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ABSTRACT -- Neurons are special polarized cells whose synaptic vesicles release neurotransmitters into the 
synaptic cleft, acting on postsynaptic receptors and thus transmitting information from presynaptic to 
postsynaptic states. The integrity of the vesicle cycle is critical to the transmission of neural signals in the brain. 
According to the molecular mechanism of calcium-triggered release, the assembly of soluble N-
ethylmaleimide-sensitive factor attachment protein receptors (SNAREs) is required in the process of synaptic 
vesicle fusion and vesicle exocytosis. Many delicate steps are required to maintain the dynamic process of 
‘release-recycle’, including intermediate processes and the dynamic balance of neurotransmission. Various 
neurodegenerative and neuropsychiatric diseases result from synaptic cycle dysfunction. This review of the 
relationships between the structure and function of synaptic vesicles in physiological and pathological 
conditions provides a theoretical basis for synaptic transmission and a novel avenue for the study of synaptic 
plasticity associated with mood disorders, highlighting potential targets for treating diseases. 
 

Abbreviations. SNARE: soluble N-ethylmaleimide-sensitive factor attachment protein receptors; RRP: readily releasable pool; LRRK2: leucine-rich 

repeat kinase 2; CDK5: cyclin-dependent kinase 5; SNAP: synaptosome-associated protein; VAMP: vesicle-associated membrane protein; CME: 

clathrin-mediated endocytosis; ADBE: activity-dependent bulk endocytosis; a-Syn: a-synuclein; PD: Parkinson’s Disease; DAergic: dopaminergic; SN: 

substantia nigra; SV: synaptic vesicle; Aβ: amyloid-β; APP: amyloid precursor protein; HD: Huntington's disease; HTT: huntingtin protein; WHO: 

World Health Organization; NSF: neurexin/N-ethylmaleimide sensitive factor; NMDARs: NMDA receptors 

 
VESICLE POOLS AND THE SYNAPTIC 
CYCLE 
 
Greengard’s laboratory (1) found that synaptic 
vesicles bound with synapsin initiate migration to the 
presynaptic membrane under low-frequency 
stimulation, while other vesicles migrate to the 
presynaptic membrane only under high-frequency 
stimulation, indicating that synapsin, as a chaperone, 
facilitates the fusion of vesicles to the presynaptic 
membrane and the release of neurotransmitters. 
Moreover, numerous reports have identified that 
synaptic vesicles can be segmented into class ‘pools’ 
according to function and morphology, including the 
readily releasable pool (docked in the active zone 
near the presynaptic membrane and ready to release), 
the recycling pool (recycled upon moderate 
stimulation and supplied with the readily releasable 
pool under physiological stimulation) and the 
reserve pool (occupying most of the vesicle clusters 
and released upon non-physiological stimulation) (2). 
As the classification of vesicles is a complicated 
research process, several new research findings have 
optimized the three-pool model and proposed new 
concepts for spontaneously recycling the vesicle 
pool (3). 
 The readily releasable pool (RRP) refers to a 
group of synaptic vesicle anchors on the presynaptic 

membrane that initiate release immediately upon 
stimulation, which determines the sensitivity of 
synaptic cycling (4). With the depletion of RRP 
vesicles, the intensity of synaptic contact gradually 
decreases, though it is extremely sensitive to 
stimulation at the beginning (5). Whether RRP-
released vesicles can be quickly recovered, that is, 
whether the recovered vesicles can be directly 
returned to RRP, is a controversial issue that was 
raised in 2007 (6). Tsien et al. (7) found that 
recovered vesicles could be re-released quickly with 
FM dye, indicating that RRP vesicles could be 
quickly reused. However, Murthy's lab (8) found that 
recovered vesicles entered the reserve pool rather 
than the readily releasable pool (RRP). 
 The recycling pool is a part of vesicles that can 
be continuously circulated under physiological 
stimulation and are utilized to replenish the RRP. 
Research has shown that the recycling pool plays a 
decisive role in maintaining release under 
continuous stimulation, while the stage of the 
recycling pool is always in the process of dynamic 
change. Therefore, the replenishment of the 
recycling pool to the RRP is important for the 
maintenance of the synaptic cycle (9). Meanwhile, it 
has been reported that the storage and mobilization 
of the recycling pool are controlled by leucine-rich 
repeat kinase 2 (LRRK2), including vesicle 
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trafficking and distribution in neurons (10). 
Moreover, recent studies have shown that the rate of 
RRP supplementation will be accelerated with 
increasing neuron activity and temperature (11). In 
addition, the rate of RRP supplementation is also 
accelerated by the activation of protein kinase C (12). 
Interestingly, a study found that the antidepressant 
fluoxetine enhances the recycling vesicle pool size in 
cultured rat hippocampal neurons (13, 14). 
 The reserve pool refers to the storage of 
vesicles released under high-intensity stimulation. It 
occupies most of the vesicle clusters, and its range is 
from 50% to 85% according to different 
experimental tests (15). The mobilization of RP 
vesicles can be regulated by various molecules in 
vivo (16, 17). For example, it has been shown that 
CDK5, located in the synaptic terminus of 
hippocampal neurons, possesses negative effects on 
the mobilization of the reserve pool (18). As a 
supplementary reserve, the reserve pool also 
supports neurotransmission indirectly and ensures 
the delivery of soluble recycling proteins in synaptic 
activity (9). 
 Under the regulation of a large number of 
molecular chaperones, neurotransmitters in synaptic 
vesicles transfer from the presynaptic membrane to 
the postsynaptic membrane receptor and cause the 
depolarization of the postsynaptic membrane, which 
ensures the neurotransmission cycle from electrical 
signals to chemical signals and then to electrical 
signals. Thus, it seems that the disruption of the 
synaptic vesicle cycle may lead to neurological 
disorders. 
 
Process of the vesicle cycle 
Exocytosis is more complex than one might think. 
The origin of synaptic vesicles between the Golgi 
complex and endoplasmic reticulum has been 
continuously investigated. Soluble N-
ethylmaleimide-sensitive factor attachment protein 
receptors (SNAREs) are required in synaptic vesicle 
fusion and vesicle exocytosis (19, 20). In most cases, 
the process of the vesicle cycle can be summarized 
as the docking of vesicles containing 
neurotransmitters in the active zone near the 
presynaptic membrane in preparation for action 
potential attainment and endocytosis (21, 22). Actin, 
transporters, and other proteins recruited around the 
vesicles are generated freshly in an energy-
dependent manner and are allowed to be transported 
to vesicle pools as needed. Before the voltage-
sensitive calcium channel is opened, syntaxin-1 is in 
a closed state induced by Munc18 of the SM family, 
which combines with the N-terminal sequence and 
Habc domain of syntaxin-1(23). With the MUN 
domain of Munc13 interacting with syntaxin-1(24), 
the complex conformation of Munc-18 and syntaxin-
1 transforms from closed to open and exposes the 
SNARE binding site, then combines with 
synaptosome-associated protein (SNAP-25) on the 

plasma membrane and vesicle-associated membrane 
protein (VAMP) distributed on synaptic vesicles, and 
then assembles into a tight trans-SNARE complex at 
a ratio of 1:1:1(25-28). The vesicle membrane is 
forced to bind tightly to the presynaptic membrane 
by coiled helices in the core region and gradually 
compresses from the N-terminus to the C-terminus, 
resulting in the loss of hydrophilic surface stability 
(29, 30). Then, vesicles in the pre-fusion stage with 
the trans-SNARE complex attach to the coiled 
helical domain. As the action potential transmitted to 
the nerve terminal and the voltage-sensitive calcium 
ion channels opened, vesicle fusion initiated rapid 
release, in which synaptotagmin-1 binds to calcium 
ions through the C2 domain (31, 32). With the C2 
domain of synaptotagmin-1 allosteric after binding 
with calcium ions, the clamping effect on the 
SNARE complex is eliminated. Inserting the C-
terminus of synaptotagmin-1 into the presynaptic 
membrane increases the local curvature of the 
presynaptic membrane and significantly reduces the 
energy barrier of the fusion pore. When vesicles fuse 
with the presynaptic membrane to form fusion holes, 
neurotransmitters diffuse into the synaptic clefts and 
bind to relevant receptors on the postsynaptic 
membrane, triggering transmembrane ion flow and 
generating a change in the postsynaptic membrane 
potential, which transmits the signals (33, 34). 
Fusion pore expansion converts the initial trans-
SNARE complex into a cis-SNARE complex, where 
SNAP and NSF are directly recruited into the 
SNARE complex. With ATPase, the SNARE 
complexes dissociate into free monomer proteins to 
participate in a new round of exocytosis. (35). 
 Studies have shown that a large number of 
proteins are involved in the regulation of 
neurotransmitter release. For example, in addition to 
forming a complex with Munc18, syntaxin-1 
addresses a unique functional form by interacting 
with SNAP25 and VAMP2 in trans-SNARE complex 
assembly with Munc13 and shows interactions with 
synaptotagmin-1, synaphin and calcium ion channels. 
Through the identification of the mechanism of 
vesicle exocytosis, a model has been proposed in 
which Munc18 combines with the N-terminus of 
syntaxin-1 to participate in the process of SNARE 
complex assembly and the assembly of the SNARE 
complex regulated by synaphin and synaptotagmin-
1. Moreover, exposing the supportive role of the 
depolymerized syntaxin-1-SNAP25 heterodimer, 
evidence has shown that NSF and SNAP act as 
chaperones that facilitate the disassembly of the cis-
SNARE complex during the SNARE cycle, which 
may be related to the maintenance of the syntaxin-1-
munc18 complex. Obviously, any errors in the 
process of neurotransmitter release mediated by the 
SNARE complex may disrupt the cycle of vesicle 
exocytosis, as well as the synaptic transmission of 
fidelity and plasticity, resulting in neurodegenerative 
and neuropsychiatric disorders. 
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MODES OF SV RECYCLING 
 
At present, more than four SV recycling modes have 
been described, which are classified according to 
their molecular mechanisms and speeds: clathrin-
mediated endocytosis, kiss-and-run, ultrafast 
endocytosis, and activity-dependent bulk 
endocytosis. 

Clathrin-mediated endocytosis 
Conceptually, clathrin-mediated endocytosis (CME) 
is a fairly simple process in which small membrane 
vesicles are generated, each containing various cargo 
molecules that are then transported from the cell 
surface to the interior of eukaryotic cells (36). As the 
major endocytic pathway for internalization of many 
cargoes, CME is a classic approach for the recycling 
of synaptic vesicles. The physiological processes of 
CME were explained over 5 decades ago, including 
clathrin coats, coated pit maturation, fission and 
uncoating. This process is initiated after the full 
fusion of synaptic vesicles, which can be recognized 
by adaptor 2, and endocytic coat proteins are 
recruited from the cytosol to the inner leaflet of the 
plasma membrane (37, 38). 
 A double layer of clathrin packets usually 
consists of external clathrin and inner adaptors. 
Adaptors cooperate with clathrin protein to promote 
membrane coating (37). The flat plasma membrane 
is transformed into a ‘clathrin-coated pit’ by 
curvature proteins directly or indirectly connected to 
the lipid bilayer. In vitro experiments revealed that 
clathrin and other auxilin are involved in the 
formation of these pits, but this cannot be 
accomplished by clathrin alone. Then, clathrin-
coated vesicles are produced from the plasma 
membrane after the neck of the membrane is 
ruptured and are powered by dynamin protein as a 
GTPase. After the destruction of dynamin expression, 
synaptic transmission is inhibited, and vesicles 
remain immature, although they continue to fuse 
with the plasma membrane, consistent with the 
dysfunction of vesicle endocytosis in dynamin-
mutant mice. Finally, the endocytic protein 
machinery disassembles quickly, releasing nascent 
vesicles and allowing them to track into the nest 
vesicle to circulate. More details about CME can be 
found in recent articles (39). 
 CME is a protein that plays a critical role in the 
endocytic machinery. To date, over 50 other 
cytosolic proteins have been identified to be 
involved in the process of CME (40). All of these 
proteins have been examined in detail by 
biochemical and biophysical methods, and their 
activities have been shown to facilitate different 
steps of endocytosis. However, understanding how 
these proteins work together in a highly coordinated 
manner in vesicle endocytosis is still a major focus 
of study. 

 
Kiss-and-run 
The kiss-and-run mechanism was first discovered in 
1994 in an experiment involving the frog 
neuromuscular junction (41). In contrast to the 
classical CME mechanism, kiss-and-run is faster 
than CME, occurring in 2 seconds, while CME is 
relatively slow (10 – 30 s) and contains a distinct set 
of molecules recruited from the cytosolic pool to the 
interior. With the opening of the transient 
instantaneous nanoscale fusion channel and the 
release of neurotransmitters, the cargoes are 
recruited into synaptic vesicles in the active zone and 
are further transported to the next vesicle cycle (42, 
43). Nonetheless, the essential role of kiss-and-run in 
the release of neurotransmitters from synaptic 
vesicles has been questioned. This hypothesis has 
long been controversial; that is, kiss-and-run has 
been considered a compensation pathway for vesicle 
endocytosis. Since kiss-and-run and CME coexist 
during the process of neurotransmitter release in the 
central nervous system, the function of kiss-and-run 
still needs to be further evaluated. 
 Moreover, assembly of the SNARE complex is 
required for kiss-and-run activity after intense 
activity, and the SNARE complex works in 
conjunction with other factors in the cell membrane 
during instantaneous fusion pore formation (44). A 
unified view from these studies has led to the idea 
that actin cooperates with the SNARE complex to 
promote cargo trafficking from synaptic vesicles in a 
kiss-and-run manner. Using a palette of small-
molecule dynamin modulators, the critical role of 
dynamin presented in the exocytosis fusion pore and 
vesicle release were determined to function as bi-
directional regulators (45), while the endocytosis of 
vesicles were blocked in dynamin mutation mice in 
the kiss-and-run pathway. 
 
Ultrafast endocytosis 
Compared to kiss-and-run endocytosis, ultrafast 
endocytosis can complete in as fast as 50 ms (46). 
Ultrafast endocytosis is trafficked immediately to 
endosomes and regenerates new SVs in a clathrin-
independent manner. This mode of SV recycling 
occurs at the lateral edges of an active zone in C. 
elegans NMJs and mouse central synapses (47). It 
operates after a sparse level of neuronal activity, but 
it may also occur during high-frequency stimulation 
in mammalian cells (48). Since ultrafast endocytosis 
was first observed in cultured hippocampal neurons 
with a single stimulus (49), it is worth a more 
thorough investigation because it is as important as 
other modes of SV recycling of the molecular 
mechanisms, and it is a form of clathrin- independent 
endocytosis. 
 Additionally, to maintain unremitting 
neurotransmission, ‘ultrafast endocytosis’ has been 
attributed to the thinking that the major endocytic 
pathway occurs within 50 to 100 ms, which is 
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characterized by the rapid cycle between the active 
zone and endocytic sites mediated by dynamin and 
other relaxation proteins (50). Ultrafast endocytosis 
has also been observed to share many molecular 
participants with other endocytic pathways, 
including kiss-and-run. For example, synaptojanin 
and endophilin, two key auxilins in kiss-and-run, 
coordinate scissoring the narrow neck between 
invaginated budding vesicle and plasma membrane, 
while the endocytosis fails completely in the 
presence of inhibitors (51, 52). Ultrafast endocytosis 
has only recently been discovered; the exact 
mechanism remains to be elucidated. 
 
Activity-dependent bulk endocytosis 
Another mode for SV recycling is called activity-
dependent bulk endocytosis (ADBE). Under high-
frequency stimulation, ADBE is the dominant mode 
of SV endocytosis, while CME, kiss-and-run and 
ultrafast endocytosis occur with stimulation at low 
activity (53). ADBE is triggered by longer bursts of 
intense activity with a large flat plasma membrane 
that has been invaginated to form an intracellular 
endosome within 1-2 s in a clathrin-independent 
process. This rigorous procedure of ADBE can be 
influenced by the activation of phosphatase 
calcineurin in a calcium-dependent manner (54). 
Moreover, several studies have reported that the 
efflux of previously accumulated extracellular 
calcium promotes the budding of SV from 
intracellular endosomes, which is driven by 
endosomal acidification (55, 56). Interestingly, the 
important role of the actin cytoskeleton in ADBE has 
been presented, suggesting that the formation of bulk 
endosomes may be coupled to neuronal activity (57). 
Although the physiological mechanism of ADBE is 
unclear, recent studies have indicated that ADBE can 
recycle typical SV cargoes such as VAMP2 and 
synaptophysin, while VAMP4 preferentially 
accumulates by ADBE and plays a vital role in 
endocytosis (58, 59). Consequently, AP-2 plays a 
major role in the cargo sorting process due to the 
shallower membrane curvature of the larger bulk 
endosomes, whereas AP-1/AP-3 may be involved in 
smaller endosomes, indicating different adaptor 
proteins assemble in fresh SVs (60). 

SYNAPTIC CYCLE IMPAIRMENT AND 
NEUROPSYCHIATRIC DISEASES 
 
Neurotransmitters are released from synaptic 
vesicles in presynaptic terminals. As the 
intermediate of reactive SNARE proteins, the 
assembly and disassembly cycles of SNARE 
complexes are required in the continuous release of 
neurotransmitters. The exocytosis of presynaptic 
terminals requires a tightly coordinated membrane 
fusion mechanism, whose core components are 
SNARE-complex and Sec1/Munc18-like proteins. 
Numerous studies have shown that deficiency of 

SNARE protein function and distribution is 
associated with various neurodegenerative diseases 
(61). In addition, studies have shown that the 
deposition of neurotoxic proteins can cause a wide 
range of neurodegenerative diseases and neuronal 
dysfunction, characterized by neuronal dysfunction 
and neuron loss (62). Typically, a-synuclein (a-Syn), 
the main component of amyloid protein in the Lewy 
body, is a neural protein expressed on the presynaptic 
membrane in monomeric form, which is implicated 
in Lewy body diseases such as Parkinson’s disease 
(63). Aβ is an amyloid protein involved in the 
pathogenesis of Alzheimer’s disease, and the 
deposition of Aβ is a necessary prerequisite for 
synaptic dysfunction and precipitation. 

Parkinson’s disease 
Parkinson’s disease (PD) is a neurodegenerative 
disease characterized by progressive loss of 
dopaminergic (DAergic) neurons in the nigrostriatal 
tract projected by the substantia nigra (SN), resulting 
in decreased levels of dopamine in the striatum and 
deterioration of motor function in patients. It is 
speculated that a-Syn plays an important role in the 
pathogenesis of PD, regulates vesicle exocytosis, 
including docking, priming and fusion, and is also 
involved in the assembly of the SNARE complex. 
With endogenous α-Syn increasing the availability 
of synthetic vesicles at the synapse (64), the 
oligomerization α-Syn contributes to the increased 
cytotoxicity, and the accumulation of α-Syn showed 
the degeneration of dopaminergic neurons (65). In 
one experiment, VAMP2, which acts as a SNARE 
chaperone, bound to α-Syn had no effect on vesicle 
exocytosis, while another assisted in attenuating 
neurotransmitter release upon restricting synaptic 
vesicle mobilization and recycling. Considering the 
uncertain function of presynaptic small protein α-
Syn as a cytosolic regulator, these two different 
views seem to be controversial. Shin (66) indicated 
that the capacity of αa-syn could decrease SNARE-
dependent membrane fusion by reducing the process 
of vesicle docking, while there was no effect on 
synaptic transmission in α-Syn knockout mice (67). 
Based on the fact that synaptic vesicle (SV) 
recycling and exocytosis were attenuated upon the 
deposition of α-Syn, the hypothesis that α-Syn is a 
physiologic attenuator in the process of 
neurotransmitter release was proposed (68). 
However, there are also different opinions that α-Syn 
accelerates vesicle docking and increases SNARE 
complex assembly. In addition, since the N-terminus 
of α-Syn can interact with the C-terminus of VAMP2, 
studies have shown that α-Syn acts as a cross-bridge 
between vesicles and the plasma membrane (69). 
Diao et al. (64) used single-vesicle optical 
microscopy to detect the role of α-Syn in vesicle 
clustering and found that α-Syn could induce vesicle 
clustering, while PD-related point mutations 
disrupted vesicle clustering in lipid binding. It has 
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also been verified that α-Syn is related to vesicle 
priming and fusion pore expansion (70, 71). 
Therefore, it appears that the effect of α-Syn on 
Parkinson’s disease is mainly determined by the 
insufficient number of synaptic vesicles available for 
neurotransmitter release. 

 Molecular chaperones have multiple and 
interactive effects on accumulation. They have been 
useful targets for PD drug development for the 
aggregation and degradation of α-synuclein by 
inhibiting its toxicity. Preclinical studies have shown 
that three compounds of ansamycin antibiotics are 
small-molecule inhibitors of Hsp90, including 
geldanamycin, tanespimycin and alvespimycin. 
These compounds can reduce the toxicity of α-
synuclein and promote its clearance (72). Nilotinib is 
a tyrosine kinase inhibitor for the treatment of adult 
leukaemia and has been proven to enhance the 
autophagy clearance rate of α-synuclein in 
transgenic mice. In the lentiviral gene transfer model, 
autophagy can further increase the clearance of α-
synuclein and prevent neurodegeneration induced by 
α-synuclein in mice (73). Anle138b is an oligomer 
regulator [3-(1,3-benzodioxin-5-yl)-5-(3-
bromophenyl)-1H pyrazole] that has been shown to 
prevent the formation and accumulation of α-
synuclein oligomers in the brain (74). In the human 
α-synuclein mouse model, the compound has been 
indicated to delay the progression of the disease, 
even after the onset of disease-related motor 
dysfunction (75). In fact, anle138b markedly 
inhibited oligomeric volume accumulation, neuronal 
degeneration, and disease progression in prion 
disease mouse models and in three different PD 
mouse models (76). 
 
Alzheimer’s disease 
Remarkably, recent clinical investigations indicate a 
strong correlation between intracellular Aβ and the 
progression of AD symptoms. Synaptophysin, a 
marker of synaptic vesicles, has been shown to play 
important roles in calcium ion binding, channel 
formation, and endocytosis of synaptic vesicle 
recycling (77-79). Dementia in AD patients was 
significantly correlated with changes in 
synaptophysin in the hippocampus and prefrontal 
cortex (80). It has also been reported that the level of 
synaptophysin decreased by 25% in patients with AD 
compared with control subjects, while 
synaptotagmin and GAP43 levels remained 
unchanged in patients with mild AD (81). These 
results suggest that brain synaptic damage is an early 
case of AD. Moreover, SNARE complexes are 
substantially reduced in the postmortem brains of 
AD patients. Studies have shown that presynaptic 
dysfunction induced by intracellular Aβ oligomers 
may be the pathophysiological origins of early AD, 
which is caused by the impairment of SNARE 
complex formation. In addition, it has been shown 
that intracellular amyloid-β (Aβ) inhibits SNARE-

mediated exocytosis by impairing the formation of 
the SNARE complex (82). Aβ42 has been reported 
to regulate the release of neurotransmitters by 
blocking the formation of synaptophysin and 
VAMP2, probably by competing with synaptophysin. 
Aβ oligomers contribute to decreased 
neurotransmission efficiency by downregulating 
synapse density (83). In addition, Aβ may cooperate 
with α-Syn to inhibit SNARE-mediated vesicle 
fusion and cognitive dysfunction in APP/PS1 
transgenic mice, showing disruption of the vesicle 
cycle (82). Furthermore, a clinical study (84) showed 
a significant negative correlation between the 
duration of dementia and the levels of VAMP2. In 
addition, the expression of VAMP1 in the brain may 
also modify the risk and pathophysiology of 
Alzheimer's disease (85). In the early stage of AD, 
the expression of SNARE complex-related proteins 
was upregulated before pathological α-Syn 
extensively accumulated as a compensation for 
synaptic failure. Meanwhile, some other 
pathological proteins such as tau protein also 
contribute to the formation of SNARE complexes 
and the function of neurons in AD (86, 87). Given 
the role of clathrin in amyloid precursor protein 
(APP) trafficking and sorting, clathrin dysfunction 
can cause the development of dementia, 
accompanied by neuron loss and clathrin-mediated 
endocytosis dysfunction. Previous studies have 
shown that the binding ability of APP to clathrin is 
decreased in neural stem cells of AD patients, which 
is related to the activation of Fyn Tyr kinase and the 
increase in APP Tyr phosphorylation (88). Thus, 
defects in the synaptic vesicle cycle may participate 
in the occurrence of AD. 
 Immunotherapy stimulates the host immune 
system to identify and attack Aβ or produce 
antibodies and improve the clearance rate of Aβ 
oligomers or plaques, thus preventing plaque 
deposition. One of these β vaccines is CAD106, 
which is currently undergoing clinical trials (89). 
Effective Aβ antibody titres of various IgG 
subclasses have been induced, which mainly 
recognize the Aβ 3-6 epitope. The sdpm1 protein can 
bind to the Aβ40 and Aβ42 tetramers, which prevent 
the accumulation of the Aβ amyloid protein. Aβ42 
immunization can clear amyloid plaques among 
patients with Alzheimer’s disease but cannot prevent 
progressive neurodegeneration (90). A recent study 
showed that programmed death-1 (PD-1) inhibitors 
are FDA-approved anticancer drugs that may 
effectively clear Aβ plaques and enhance cognitive 
ability in mouse models of Alzheimer’s disease (91). 
Aβ can be degraded by various peptidases and 
proteases, collectively known as Aβ-degrading 
protease (Aβ DPS). Proteases that degrade Aβ play a 
vital role in Aβ degradation and may become good 
targets for the treatment of Alzheimer’s disease (92). 
 
Huntington's disease 
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Huntington's disease (HD) is an autosomal dominant 
neurodegenerative disorder characterized by its main 
feature of progressive motor disturbances. It is 
caused by the accumulation of huntingtin protein 
(HTT) induced by CAG expansion in the gene. It has 
been reported that HTT over-expression can block 
the assembly of SNARE complexes and SNARE 
complex-mediated vesicle exocytosis (93). Recent 
studies have indicated that the insufficient release of 
presynaptic neurotransmitters is characterized by 
changes in function and distribution, accompanied 
by loss of SNAP-25 and rabphilin 3a, which are 
involved in vesicle docking and recycling (94). 
According to Rafael et al. (95), transgenic mice 
expressing a mutant form of htt (R6/1 mice) showed 
higher depression sensitivity under high-frequency 
stimulation and increased expression of synaptic 
vesicle proteins, such as VAMP1/2, SNAP-25, 
synaptobrevin 1/2 and cysteine string protein-a, 
while no changes were detected in the size and 
dynamics of the recycling synaptic vesicle pool at 
the neuromuscular junction (96). Moreover, it has 
been demonstrated that N-type voltage-gated Ca2+ 
channels (Cav2.2) decrease on the cell surface, 
accompanied by reduced glutamate release, which is 
induced by blocking the interaction between Cav2.2 
and syntaxin-1A, suggesting the involvement of 
Cav2.2 in presynaptic neurotransmitter release (97). 
Therefore, it appears that synaptic dysfunction in 
Huntington's disease is mainly caused by the 
accumulation of protein HTT polymerization 
through affecting presynaptic vesicle exocytosis. 
 Reducing the level of mHTT can improve its 
toxicity in various models. In a transgenic 
Huntington’s disease mouse model that expresses an 
inducible N-terminal fragment of mHTT, the 
reversibility of neuropathology and motor 
dysfunction was turned off (98). The reduced 
delivery of short hairpin RNA (shRNA), small 
interfering RNA (siRNA) or antisense 
oligonucleotides to mHTT attenuates 
neuropathological and disease-related phenotypes in 
several mouse models (99-102). CRISPR/Cas9-
mediated mHTT genome editing improves 
neurotoxicity in Huntington’s disease (103). By 
catalysing the antisense oligonucleotide (ASO) 
mediated by RNase H, it is proven that the short 
injection of CSF into a symptomatic HD mouse 
model not only delays the progression of the disease 
but also mediates the continuous reversal of the 
disease phenotype, which lasts longer than that of 
Huntington. The reduction in the wild huntingtin 
protein and the decrease in the mutant huntingtin 
protein all produce the same continuous disease 
reversal (104). 
 
Depression 
Depression is a common mental disorder and the 
leading cause of disability worldwide. According to 
the latest statistical figures from the World Health 

Organization (WHO), depression affects 
approximately 300 million people worldwide and is 
extremely harmful to society. The National Institute 
of Mental Health (2020) estimates that multiple 
factors are involved in the development of 
depression, including genetic, biological, 
psychological factors and other factors. 
 In recent years, numerous studies have 
indicated the important roles of neurotransmission, 
synaptic structure and function, and abnormal neural 
circuits in the pathogenesis of depression (105-107). 
Although a number of hypotheses on the 
pathogenesis of depression have been proposed, 
including the ‘monoamine hypothesis’, the 
‘neuroplasticity hypothesis’, and the ‘glutamate and 
GABA imbalance hypothesis’, the exact 
pathological mechanisms of depression have not 
been determined. Due to the limitation of 
intervention targets, there are no fast, effective and 
safe treatment drugs for this disease. 
 Antidepressants such as SSRIs or SSNIs that 
increase the synaptic concentrations of monoamines, 
particularly noradrenaline and serotonin, by various 
mechanisms can improve depressive symptoms 
(108). Additional evidence found that the 
antihypertensive reserpine depletes storage vesicles 
containing noradrenaline and other monoamines and 
produces an anti-depressive effect (109). These 
findings led to the adoption of the monoamine 
hypothesis for depression, implying that the 
underlying basis for depression is deficiency of 
central noradrenaline and/or serotonin, especially at 
the synaptic level. Furthermore, in clinical and 
animal models, numerous studies have found 
decreased levels of GABA and increased levels of 
glutamate in plasma, cerebrospinal fluid, and brain 
tissue in depressed patients (110, 111). In depression, 
short-term synapses are regulated by the interaction 
of neurexin/N-ethylmaleimide sensitive factor 
(NSF), resulting in impaired exocytosis through the 
failed disassembly of the SNARE complex (112). 
Meanwhile, it has also been proposed that NSF plays 
ancillary roles in regulating the spatial organization 
and in replenishing t-SNAREs to the active zone for 
subsequent vesicle priming (113). Taken together, 
this evidence implies that abnormal vesicle release 
may be closely associated with depression, but the 
underlying molecular mechanism remains unclear. 

 Studies have indicated that the reduction in 
vesicular exocytosis induced by fluoxetine (FLX) 
may be explained by reducing the protein levels of 
the main components of the SNARE core complex 
(SNAP-25 and VAMP-2). Additionally, these 
changes may be the consequence of calcium influx, 
which interrupts the activation of protein kinase C 
(PKC). This interruption is due to the direct 
inhibition of presynaptic P/Q VGCCs by FLX (114). 
In the treatment of major depression, one of the most 
notable findings is that a single dose of ketamine 
infusion can cause a rapid and sustained 
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antidepressant effect among patients with drug-
resistant depression. Ketamine-induced changes in 
glutamatergic tension in the HIPP and PFC trigger a 
molecular cascade associated with neural plasticity 
and then regulate the synthesis of synaptic proteins 
that are involved in synaptic formation (e.g., 
synapsin-I) and presynaptic release (e.g., synaptic 
fusion protein-I; Syx) (115-117). Indeed, the 
administration of acute low-dose ketamine has been 
demonstrated to rapidly increase synapsin-I protein 
levels and reduce the (2-ethylmaleimide sensitive 
factor attachment protein receptor) complex of 
SNARE (synaptosome preparations of soluble hip 
and/or PFC) composed of Syx (118). 
 
Schizophrenia 
Schizophrenia is a multifactorial, serious psychiatric 
disorder with disturbances in perception, cognition, 
and social function caused by the interplay between 
environmental and genetic factors (119). The 
treatment of schizophrenia is far from solved, 
partially due to the poor understanding of its 
underlying pathological mechanisms. Several 
hypotheses have been developed to address the 
dysregulations of the dopamine, glutamate and 
GABA pathways, which are involved in 
schizophrenia (120-122). The dopaminergic 
hypothesis posits that schizophrenia is induced by 
transmission in the basal ganglia. Recently, studies 
have shown that antipsychotics used to reduce the 
symptoms of schizophrenia decrease dopamine 
transmission by blocking dopamine D2 receptors 
(123, 124). This is consistent with evidence of an 
increased density of D2 receptors in schizophrenic 
human postmortem brains (125). The glutamate 
hypothesis posits that a deficit in glutamate 
neurotransmission underlies a substantial portion of 
the dysfunction seen in schizophrenia (122). There 
are three major types of glutamate receptors. Among 
them, NMDA receptors (NMDARs) play an 
important role in this hypothesis. It has been reported 
that certain drugs of abuse, such as ketamine, cause 
a constellation of symptoms that are seen in 
schizophrenia, which implies that NMDA receptors 
are involved in schizophrenia (126). Meanwhile, 
studies have shown that a decrease in NMDA 
receptor signalling in interneurons can induce 
cellular and behavioural changes in schizophrenia 
(122). Additionally, these two pathways involve a 
distinct molecular mechanism, but emerging 
evidence suggests alterations in neurotransmitter 
release in both hypotheses in schizophrenia. Much 
research has focused on determining whether 
presynaptic signalling proteins are involved in 
schizophrenia. Although data are sometimes 
inconsistent, different studies have found that 
abnormalities in the SNARE complex and its 
associated interacting proteins, key proteins 
responsible for vesicle release, might be involved in 
the pathogenesis of schizophrenia. Significantly, 

most of the studies have found that several protein 
machines involved in regulating synaptic vesicle 
transport in the brains of schizophrenic patients are 
decreased, such as synaptophysin, synapsin SNAP-
25 and complexin 1/2 in the hippocampus (119). 
Altogether, these findings indicate a dysfunctional 
presynaptic vesicle release implicated in 
schizophrenia. 

 The effects of antipsychotics on trap protein 
levels and protein-protein interactions in the rat 
striatum are different from the effects in 
schizophrenia. For rats, haloperidol increases the 
levels of all three proteins in the striatum, while 
clozapine increases the levels of vamp. These results 
are consistent with previous reports in other rat brain 
regions (127, 128) and with ultrastructural studies of 
the effects of haloperidol on the striatum (129-131). 
Morphine has been reported to reduce the formation 
of the SNARE complex (132). Notably, in the 
experimental system, synthetic peptides formed by a 
modified SNARE complex markedly protected 
hippocampal neurons against glutamate-mediated 
neurotoxicity (133). Because of the inhibitory 
activity of SNARE complex formation and neuronal 
exocytosis, these synthetic peptides are potential 
drug development candidates for the treatment of 
neurological disorders. 
 
CONCLUSION 
 
Numerous studies have shown that presynaptic 
vesicle-mediated neurotransmitter and neuropeptide 
release is crucial in neurotransmission, synapse 
formation and remodelling, as well as the 
establishment of neural circuits, to maintain the 
normal function in the brain. Dysfunctional vesicle 
release in various neurotransmitter systems is closely 
associated with a variety of neuropsychiatric 
diseases, particularly depression (134), but its 
molecular mechanism remains unclear. 
 With the further understanding of the synaptic 
vesicle cycle, single-molecule smFRET imaging 
technology will be needed to monitor the interaction 
between proteins in real time to explore SNARE-
mediated membrane fusion (118, 135-137). It is 
expected that the precise role of related proteins in 
neurotransmitter release will be further expanded 
with the application of advanced bioanalytical 
techniques. Therefore, further investigations of the 
mechanisms of protein machinery components that 
regulate the transport and release of vesicles are 
warranted to elucidate their roles in the physiological 
and pathological processes of the development of 
neurological disorders. This will contribute to the 
investigation of new treatment targets for 
neurological disorders. 
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