not treated promptly and effectively,
many patients with mild depression gradually develop a major
depressive disorder [8, 9]. This emphasizes the need and importance
of long-lasting control in the treatment of both mild depression and
major depressive disorder. Some classical antidepressants target on
serotonin, norepinephrine, and dopamine are the predominant
drugs used in current clinical practice [10]. Unfortunately, the classical
antidepressants are not always effective for the different types of
depression, and there are problems such as low response rates and
delayed effects [11]. This is one of the main reasons why less than
40% of cases of depression are effectively treated in clinical practice
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and why the course and prognosis of the majority of patients are
highly variable [12–14]. Against the backdrop of the need to address
the problem of long-lasting control in the treatment of depression,
the concept of sustained antidepressant effect was born [15].
Hallucinogens are the hot topic in research on sustained

antidepressant effect [16]. Ketamine is currently the best-studied
hallucinogen in the field of sustained antidepressant effect
[17–20], and with psilocybin being granted breakthrough therapy
for the treatment of depression by the U.S. Food and Drug
Administration (FDA) in recent years [21], the concept of the
sustained antidepressant has once again been promoted and
renewed, and its attention has once again been taken to the next
level [21–23]. Among these hypotheses about the mechanisms of
sustained antidepressant effect, several studies have highlighted
that the focus of the mechanism of sustained antidepressant
pharmacodynamics should be centered on the downstream, long-
term events of change induced by sustained antidepressant
action. [14, 24]. This is truly compelling because in sustained
antidepressant effect, long-lasting changing events and pharma-
codynamic effects invariably correspond both in time and
corresponding changes, emphasizing the need to focus on lasting
changes downstream of events in sustained antidepressant effect.
Numerous studies have observed changes in synaptic plasticity in
the downstream long-lasting changes induced by hallucinogen
intervention in depression [11, 16, 25], suggesting the importance
of synaptic plasticity in sustained antidepressant effect.
Neurexins is a presynaptic adhesion molecule present in the

synaptic cleft [26], the structure of which is shown in Fig. 1. In the
synaptic cleft, neurexins bind to various postsynaptic adhesion
molecules to form a variety of transsynaptic complexes [27], which
are closely related to the formation and maintenance of synapses
and form the basis of inter-synaptic information transfer [26].
Neurexins transsynaptic complexes play a central and important
role in synaptic plasticity [26, 28], and the role of synaptic plasticity
in sustained antidepressant effect has been widely reported
[11, 16, 25]. This suggests the potential importance of neurexins
transsynaptic complexes to sustained antidepressant effect.
Therefore, this review generalizes and clarifies the important role
of synaptic plasticity in sustained antidepressant effect. Subse-
quently, using neurexins as a starting point, the current research
findings on the effects of neurexins transsynaptic complexes on
synaptic plasticity are summarized and their use as a potential
new perspective for sustained antidepressant effect is discussed.

SYNAPTIC PLASTICITY PARTICIPATED IN SUSTAINED
ANTIDEPRESSANT
Depression is a disorder with complex mechanisms characterized
by a persistent low mood [4, 5]. A serious problem in current
clinical practice is that depressed patients are usually accompa-
nied by other types of psychiatric disorders [6, 7], which inevitably
increases the risk of developing major depressive disorder and
emphasizes the importance of timely and effective control of the
disorder [8]. Nevertheless, the classic antidepressants used in
clinical practice today are not always effective for the different
types of depression and suffer from problems such as low
response rates and delayed effects [11]. These problems result in
less than 40% of depression cases receiving effective clinical
treatment [12–14]. When studying the effect of sustained
antidepressant effect, one cannot avoid the downstream long-
lasting persistent events it causes, which is the key to sustained
antidepressant effect [14, 24]. With this in mind, we summarized
the downstream long-lasting sustained events of change in the
last 5 years of studies on sustained antidepressant effect, with
ketamine and psilocybin making up a large proportion of these
studies. The relationship between synaptic plasticity and sustained
antidepressant effect was compelling, as shown in Table 1.
There are a number of different model-based mechanistic

studies in the reports on ketamine-related persistent antidepres-
sants. Krzystyniak, A [29] and Qu, Y [19] respectively conducted
studies on depression using chronic unpredictable stress (CUS)
and knockout of Nrf2 as models. They confirmed the long-lasting
antidepressant effect of a single injection of ketamine and
observed changes in synaptic plasticity resulting from persistent
changes in dendritic spines and synapse-associated proteins.
Similarly, ketamine has been shown to be effective in inducing
long-lasting changes in synaptic plasticity in depression-like
behaviors in several models, including chronic corticosterone
(CORT) associated with repetitive restraint stress [30], anxiety
disorders associated with post-traumatic stress disorder (PTSD)
[31], chronic pain [32], and middle cerebral artery occlusion
associated with chronic unanticipated mild stress [33]. Similar
experimental results have also been observed with ketamine in
normal animals [34, 35]. In vitro studies, Jang, G observed a
sustained high level of field potentials in the CA1 region by
treating hippocampal brain slices with ketamine in vitro, suggest-
ing a long-lasting change in synaptic plasticity [18]. More evidence
was provided in the experiments of Cavalleri, L, who found a

Fig. 1 Schematic structure of the synaptic adhesion molecule neurexins. LNS laminin/neurexin/sex-hormone-binding globulin, SS1-SS6
selective splice sites 1–6, EGF epidermal growth factor-like domain.
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marked improvement in ketamine-induced synaptic function
using dopaminergic (DA) neurons from the mice mesencephalon
and human induced pluripotent stem cells, providing visual
in vitro evidence for the intervention of ketamine in altering
synaptic plasticity [36].
Psilocybin, a drug approved by the FDA as a breakthrough

therapy for the treatment of major depressive disorder, is another
hot topic in the field of sustained antidepressant effect [21]. Its
sustained antidepressant effect is well established in the literature
[21–23], but unfortunately its chronotropic changes following
administration and the mechanisms involved have not been as
extensively studied as with ketamine. In these literatures, Barrett,
FS found that after a single oral administration of psilocybin to
healthy volunteers for 30 days, functional magnetic resonance
imaging (fMRI) results showed that the number of significant
functional connections remained high in the resting-state brain,
providing collateral evidence for the effect of psilocybin on
human brain plasticity [37]. Further complementary studies by
Skosnik, PD demonstrated a doubling of the theta power
amplitude of the electroencephalogram (EEG) in patients with
major depressive disorder after a single oral dose of psilocybin for
14 days [38]. In addition, the induction of synaptic plasticity
following psilocybin administration was demonstrated in C57BL/6J
mice [39] and in Danish slaughter pigs [40].
In terms of sustained antidepressant efficacy and downstream

long-lasting synaptic plasticity, there is also a body of important
evidence for the ketamine metabolite (2R,6R)-hydroxynorephe-
drine (2R,6R-HNK). Study in mice [41, 42], rats [43], and in vitro [44]
have shown that 2R,6R-HNK has a sustained antidepressant effect
and alters long-lasting synaptic plasticity. Furthermore, several
studies on ketamine in combination with other drugs have shown
similar evidence of synaptic plasticity changes [45, 46]. Through
these studies, we substantiate the importance of synaptic
plasticity in sustained antidepressant effect and establish it as a
fundamental starting point for deciphering the intricate workings
of sustained antidepressant effect.

NEUREXINS PARTICIPATED IN REGULATING SYNAPTIC
PLASTICITY
Changes in synaptic plasticity are key downstream events in
sustained antidepressant effect, and understanding their mechan-
isms is important for resolving sustained antidepressant effect.
Synapse is a cup-shaped or spherical structure in which neurons
contact and communicate with each other. It mainly consists of a

presynaptic membrane, a synaptic cleft, and a postsynaptic
membrane [47]. Within the synaptic structure, there are many
presynaptic or postsynaptic adhesion molecules that are considered
synaptic organizers. The presence of these adhesion molecules
ensures the transmission of information between neurons and is also
closely related to changes in synaptic plasticity [48]. In contrast to
postsynaptic adhesion molecules, very few species have been found
in the current identification of presynaptic adhesion molecules [47].
Among them, neurexins, which are localized in the presynapse, have
received much attention from researchers due to their ability to bind
to a variety of postsynaptic adhesion molecules to form multiple
transsynaptic complexes involved in synaptic plasticity [48].
Among the neurexins transsynaptic complexes in the mamma-

lian brain, as shown in Fig. 1, there are three genetic phenotypes
of the presynaptic adhesion molecule neurexins (neurexin-1, 2 and
3), with two isoforms of the longer neurexin-α and the shorter
neurexin-β for each genotype, in addition to a specific γ- isoform
of neurexin-1 [49]. The longer neurexin-α contains six LNS
structural domains (for laminin/neurexin/sex-hormone-binding
globulin domains) interspersed with three EGF-like repeat
sequences. The shorter neurexin-β is generated transcriptionally
from an internal promoter in which it contains an LNS6 structural
domain corresponding to the N-terminally truncated and specific
neurexin-α, and neurexin-γ is generated transcriptionally from the
internal promoter of the specific neurexin-1 gene [47]. The
presence of these LNS structural domains provides binding sites
for various postsynaptic adhesion molecules that are essential for
the formation of neurexins transsynaptic complexes [49, 50]. To
date, about 50 genes for postsynaptic adhesion molecules have
been identified, and many more are still unspecific and
uncharacterized [48]. Among these postsynaptic adhesion mole-
cules, some have been clearly identified that bind to neurexins,
such as dystroglycans, LRRTMs, calsyntenins, latrophilins and
neuroligins [26, 28], which are listed in Fig. 2. There are a number
of recent studies on neurexins and the transsynaptic complexes
formed by neurexins that relate to synaptic plasticity.
For the current study of neurexins in the context of synaptic

plasticity, an interesting point is that neurexins per se are not
required for synapse formation, and that deletion of neurexins does
not affect the formation of most synapses [48, 51–53]. Rather, the
formation of transsynaptic complexes with postsynaptic adhesion
molecules is crucial for neurexins, which in turn modulate synaptic
function and ultimately influence changes in synaptic plasticity [47].
Another interesting aspect that should be further investigated is the
fact that in most studies on synaptic plasticity, changes in neurexins

Fig. 2 Postsynaptic adhesion molecules bound to neurexins and major functions.
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are always accompanied by changes in postsynaptic adhesion
molecules. For example, changes in both the presynaptic adhesion
molecule neurexins and the postsynaptic adhesion molecule
neuroligins have been observed to be associated with changes in
synaptic plasticity in early life stress, stressed-sedentary, Parkinson’s
disease, and Alzheimer’s disease [54–58]. Similarly, an experiment on
the overexpression of neuroligin 1 confirmed the association
between changes in the ratio of two synaptic adhesion molecules,
neuroligins and neurexins, and synaptic plasticity [59]. Similar
evidence has been found for the formation of transsynaptic
complexes between neurexins and other postsynaptic adhesion
molecules. For example, the transsynaptic complexes of dystrogly-
cans and neurexins correlate with the function of synaptic
transmission [60], neurexins-LRRTMs transsynaptic complexes reg-
ulate presynaptic differentiation [61], neurexins-calsyntenins transsy-
naptic complexes correlate with inhibitory synapse formation and
function [62] and neurexins-latrophilins transsynaptic complexes are
associated with synaptic excitatory mechanisms Ca2+ independent
release [63]. The evidence from these studies convinces us that
neurexins are central regulators of synaptic properties, and we can
clearly conclude that neurexins and neurexins transsynaptic
complexes are intimately involved in synaptic plasticity.

NEUREXINS PARTICIPATION IN SUSTAINED
ANTIDEPRESSANT EFFECT
Neurexins have been found to form different neurexins transsy-
naptic complexes by binding to different postsynaptic adhesion
molecules via different gene regulation, selective splicing, and
different LNS structural domains for their participation in
regulating synaptic plasticity [48, 64, 65]. This suggests that
modulating neurexins can alter the composition of neurexins
transsynaptic complexes and hence intervene in synaptic
plasticity. One important role for changes in synaptic plasticity is
its involvement in sustained antidepressant effect. This prompted
us to postulate that sustained antidepressant effect, which is
intimately associated with synaptic plasticity, appears to have all
the potential for future connections if changes in synaptic
plasticity can be controlled longitudinally by manipulating
neurexins. In order to demonstrate the broad potential of
modifying neurexins as a strategy for sustained antidepressant
effect, we examine the regulatory mechanisms of neurexins and
their biological role in sustained antidepressant effect in this
section.

Potential mechanisms of neurexins participation in sustained
antidepressant effect
Regulating protein expression levels of neurexins. It has long been
known that changes in synaptic plasticity are related to the
amount of certain synaptic adhesion molecules in a synapse and
thus how that synapse develops, is maintained and eventually
disappears. Neurexins, the synaptic adhesion molecules that serve
as regulatory centers for synaptic properties, are also the subject
of much research on changes in synaptic plasticity and protein
levels (Fig. 3a).
Among the neurexins, there are three genotypes of neurexin-1,

2 and 3. The three genotypes are highly expressed in synapses
before the formation of extensive synapses, with neurexin-1 and
neurexin-3 widely distributed between neuronal synapses in the
cortical plate, and neurexin-2 distributed between neuronal
synapses in the cortical wall [66]. neurexin-1 expression level
increases with age, neurexin-3 remains stable, and neurexin-2
expression level is higher than that of neurexin-1 and neurexin-2
at early ages [66]. The expression level of neurexin-1 increased
with age, neurexin-3 remained stable, and neurexin-2 was higher
than neurexin-1 and neurexin-3 at the early stage, but inter-
mediate between neurexin-1 and neurexin-3 at the later stage
[66]. The three genotypes also differ in their function in synaptic

plasticity, with neurexin-1 and neurexin-3 promoting synapse
formation while neurexin-2 restricting it [67]. Long-lasting
modulation targeting different genotypes leads to different
changes in synaptic plasticity [68], which could be an important
strategy for sustained antidepressant effect.
An in-depth mechanistic study has shown that activation of the

BDNF signaling pathway significantly increases protein levels of
neurexin-β and neuroligin 1 and synaptic plasticity in the
hippocampus, possibly involving TrkB/PI3k/AKT/mTOR in this
process [54]. It is known that BDNF, an important neurotrophic
factor, plays a crucial role in sustained antidepressant effect [46].
This provides an explanation for the involvement of neurexins
proteins in the mechanism of sustained antidepressant effect
mediated by BDNF signaling, but recent studies have not clarified
their relative upstream and downstream relationship to BDNF
signaling, and the mechanism of this regulation at the protein
level awaits further clarification. In addition, antagonists of
corticotropin-releasing factor 1 (CRF 1) have some antidepressant
and anti-anxiety effects [69, 70], via mechanisms possibly related
to the involvement of CRF 1 in the hypothalamic-pituitary-adrenal
(HPA) axis [58]. Despite the lack of definitive proof for sustained
antidepressant effect, several studies have indicated that CRF
knockout mice display increased synaptic plasticity and elevated
neurexin-1 protein levels [58]. If this mechanism can be harnessed
for long-lasting modulation, then CRF 1 antagonists, serving as
antidepressant, present new potential for application. Never-
theless, further verification is required through specific experi-
ments.
In relation to the regulation of neurexins protein, there is a

possibility to manipulate its own activity through targeting
expression generation and elimination. For instance, when neural
activity is enhanced, the synthesis of neurexin-1 is increased,
leading to elevated expression [71]. Additionally, certain crucial
enzymes involved in protein breakdown, such as matrix metallo-
proteinases and α/γ-secretase, play significant roles in both the
generation and elimination of neurexins protein activity [72, 73]. It
is highly likely that directing these hydrolase activities towards
achieving sustained enhancement of synaptic plasticity could
result in long-term modulation of neurexins protein levels, thereby
offering a potential avenue for sustained antidepressant effect.

Regulating selective splicing of neurexins. We know that neurexins
consist of six LNS structural domains (LNS1–LNS6) interspersed
with three EGF-like repeats, and that there are six special selective
splice sites (SS1–SS6) under this basic structure [47]. Neurexins
mRNA are spliced at different splice sites to generate different
mRNA transcripts, usually with insertions, deletions, and substitu-
tions of amino acids in the encoded proteins, a process that has led
to the formation of a variety of splice isoforms of neurexins [72].
Different splice variants of neurexins correspond to different

active functions, and their own affinity for different postsynaptic
adhesion molecules varies (Fig. 3b) [74]. Under certain circum-
stances, selective splicing of neurexins has been shown to be an
important regulator of changes in synaptic plasticity. For example,
exon 20 on the SS4 fragment of neurexins is a highly utilized
splicing site in the mRNA of all neurexins. Neurexins-SS4+, a
splicing variant containing exon 20 on the SS4 fragment, exhibits
only weak adhesion and binding properties, and when exon 20 of
SS4 is spliced, synapses exhibit strong adhesion and mutual
binding [75, 76]. The phenomenon has been clearly validated in
the chronic variable stress (CVS) model. Notably, neurexin-3-SS4+
selective splicing propensity was induced in the hippocampus after
transient CVS, and the mechanism of the subsequent impact of this
effect may be related to the restriction of fast receptor trafficking
induced by postsynaptic AMPA receptor anchoring, which is
closely associated with reduced synaptic plasticity [76]. In addition,
other splice sites on neurexins besides the SS4 splice site have
been reported in the literature to be spliced to varying degrees to
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generate different neurexins splice isoforms. However, the func-
tions induced by these splice sites are not well defined and require
further in-depth studies [77, 78]. Crucially, selective splicing of
neurexins also involves changes in the affinity of postsynaptic
adhesion molecules. For example, splicing at SS2 in neurexins
modulates binding to dystroglycans, and splicing regulation at SS4
alters the affinity of neurexins for postsynaptic adhesion molecules
such as neuroligins, dystroglycans, LRRTMs, calsyntenins, and
latrophilins [72, 77, 79]. The different affinity of neurexins for
postsynaptic adhesion molecules implies that different neurexins
are reconstituted in the synaptic complex, leading to changes in
synaptic plasticity.
Splicing at different sites can alter the functional activity of the

neurexins themselves or the affinity of postsynaptic adhesion

molecules, thereby causing changes in synaptic plasticity (Fig. 3b).
Based on the effects of neurexins splicing on synaptic plasticity, it is
possible to link sustained antidepressant effect. It is then
particularly important to tap into the mechanisms of active
regulation of this process and to control it in the long term stage.
For the regulation of variable splicing of neurexins, Traunmüller, L
showed that the RNA-binding proteins SLM1 and SLM2, which
belong to the STAR (RNA signaling and activating factor) family, are
expressed in a mutually exclusive manner but are not comple-
mentary in the regulation of the splice variants of neurexins.
Elimination of SLM2 led to a decrease in the non-complementarity
of neurexins-SS4- splice variants, with a corresponding loss of
strong adhesion and reciprocal binding [68, 80]. In a more in-depth
study by Traunmüller, L showed that correction of SLM2 exon

Fig. 3 Potential mechanisms of neurexins participation in sustained antidepressant effect. a Regulating protein expression levels of
neurexins. b Regulating selective splicing of neurexins. c Regulating epigenetics associated with neurexins. d Regulating astrocytes associated
with neurexins. e Novel mechanisms of regulating neurexins. CRF corticotropin-releasing factor, HPA hypothalamic-pituitary-adrenal, SS1-SS6
selective splice sites 1–6, LNS laminin/neurexin/sex-hormone-binding globulin, SLM2 Sam68-like mammalian proteins 2, HDAC histone
deacetylase, TSP thrombospondins, Chrdl1 Chordin-like 1, γ-Pcdh γ-protocadherin, Hevin high endothelial venule protein, SPARC secreted
protein acidic and rich in cysteine, MDGA MAM domain-containing GPI anchor.
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defects rescued SLM2 knockout-induced synaptic plasticity and
behavioral deficits [80]. This evidence seems to emphasize the
particularly strong specificity of SLM2 in controlling alterations in
synaptic plasticity and the potential of SLM2 as a major
breakthrough point for sustained antidepressant effect. Further-
more, a study on neuronal cells in vitro has shown a certain level of
high K+ environment triggers membrane depolarization, which in
turn leads to a sustained expression of neurexin-1-SS4+ and a
reduction in neuronal neurexin-1-SS4- expression, an effect that
occurs in astrocytes and even in neuronal cell injury, which
inevitably affects synaptic plasticity [81]. Although the conclusions
from this study are limited to neuronal cells in vitro, the
mechanism of selective splicing of SS4 by neurexins in a
physiological setting needs to be investigated by experiments
that truly mimic neuronal activity to clarify its biological
significance [81]. However, it must be noted that this conclusion
emphasizes the importance of changes in K+ levels in the
extracellular environment of neurons [82]. There are also similar
studies focusing on the nature of binding of neurexins and
LRRTMs, the results of which support the existence of a Ca2+

dependence of binding [61], similar to K+, may be involved in the
regulation of variable splicing of neurexins, affecting the
LNS6 structural domain of neurexins and thus influencing binding
to the postsynaptic adhesion molecule neuroligins [83]. These
findings consistently emphasize the importance of changes in the
concentrations of various ions in the extracellular environment of
neurons, and it is possible that targeting the concentrations of ions
in the environment to permanently regulate the splicing of
neurexins and thereby interfere with synaptic plasticity could be
one of the mechanisms of sustained antidepressant effect.

Regulating epigenetics associated with neurexins. Epigenetics is
one of the hypotheses that neurexins modulate synaptic plasticity
[82]. Epigenetics refers to long-lasting changes in gene expression
that are regulated by transcriptional, post-transcriptional, intra- or
post-translational mechanisms (such as DNA methylation, histone
modifications, and microRNA regulation) that do not involve DNA
sequence alteration and are usually characterized by stability and
longevity [84]. A summary of neurexins and epigenetics can be
found in Fig. 3c. In the study by Freire-Cobo, C, the authors
explained the selective splicing changes of downstream neurexins
by the function of the epigenetic histone deacetylase (HDAC), but
imperfectly, the article does not include indicators of epigenetics,
and this explanation needs further verification [76]. Detailed
evidence is provided by the study of Zhu, Τ that when neurexin-1α
is transcriptionally repressed and activated in neurons in vitro, it is
enriched around its promoter by synthesizing zinc-finger protein
(ZFP) to histone methyltransferase (Ash1L) and histone marker
H3K36me2, respectively, and that the transcriptional repression of
neurexin-1α disappears when Ash1L is turned off [85]. Ash1L and
H3K36me2 are important process indicators of histone modifica-
tion in epigenetics, providing direct evidence that epigenetic
involvement in the regulation of neurexins intervenes in synaptic
plasticity [85]. On the other hand, epigenetics is a stable and long-
lasting event that is associated with sustained antidepressant
efficacy. A number of publications have investigated depression
based on epigenetics [86, 87]. From this perspective, could
epigenetics serve as a bridge between sustained antidepressant
efficacy and neurexins that modulate synaptic plasticity? Will it be
possible to improve the efficacy of sustained antidepressant
effect? Of course, there are still many unanswered questions about
epigenetics and neurexins, such as the specific upstream and
downstream relationships, the processes involved, and whether or
not other synaptic adhesion molecules cooperate, which still need
to be substantiated by a variety number of experiments and data.

Regulating astrocytes associated with neurexins. Previous studies
have found that astrocyte contact with neurons can alter the

localization of neurexins at synapses, while the expression of
neurexins at dendrites can also provide negative feedback on the
increase in synapses mediated by astrocyte contact [88]. This
suggests that astrocytes can modulate synaptic receptivity by
mediating signaling and dendritic localization of neurexins.
Astrocytes can encapsulate more than 100,000 synapses, and
their role in regulating synaptic plasticity has been elucidated in
several papers [72, 89]. This has led to the idea that astrocytes are
involved in the regulation of synaptic plasticity by neurexins.
As shown in Fig. 3d, some studies have focused on the ability of

astrocytes to coat synapses and found that astrocytes secrete the
synaptogenesis protein high endothelial venule protein (Hevin),
which has a function in regulating synapses [89]. With regard to
the synaptogenesis protein Hevin secreted by astrocytes, the
results of Singh, SK showed that Hevin is able to establish
glutamatergic synapses by bridging neurexin-1α and neuroligin-
1β, which promotes the formation of excitatory synapses [90]. This
was further supported by research conducted by Fan, S.
Additionally, the Hevin-regulated neurexin-related mechanisms
were further enhanced by the discovery of the secreted protein
acidic and rich in cysteine (SPARC), which is reciprocally
antagonistic to neurexins binding, and MAM domain-containing
GPI anchor (MDGA), which is reciprocally antagonistic to
neuroligins binding in the neurexins-neuroligins transsynaptic
complex [91]. These considerations provide some evidence that
astrocytes are involved in neurexins regulation of synaptic
plasticity. As for astrocytes, their association with depression has
also been reported [92]. Further linking the relationship between
synaptic plasticity and sustained antidepressant effect suggest an
important link between this regulatory mechanism and sustained
antidepressant effect. However, we know that astrocytes secrete
far more than Hevin as synaptogenic proteins, such as thrombos-
pondins (TSP), Chordin-like 1 (Chrdl1), γ-protocadherin (γ-Pcdh),
etc. mentioned in the literature [72, 93]. These synaptogenesis
proteins have been more or less associated with synaptic
plasticity, but the interplay between them, the profound
mechanistic process involved in the regulation of synaptic
plasticity by neurexins, and the possible associations with
sustained antidepressant effect have not yet been elucidated in
detail and need to be further reviewed and explored by
researchers.

Novel mechanisms of regulating neurexins. For the neurexins that
regulate synaptic plasticity, there are a number of other novel
mechanistic hypotheses associated with sustained antidepressant
effect (Fig. 3e). Although these mechanisms suffer from the
problem that there are few relevant studies and insufficient
evidence, we can still believe that these potential mechanisms are
worth validating and exploring, and that they may hold the secret
to sustained antidepressant effect.
The first point we have focused on is the positional redistribu-

tion of synaptic adhesion molecules. The synaptic cleft consists of
structurally distinct subregions, and synaptic adhesion molecules
can branch into different regions of the synaptic cleft [94].
Recently, using high-resolution microscopy, the postsynaptic
adhesion molecule SynCAMs was observed to redistribute
selectively and extensively from the edges of the synaptic cleft
in response to a long-lasting enhancement of synaptic plasticity
[72, 94]. Similar redistribution changes following KCl-stimulated
transient synaptic excitation have also been observed for
N-cadherins in the literature [95], suggesting that synaptic
adhesion molecules undergo positional redistribution in response
to changes in synaptic function, which has the potential to alter
interactions between synaptic adhesion molecules [72]. This
finding is intriguing, but the position-dependent redistribution
of neurexins has not yet been investigated. Synaptic adhesion
molecules are associated with changes in synaptic plasticity, and it
remains to be seen whether neurexins, as the core of the
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transsynaptic complex, are redistributed either by themselves or
by synaptic adhesion molecules to which they bind, and once the
mechanism of redistribution is clarified, it will be of great interest
to further link with sustained antidepressant effect.
Another interesting mechanism is that, synaptic adhesion

molecules undergo structural changes as a result of synaptic
activity, which can lead to altered binding patterns. For example,
neurexin-1β and LRRTM4 bind in a Ca2+-dependent manner [61],
which may suggest that synaptic adhesion molecules can sense
synaptic activity (Ca2+ release) and thereby cause a change in
protein structure to form a protein conformation for binding by
both pre- and postsynaptic adhesion molecules, leading to the
formation of transsynaptic adhesion molecules. It has also been
proposed that synaptic adhesion molecules sense synaptic
changes occurring through an (allo)steric mechanism to adjust
their interactions. It has been hypothesized that this mechanism
may involve changes in splicing inserts, similar to those at SS1 and
SS6 sites in neurexin-1α [72, 96]. The changes in protein structure
resulting from these mechanisms would inevitably lead to
changes in the transsynaptic complexes of neurexins, and the
resulting link to sustained antidepressant effect could be a new
and innovative idea. Of course, these theories are still pure
conjecture at present, and deeper experimental validation is
needed to clarify and exploit this mechanism.

Drugs associated with neurexins modulating synaptic
plasticity
To understanding the potential of neurexin-modulated synaptic
plasticity in sustained antidepressant effect, we further summarize
the drugs that may be involved in the modulation of synaptic
plasticity by neurexins to expand the drug pool and link
depression in depth to unlock the potential that these drugs
may have in antidepressant or sustained antidepressant effect.
In our summary, we found that the types of disorders treated in

the pharmacodynamic studies of these drugs were all psychiatric.
First, we noted the stress-sedentary model and the CSV model,
which may induce depression-like behaviors. In the stress-
sedentary model, researchers conducted pharmacodynamic
assessments using endurance running, a nontraditional pharma-
cologic tool, and observed an ameliorative effect on neurexins-β
and neuroligin 1 expression and synaptic plasticity [54]. Similarly, a
study in which the effect of long-lasting exercise on depression
resistance was observed emphasizes the potential application of
sustained exercise for sustained antidepressant effect [97]. This in
part provides data support for the positive effects of sustained
exercise workouts in synaptic plasticity as well as lasting
antidepressant effects, affirming the importance of sustained
exercise. In another study on a CSV model, the combination of
dihydrocaffeic acid (DHCA) and Malvidin-3-O-glucoside (Mal-gluc)
was observed to have a corrective effect on CSV-induced
expression and selective splicing of neurexins [76]. DHCA and
Mal-gluc, as externalizing metabolites of bioactive dietary poly-
phenol compounds, have been associated with depression [98],
and in addition to modulating neurexins and synaptic plasticity,
studies on their further sustained antidepressant activity should
follow. There are also numerous studies on other psychiatric
disorders that are not directly related to depression. In Alzheimer’s
disease, for example, vitamin B12 protects against the synaptic
adhesion molecules PSD-95, neurexin-1 and neurolgins and
restores synaptic plasticity [57]. In Parkinson’s disease, treatment
with Allopregnanolon (Allo) eliminated abnormalities in the
electrophysiological aspects of synapses and abnormalities in
the levels of the synaptic adhesion molecules PSD-95, neurexin-1,
and neuroligins [56]. There is also a potentially protective
neuropeptide, apelin-13, which has been shown to play an
important role in neurological impairments such as depression
and anxiety [99]. In the context of its multiple modeling
ameliorative effects, we have focused on the ameliorative effects

also exerted on neurexin-1 and neuroligins in response to
Parkinson’s and memory impairment, which in turn restore
impairments synaptic plasticity [55, 100]. This key pharmacological
activity forms the theoretical foundation for establishing further
connections to sustained antidepressant effect.
In summary, the evidences for synaptic plasticity modulated by

the above-mentioned drugs in neurexins are conclusive, and we
believe that their potential for sustained antidepressant effect
should be investigated. Although the mechanisms involved in
their involvement are not clear at the moment, which are our
immediate challenge to overcome.

Novel sustained antidepressant effect drugs found based on
neurexins modulating synaptic plasticity
In addition to the report mechanisms involved in neurexins
modulation of synaptic that may have sustained antidepressant
effect, it is also feasible to look for drugs from synaptic plasticity.
Because some researchers may not have tested the mechanisms
by which drugs modulate synaptic plasticity in relation to
neurexins, and some drugs with potential for sustained anti-
depressant effect based on the modulation of synaptic plasticity
by neurexins may have been overlooked. In this way, we have a
broader spectrum which is more conducive to the search for drug
with a potentially sustained antidepressant effect.
In the context of synaptic plasticity, priority is given to the

currently hotly researched class of hallucinogens. Hallucinogens
such as ketamine and psilocybin are known for their sustained
antidepressant effects and alterations in synaptic plasticity
[16, 18, 21]. Traditionally, hallucinogens can be categorized into
classical hallucinogens and non-classical hallucinogens depending
on whether they act on 5-HT2A or not. Classical hallucinogens
include Psilocybin, lysergic acid diethylamide (LSD), mescaline,
2,5-dimethoxy-4-methylamphetamine (DOM), 2,5-dimethoxy-4-
iodoamphetamine (DOI) and others [101]. Non-classical hallucino-
gens include ketamine, tetrahydrocannabinol (THC), 3,4-dioxo-
methylamphetamine (DOM), and so on [102]. The main focus of
these hallucinogens regarding sustained antidepressant effect
studies has been on ketamine and psilocybin. Although the
mechanisms involved in the modulation of synaptic plasticity by
neurexins remain to be verified, it is important to note that they
have a clear effect on synaptic plasticity and are candidates with
sustained antidepressant potential.
Furthermore, there have been instances of hallucinogenic

Chinese medicines, such as Lanmaoa asiatica from Yunnan, China,
referred to as “lurid bolete”, that should also be the subject of
investigation [103, 104]. Chinese medicine has a very long history
of treating depression [105], and as a traditional Chinese medicine,
Lanmaoa asiatica has been shown to have hallucinogen-like
effects [106, 107], which are very similar to those of hallucinogens.
There are also plants widely distributed in tropical Asia and
Oceania as traditional spices in the Myrtaceae family [108, 109],
plants in the Solanaceae family such as Datura stramonium,
Brugmansia and Hyoscyamus niger [110, 111], Cannabis in the
Cannabaceae family [112], Peperomia cactus in the Cactaceae
family [113], and Lophophora williamsii in the Cactus family [113].
All of them have been reported in the literature to have potential
hallucinogenic effect, so do they have a similar sustained
antidepressant effect? What is the possible material basis? Based
on the regulation of synaptic plasticity by neurexins and the
exploration of the sustained antidepressant effect and material
basis, this is also a new direction to expand the library of
alternative agents for sustained antidepressant effect.

CONCLUSION AND PERSPECTIVES
In summary, we begin with the key role of changes in synaptic
plasticity in sustained antidepressant effect, focus on synaptic
plasticity, and followed by a discussion of the modulation of
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synaptic plasticity by neurexins to demonstrate the potential and
feasibility of studies of sustained antidepressant effect through
the modulation of synaptic plasticity by neurexins. Lastly, by
summarizing the reported drugs involved in the regulation of
synaptic plasticity by neurexins and the drugs that could
modulate synaptic plasticity by neurexins, we expanded the pool
of alternatives for a sustained antidepressant and provided a new
direction for sustained antidepressant research.
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