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Abstract: Synaptic plasticity is the capacity of synaptic transmission between neurons to be strengthened or weakened. There are 
many signal molecules accumulated in the presynaptic and postsynaptic membranes that can lead to the regulation of synaptic 
plasticity and involvement in numerous of neurological and psychiatric diseases, including anxiety disorder. However, the regulatory 
mechanisms of synaptic plasticity in the development of anxiety disorder have not been well summarized. This review mainly aims to 
discuss the biological functions and mechanisms of synaptic plasticity-related molecules in anxiety disorder, with a particular focus on 
the metabotropic glutamate receptors, brain-derived neurotrophic factor, hyperpolarization-activated cyclic nucleotide–gated channels, 
and postsynaptic density 95. The summarized functions and mechanisms of synaptic plasticity-related molecules in anxiety will 
provide insight into novel neuroplasticity modifications for targeted therapy for anxiety. 
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Introduction
Anxiety disorder is the most common psychological disorder, affecting about 7.3% of the world’s population, including 
generalized anxiety disorder, agoraphobia, posttraumatic stress anxiety disorder, social anxiety disorder, and panic 
anxiety disorder.1 In the pathological anxiety state, the patient falls into a persistent high degree of unhappiness and 
discomfort. There are often symptoms of vegetative nerve dysfunction. such as palpitation, chest tightness, gastrointest
inal and discomfort, and other anxiety, such as restlessness and panic.2 About 75% of anxiety disorders are combined 
with depression, personality bipolar disorder, and alcohol and drug abuse, which increases the prevalence of hyperten
sion, coronary heart disease, gastrointestinal disease, and even cancer.3,4 With the acceleration of the pace of modern life, 
the number of people suffering from anxiety disorders is increasing. However, the cure rate of anxiety disorder through 
psychotherapy and drug treatment is only 50%, mainly because the molecular mechanisms of anxiety are poorly 
understood.5

Synaptic plasticity is the activity-dependent change in neuronal connection strength.6 In 1973, Bliss first reported the 
long-term potentiation (LTP) phenomenon during the synaptic transmission between performing fibers and hippocampal 
granule cells of rabbits, which was the prelude to the study of synaptic plasticity.7 Then, the corresponding long-term 
depression (LTD) of synaptic plasticity was reported by Ito in 1982.8 Although synaptic plasticity also includes post- 
tetanic stimulation, short-term potentiation, short-term depression, and two-wave facilitation, the focus of related 
research is on long-term change in LTP/LTD, which can be divided into NMDAR-dependent LTP/LTD in the hippo
campus CA1 region and NMDAR-independent LTP/LTD in the CA3 region.9,10

Recent studies have shown anxiety disorder is characterized by synaptic pathological changes, including abnormal 
morphology of dendritic spines, synaptic loss, and dysregulation of signal transduction and plasticity.11,12 These patholo
gical features may involve abnormal expression of synaptic plasticity-related molecules, such as metabotropic glutamate 
receptors (mGluRs), BDNF, hyperpolarization-activated cyclic nucleotide–gated (HCN) channels, and postsynaptic density 
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95 (PSD95). These molecules are pivotal for the development of the central nervous system and the key regulators of 
synaptic plasticity, which makes them particularly attractive drug targets in neurological and psychiatric disorders, such as 
anxiety and depression. For example, PSD is a dense localized area in excitatory synapses and is comprised of receptors and 
signaling molecules associated with synaptic plasticity. mGluRs are family G protein–coupled receptors that express in PSD 
and regulate long-term plasticity in synaptic transmission in the striatum, hippocampus, and cerebellum. Much progress has 
been made in determining the mechanisms by which mGluRs are activated during synaptic transmission throughout the 
central nervous system.13 Notably, the expression levels of PSD95 are higher than mGluRs within PSD. PSD95 is involved 
in the stabilization, recruitment, and trafficking of NMDAR to the postsynaptic membrane, and elevated PSD95 results in 
higher dendritic branching complexity and spine density in amygdala of male mice through abnormal activation of the 
MEK/ERK signals.14,15 Hence, spatial expression patterns of PSD related molecules, such as mGluRs and PSD95, and the 
molecules interacting with them need to be explored to widen our understanding of the mechanisms underlying current 
therapeutic options for anxiety.

In 2006, Duman summarized the functional role of neurotrophic factors in neurogenesis and proposed 
a neurotrophic theory during the progression of anxiety and depression. According to neurotrophic theory, emotional 
abnormalities may be caused by abnormal adaptations of the neural networks to changes in the external environ
ment. Neurotrophic factors, including BDNF, may directly induce the onset of anxiety and influence the effects of 
anxiolytics.16 BDNF is an essential molecule for axonal growth, synaptic function, and mood regulation. DNA 
methylation and histone modification are involved in regulating BDNF transcripts. Changes in BDNF gene and 
protein levels have been found to impair memory and induce anxiety.17,18 Subsequent evidence from numerous 
animal studies supports the conclusion that social isolation, social frustration, forced swimming stress, maternal 
deprivation, and chronic unpredictable stress (CUS) both reduce hippocampal BDNF protein and mRNA levels. 
Subsequent evidence from numerous animal studies supports the conclusion that social isolation, social frustration, 
forced swimming stress, maternal deprivation, and CUS reduce both hippocampal BDNF protein and mRNA 
levels.16 Preclinical studies indicated that anxiolytics and selective serotonin-reuptake inhibitors elevated BDNF 
levels in the brain.18 However, Larsen’s study found CUS was not correlated with a decrease but rather an increase 
in BDNF mRNA levels in the dentate gyrus of the dorsal hippocampus, suggesting that anxiety-like behavior was 
not simply related to BDNF expression.19 It has also been reported that injection of BDNF into the ventral 
tegmental area augments anxiety-like behaviors. Interestingly, despite the inconsistent changes observed in stress- 
induced BDNF, further antianxiety and antidepressant treatment resulted in a significant increase in BDNF mRNA 
levels in the dorso dentate gyrus, implicating a potential therapeutic application in novel anti-anxiety drug 
development.20 HCN channels are active at the resting membrane potential in CA1 pyramidal neurons, which is 
critical for controlling neuronal excitability and regulating synaptic inputs. Previous studies have shown that HCN 
channels are highly expressed in CA1 pyramidal neurons and knocking out the HCN channels induce an antianxiety- 
like phenotype in mice, suggesting HCN channels hold promise as a therapeutic biomarker of anxiety.21 

Immunoinflammatory-related molecules can also induce anxiety-like behavior by modulating synaptic plasticity in 
the basolateral amygdala (BLA).22 A novel study showed that while noise stress reduced the protein expression of 
NMDA-receptor subunits, occludin and claudin 5 in the anxiety animal model, nanocurcumin administration 
downregulated these molecules.23 Hence, a thorough understanding of biochemical characteristics and molecular 
mechanisms of synaptic plasticity-related molecules is of great significance to the prevention and targeted treatment 
of anxiety disorder. This article aims to review the regulatory molecules and their molecular mechanisms that are 
closed to synaptic plasticity during the initiation and development of anxiety disorder.

mGluRs
mGluRs are coupled to second messenger pathways via G proteins and modulate neurotransmission of glutama
tergic and γ-aminobutyric acid, which is necessary for LTP activity.24,25 The group 1 of mGluRs (1, 5) is coupled 
with phospholipase C through Gq protein to activate inositol triphosphate receptor, leading to the release of 
intracellular Ca2+ and the induction of LTP.26 The mGluR antagonist α-methyl-4-carboxyphenylglycine (MCPG) 
can inhibit LTP of hippocampal CA1 region.27 Interestingly, MCPG can block the production of the first LTP, but 
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cannot block the second LTP at the same synapse. Therefore, it is speculated that the mGluRs are activated at the 
first high-frequency conditional stimulation, and will be maintained for a long time as the intracellular “molecular 
switches”, and hence, in the second conditional stimulation, it can also induce LTP even if there is MCPG. A low- 
frequency stimulation can close the “molecular switches”, and MCPG can block the generation of LTP.28 

A further mechanism identifies an important role for Fmr1 protein in synaptic plasticity regulated by 
mGluRs.29 Hippocampal mGluR-dependent LTD was enhanced in adolescent mice with Fmr1 knockout, which 
was related to the differential expression of Cav1. CAV1 expression in Fmr1 KO mice induced excessive 
endocytosis of the α-amino-3-hydroxyl-5-methyl-4-isoxazole propionate (AMPA) receptor. This process relied 
on mGluR1/5 activation rather than NMDAR. Importantly, injection of the cholesterol scavenger methyl-β- 
cyclodextrin recovered AMPA-receptor trafficking and significantly alleviated hippocampus-dependent anxiety- 
like behavior.29 Group 2 of mGluRs (2–4) is located at the presynaptic terminals of the cortex and striatum. 
Khodagholi reported that the levels of mGluR2 and oxytocin receptor were decreased, while mGluR5 increased in 
hippocampus, prefrontal cortex and amygdala of anxiety mice.30,31 Oxytocin treatment ameliorated anxiety-like 
behavior through increasing oxytocin receptor, mGluR2, and glutathione, and decreasing mGluR5 in studied 
regions.32 mGluR2 allosteric agonist inhibited anxiety-like behavior in wild-type male mice: 12-month-old male 
mice with mGluR2 knockdown had higher levels of anxiety in the water maze, while female mice had lower 
levels of anxiety in the maze and enhanced rotarod performance.33 Similarly, anxiety showed some sex- 
dependence in the mice with mGluR4 knockdown. The 12-month-old male mice with mGluR4 knockdown 
indicated increased anxiety, while the female mice showed decreased anxiety in the water maze. Additionally, 
both 12-month-old male and female mice with mGluR4 knockdown had hippocampus-dependent cognitive 
impairments.34 Duvoisin reported that male mice with mGluR8 knockdown indicated higher measures of anxiety 
in the elevated plus maze and open field than age-matched wild-type mice. Acute pharmacological stimulation 
induced by an mGluR8 agonist restrained anxiety in wild-type male mice.35,36 In conclusion, these results 
demonstrated that effects of mGluRs on anxiety disorder were strongly associated with sex and age, and 
mGluRs are potential targets for anxiety treatment due to their roles in regulating synaptic plasticity.

BDNF
Neurotrophic factors include nerve growth factor, neurotrophic factor and BDNF, in which the relationship between 
BDNF and synaptic plasticity have received more special attention.37,38 BDNF supports the survival of neurons and 
promotes the differentiation of dendrites and axons, which can further regulate synaptic plasticity.39 BDNF also acts 
on the whole nervous system together with 5-hydroxytryptamine, epinephrine, and acetylcholine, and participates in 
the regulation of important neurotransmitters.40 It is found that BDNF can specifically induce the phosphorylation of 
the NMDA receptor and enhance the activation of NMDA-receptor channel, thus participating in the process of 
LTP.40 The decrease in BDNF expression made the hippocampus particularly vulnerable, and slight trauma would 
cause edema, degeneration, or necrosis of hippocampal neurons.41 Numerous studies have confirmed the close 
relationship between anxiety disorder and BDNF expression level. Chiba demonstrated anxiety-like behavior 
restrained glucocorticoid receptor level and decreased glutamate release induced by BDNF in the prefrontal 
cortex.42 Moonat found that alcohol-preferring rats were more prone to anxiety disorders, and BDNF expression 
was in a state of inhibition.43 The low expression of BDNF in the central amygdala (CeA), medial amygdala (MeA) 
and BLA of the rat brain showed high measures of anxiety disorder. The anxiety of rats was relieved after injecting 
sufficient BDNF into the MeA, indicating that the level of BDNF in the amygdala was closely related to anxiety-like 
behavior.43 Popoli reported that acute and chronic trauma or psychological stress could reduce the number of BDNF 
neurons in the hippocampus, thus increasing the frequency of anxiety-related behaviors.44 Zhu demonstrated that the 
upregulation of BDNF could suppress the sensitivity of the neural structure in the hippocampus to various stresses, 
and further alleviate the anxiety disorder.45 Notably, Casagrande reported that an obesogenic diet withdrawal 
induced anxiety-like behaviors and promoted BDNF expression in the dentate gyrus and the CA1 of the hippo
campus. The increase in BDNF likely occurred in the mature forms (14 kDa and 28 kDa), which revealed a possible 
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new role for mature BDNF. Although it was generally associated with beneficial features, it could also induce 
anxiety-like behaviors.46

Trkb is a BDNF-specific receptor belong to the member of the neurotrophic tyrosine kinase receptor family.47 In the 
field of anxiety disorders, Trkb has been a significant target for which knockout of its gene in mice resulted in depression 
and anxiety disorders.48 BDNF first promotes Trkb homodimerize and induces the self-phosphorylation of the binding 
site, which can activate intracellular signal transduction mediated by BDNF and promote the functional changes in 
synaptic connection of neurons.49,50 Related study indicated the phosphorylation level of BDNF and Trkb binding site 
was significantly temporarily increased in the hippocampus of anxiety rats, and after a period of time, it continued to 
decline and finally was lower than the control group.51 The higher level of soluble sortilin in patient serum is correlated 
with an increase in BDNF levels.52 A recent study found that mice with sortilin knockdown promoted Trkb action 
deficiency and indicated a corticosterone-independent anxiety-like behavior, indicating that the serum soluble sortilin 
could be a potential biomarker of anxiety state.53

BDNF gene self-mutation and epigenetic modification can also contribute to anxiety disorders. The BDNF gene has 
three mutation forms (Met-Mets type, Val-Vals type and Val-Mets type), and any variant genotype can cause anxiety 
disorder of different degrees.54 The activity of hypothalamus–pituitary–adrenal (HPA) axis of individuals carrying Val- 
Vals gene is significantly higher than that of Met/Met gene carriers when coping with psychological stress.55 A clinical 
study based on the state-trait anxiety inventory score of 340 patients showed that the Val-Vals genotype had the highest 
anxiety score among the three variant genotypes.56 Gujral reported a higher score of anxiety-like behavior in the patients 
with the allele of Met66.57 Additionally, maternal antenatal anxiety is a risk factor for child emotional development. 
DNA methylation, may contribute to the embedding of maternal distress into emotional outcomes.58,59 Nazzari reported 
that higher maternal antenatal anxiety was associated with greater negative emotionality of infant, and further contributed 
to methylation of the BDNF gene in male infants but not in female infants. These results may provide information for 
developing strategies to promote the emotional health of mothers and infants.60

HCN
HCN channels have important physiological functions in the regulation of synaptic plasticity and membrane 
voltage regulation.61 The inappropriate activity of HCN can lead to neurological and psychological disorders, 
including pain, epilepsy, addiction and anxiety.62,63 Studies also show that blocking HCN can promote the 
development of anxiety or depression behaviors.64,65 Therefore, HCN is beneficial for exploring potential drug 
targets for anxiety therapy. At present, four mammalian subtypes (HCN1–4) have been identified, which are all 
composed of tetramers.66 Each subtype contains an N-terminal transmembrane region, a transmembrane core 
region, and a C-terminal intracellular region. The transmembrane core consists of six transmembrane helical 
domains (S1–S6), of which S1–S4 constitute the voltage sensor domain and connect to the pore domain (spiral S5 
and S6).67 The positively charged voltage sensor (S4) carries the glycine–tyrosine–glycine motif between S5 and 
S6, forming a filter with high selectivity for K+.67 There is a cyclic nucleotide-binding domain (CNBD) at the 
C-terminal. CNBD is connected to the S6 transmembrane region through a C-linker of 80 amino acids, which is 
regulated by cyclic adenosine monophosphate.68

The inappropriate activity of HCN can lead to neurological and psychological disorders, and the mainly 
emotional change is likely to be anxiety-like behavior. Cerebrovascular lesions could induce affective disorders, 
and the increase of HCN1 and decrease of potassium channel subunit 3 expression in amygdale may be factors to 
blame for anxiety-like symptom caused by cerebrovascular lesions.65 Studies also showed that the change in 
synaptic ultrastructure might be caused by lower BDNF, while the high expression of HCN1 downregulated the 
synthesis of BDNF mRNA in the brain.69 Blocking HCN could alleviate anxiety-like behavior of rats by 
improving learning ability, which might be associated with the overexpression of BDNF–mTOR signaling path
ways and synaptic plasticity.70 The anxiety signal caused by chronic pain was mediated by the pre-LTP of the 
anterior cingulate cortex (ACC).71,72 Inhibiting the signal transduction of HCN in ACC in vivo and reducing the 
synaptic expression of LTP can reduce the anxiety effect under chronic pain conditions.72 Injecting a small 
amount of ZD7288 into ACC can not only prevent anxiety but also relieve pain.73 Retigabine, an FDA-approved 
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potassium-channel agonist for the treatment of epilepsy, has been found to reduce anxiety-like behavior by 
regulating the interaction of voltage-gated K+ channels and HCN.74 The BLA plays a pivotal role in anxiety by 
the excitability of BLA neurons. The activation of BLA–ventral hippocampus synapses significantly induces 
anxiety-like behavior, while inhibition of BLA–ventral hippocampus synapses relieves anxiety-like behavior.75 

HCN1 is widely expressed in BLA neurons, and HCN knockdown enhances the excitability of BLA neurons by 
changing the input resistance and synaptic plasticity of BLA neurons.76 Shao found that Tmem74 knockout in 
BLA pyramidal neurons led to anxiety-like behavior in mice.68 Further data demonstrated that there was a direct 
interaction between Tmem74 and HCN1, and mice with Tmem74 knockout showed the same anxiety-like behavior 
with HCN1 knockout.77

PSD95
PSD is a homogeneous dense substance on the inner cytoplasmic surface of the postsynaptic membrane that contains 
neurotransmitter receptors, cytoskeleton and signal molecules, and plays an important role in synaptic plasticity.78,79 

PSD95 is a member of the membrane-associated guanosine kinase (MAGUK) family and the most abundant protein in 
PSD.80 PSD95 contains three PDZ regions, an SH3 region. and a homologous guanosine acid region. The PDZ region is 
a molecule with 90-residue length, which binds the short C-terminal peptide chain motif of other molecules.80 The PDZ 
region has two main ligands on its peptide chain: one is the serine or threonine residue of PDZ-2, and the other contains 
a hydrophobic residue at the same position. The PDZ region is an important structural domain of intracellular signal 
transduction.80 On the dendritic spines of neurons, glutamate receptors and their coupled signal-transduction pathways 
form PSD95 through various skeletal proteins, which are independent units that receive presynaptic signals and perform 
biochemical processing.81 The PSD-MAGUK protein family plays an important role in the synaptic localization of 
glutamate receptor and the receptor activity of downstream signal connection. PSD95 may play a physiological and 
pathological role in synaptic function and plasticity by affecting the dynamics of the glutamate receptor.82,83 Wang 
reported that NMDA receptors could bind to PSD95 and anchor in PSD, which further transmit signals of synapses.84 

Hence, PSD95 is a potential drug target for the treatment of neurological diseases, including anxiety disorder. Li reported 
that endocrine-disrupting chemicals induced anxiety-like behavior and could promote alterations in synaptic plasticity, 
including decrease in dendritic spine density and PSD thickness. Moreover, inhibition of NMDA receptors aggravates the 
effect of endocrine-disrupting chemicals on neuronal synapse-related molecules (PSD95 and synapsin 1).85 α-amino 
-3-hydroxy-5-methyl-4-isoxazole-propionicacid receptor (AMPAR) mediates rapid excitatory synaptic transmission in 
the central nervous system, and its expression in the postsynaptic membrane is related to the induction and maintenance 
of LTP and LTD.86 Chronic pain patients often have anxiety disorders, and some of them suffers from anxiety even after 
analgesic administration. Chen demonstrated that S-nitrosylation is necessary for AMPAR-mediated synaptic transmis
sion in the ventromedial prefrontal cortex under chronic pain-induced anxiety disorder. However, administration of 
ZL006, a small-molecule inhibitor of PSD95, significantly reduced the expression of S-nitrosylation of AMPAR- 
interacting molecules in the ventromedial prefrontal cortex, inducing anxiety-like behavior in the mice after ibuprofen 
treatment.87

Discussion
Neurons are connected to one another by synapses, forming a complex brain information-processing network.88 With the 
deepening of scientific research, there have been significant advances in the development and maintenance of mechan
isms, physiological functioning, and treatment of synaptic plasticity-related diseases. Related regulatory molecules lead 
to changes in the morphology of key brain regions (eg, hippocampus and amygdala) and further the individual’s 
emotional responses to environmental stimuli, and hence anxiety disorder. The findings from preclinical studies indicated 
that mGluRs, BDNF, HCN channels and PSD95 hold promise as diagnostic biomarkers of anxiety (Figure 1). However, 
the exact regulatory mechanisms of synaptic plasticity-related molecules underlying the pathogenesis of anxiety disorders 
are not fully understood, and the identification of therapeutic targets has considerable limitations. In current clinical 
studies remains several key questions, such as insufficient sample sizes and varying patient recruitment. Additionally, 
synapses are sensitive parts in synaptic plasticity, and presynaptic and postsynaptic membrane accumulates many signal 
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molecules that can lead to the regulation of synaptic plasticity. There is a need to better explore the effects of the 
aforementioned molecules in different regions, which may reveal the heterogeneous stratification of anxiety disorder.

Besides the abovementioned molecules, such as mGluR, BDNF, HCN, and PSD95, many other molecules may also 
affect anxiety disorder induced by abnormalities of synaptic transmission (Table 1). For example, overexpression of 
Cntn1, a subset of the neural cell adhesion protein, induced microglia activation in the hippocampus and triggered 
anxiety-like behavior.89 The translocator protein plays a crucial role in neurosteroidogenesis and the pathophysiology of 
anxiety disorders, and its protein ligand promotes neurosteroidogenesism by regulating GABAergic neurotransmission, 
meaning translocator proteins could be as a therapeutic target for anxiety and neurological disorders.90 Upregulated 
TNFR1 in prelimbic cortex induced the insertion of GluA1 receptor into BLA neurons, resulting in anxiety disorder in 
mice.91 Interleukin 4 improves the loss of neurons and relieves anxiety-like behavior in a microglial PPARγ-dependent 
manner after traumatic brain injury.92 Despite some new progress, there is still a paucity of related studies of specific 
mechanisms of anxiety disorder. In the nervous system, there are large differences between neurons in different locations 
and even between synapses of the same neuron, and many known and unknown structures and molecular mechanisms are 
involved, with further exploratory studies awaiting.

Figure 1 Regulatory molecules of synaptic plasticity in anxiety disorder.

Table 1 Summary of the effects of synaptic plasticity-related proteins on anxiety disorder

Effects References

mGluR1/5 Induction of LTP; regulation of AMPA receptor-dependent anxiety disorder [17,21]
mGluR2/4/8 Induction of sex-dependent anxiety-like behavior [24–27]

BDNF Preserving the neuron, positive and negative effects in anxiety disorder [34–39]

HCN1 Inhibiting BDNF–mTOR signaling and inducing anxiety disorder [61]
PSD95 Inhibiting S-nitrosylation of AMPAR-interacting proteins and relieving anxiety-like behavior [78]

Cntn1 Induction of microglia activation and anxiety-like behavior [80]

Translocator protein Involvement of neurosteroidogenesis and anxiety disorder by regulating GABAergic neurotransmission [81]
TNFR1 Induction of the insertion of GluA1 receptor into BLA neurons, resulting in anxiety disorder [82]

Interleukin 4 Improving the loss of neurons and relieving anxiety-like behavior [83]
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Conclusion
Anxiety disorder is characterized by synaptic pathological changes mediated by synaptic plasticity-related molecules. 
mGluRs, BDNF, HCN channels, and PSD95 are pivotal for the development of the central nervous system and the key 
regulators of synaptic plasticity. Based on this, the regulation mechanisms of mGluRs, BDNF, HCN channels, and 
PSD95 in the pathogenesis of anxiety disorder were summarized in this review. These molecules, through complex 
molecular networks, induce changes in the morphology of key brain regions (eg, hippocampus, amygdala) involved in 
emotional regulation and cognitive processing, leading to changes in neuroplasticity and functioning in the brain and 
further affecting anxiety disorder. Synaptic plasticity studies based on protein regulation will lead to new ideas and 
directions for the prevention, treatment, and design of new drugs for clinical anxiety disorders.
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