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1  |  INTRODUC TION

Anxiety disorders are one of the major psychiatric disorders char-
acterized by persistent psychogenic anxiety, somatic anxiety, and 
sleep disturbance. Estimates of current prevalence range between 
7.3% and 28.0%, and the World Health Organization has ranked 
anxiety disorders as the sixth-largest contributor to global disabil-
ity.1 Meanwhile, the COVID-19 pandemic has further exacerbated 
the burden of global psychiatric disorders. The prevalence of anxi-
ety disorders increased by ~76 million in 2020, an increase of about 
25.6%.2 Prevention and treatment of anxiety disorders are import-
ant in improving peoples' standard of living and reducing the burden 
of mental disorders in society.

People with anxiety disorders have more comorbidities com-
pared to those not suffering from anxiety. The most frequently 
reported anxiety comorbid conditions include cardiovascular 

disease,3 diabetes,4 thyroid illness,5 and gastrointestinal disorders.6 
Meanwhile, anxiety disorders hinder the favorable prognosis of those 
diseases. The clinical manifestations of anxiety disorders are domi-
nated by somatic symptoms, mainly dizziness, shortness of breath, 
chest pain, and palpitations.7 Meanwhile, symptom profiles differ 
between men and women. Women with anxiety disorders more fre-
quently experience physical discomfort, fatigue, and muscle tension 
compared to men.8 Men with generalized anxiety disorder (GAD) are 
more likely to have alcohol and drug use disorders, whereas women 
have higher rates of severe comorbid mood problems.9,10

Anxiety and depression are closely related to each other, and 
they occur simultaneously. About 85% of patients with depression 
have significant anxiety, and 40% of patients with depression are 
also diagnosed with anxiety disorders.11 As two of the most common 
psychiatric disorders, anxiety and depression share many similarities 
in terms of etiology, symptomatology, and even therapy. However, 
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Abstract
Anxiety disorders have become one of the most severe psychiatric disorders, and 
the incidence is increasing every year. They impose an extraordinary personal and 
socioeconomic burden. Anxiety disorders are influenced by multiple complex and in-
teracting genetic, psychological, social, and environmental factors, which contribute 
to disruption or imbalance in homeostasis and eventually cause pathologic anxiety. 
The selection of a suitable animal model is important for the exploration of disease 
etiology and pathophysiology, and the development of new drugs. Therefore, a more 
comprehensive understanding of the advantages and limitations of existing animal 
models of anxiety disorders is helpful to further study the underlying pathological 
mechanisms of the disease. This review summarizes animal models and the pathogen-
esis of anxiety disorders, and discusses the current research status to provide insights 
for further study of anxiety disorders.
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anxiety and depression differ in terms of core symptoms and major 
pathogenic mechanisms. Typical causes of anxiety disorders include 
unexplained insecurity or worry, more of a fear of the future.12 
Anxiety disorders are believed to be caused by an imbalance between 
the inhibitory transmitter γ-aminobutyric acid (GABA) and the excit-
atory transmitter glutamate (Glu) in the brain. The main symptom of 
depression is a persistent low mood, a negative self-evaluation, and 
a sense of helplessness after suffering multiple social stresses in the 
past, and even suicidal tendencies in severe cases.13 The recognized 
pathogenesis is deficiencies of monoamine neurotransmitters such 
as 5-hydroxytryptamine (5-HT) and norepinephrine (NE) in the syn-
apse. Because of the severe suicidal tendency and the higher risk of 
depression, it needs to be excluded before diagnosing anxiety.

Currently, the exact pathogenesis of anxiety is still uncertain. It is 
generally believed that the occurrence of anxiety is associated with 
neurotransmitter dysfunction, neuroendocrine dysfunction, and im-
mune-inflammatory activation. With the application of cutting-edge 
technological tools, some new potential pathological mechanisms of 
anxiety have been gradually discovered, such as ion channel dysfunc-
tion, excessive mitophagy in the amygdala, and neural circuit dysfunc-
tion. Considering that animal models are the most fundamental in the 
research on new drug exploitation and pathogenesis, this review pres-
ents the existing animal models of anxiety and some latest pathogenic 
mechanisms to provide directions for anxiety disorder therapy.

2  |  CURRENT ANIMAL MODEL S OF 
ANXIET Y

2.1  |  Unconditioned models

2.1.1  |  Predator stress model

The experimental design involves exposing rats to visual, olfactory, 
and acoustic stimuli associated with the predators while prohibiting 
physical interaction or attack.14 Rats present anxiety-like behaviors 
such as fleeing around, crouching, rigid movements, and signifi-
cantly increased excrement due to predator aggression or odors.14 
Acute predator stress and chronic predator stress upregulate the 
expression of corticotrophin-releasing hormone (CRH) mRNA, sug-
gesting that predator stress induces anxiety behaviors by activating 
the hypothalamus–pituitary–adrenal axis (HPA axis).15

2.1.2  |  Social isolation model

Rodents have group-living characteristics. If rodents are forced to 
live alone, they will develop various adverse emotional and cogni-
tive problems. Socially isolated for 3 weeks beginning on postna-
tal day (PND) 21 followed by 2 weeks of resocialization results in 
altering 5-HT release in the nucleus accumbens (NAc).16 In addi-
tion, social isolation decreases baseline dopamine (DA) levels in the 
basolateral amygdala (BLA) and increases BLA excitability.17

2.1.3  |  Neonatal maternal separation model

Adverse early-life experiences are one of the major risk factors for 
developing mental illness in later life. Neonatal maternal separation 
is considered to be one of the models of early-life stress. Test pro-
tocols typically involve separating the pups from the dam for 3 h per 
day during the critical postnatal period. Alternatively, the pups are 
separated for 11 h on PND 24.18 Neonatal rodents that undergo ma-
ternal deprivation exhibit more anxiety-like behaviors compared to 
the control group.19 Studies have shown that maternal deprivation 
enhances the retention of fear memory and the late phase of long-
term potentiation, and increases anxiety-like behaviors.20

2.2  |  Conditioned models

2.2.1  |  Restraint stress

Restraint stress is currently the most common model of anxiety. 
Depending on the duration of restraint, it can be categorized into 
acute restraint stress (ARS) and chronic restraint stress (CRS).21 
ARS refers to a restraint stimulus that is given only once and lasts 
for a relatively short period.21 CRS refers to a restraint stimulus 
that is repeated at regular consecutive intervals. In the elevated 
plus-maze (EPM) test, males exposed to CRS for 11 days showed 
higher anxiety-related behaviors than males exposed to CRS for 
22 days, but the same behavior was not observed in females.22 
Meanwhile, chronic stress impairs hippocampal function as evi-
denced by poor spatial ability in male rats but not in females.23 It is 
possible that females are more resistant to the harmful effects of 
restraint stress on anxiety.

2.2.2  |  Fear-conditioning anxiety model

Conditioned fear combines certain neutral conditioned stimulus 
(sound, light, and environment) with an aversive unconditioned 
stimulus (foot shock) to elicit a conditioned reflex in the animal. It 
is followed by a neutral conditioned stimulus given alone to induce 
fear and anxiety caused by the aversive conditioned fear.24 Based 
on this theory, the conditioned fear model commonly used in animal 
models of anxiety generally combines sound signals with electrical 
stimulation signals, and then emits the sound signal alone to trigger 
anxiety response in animals.25

2.2.3  |  Repeated social defeat

Most anxiety-related stimuli possess social features, including envi-
ronmental stress, life events, and interpersonal frustrations. Repeated 
social defeat (RSD) simulates the process of social factors contribut-
ing to anxiety. In the RSD model, an aggressive intruder male CD-1 
mouse is introduced in cages of established male cohorts of mice for 
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six consecutive nights, lasting for 2 h per day.26 They are observed to 
ensure that the resident mice exhibit subordinate behavior.

2.3  |  Drug models

Administering drugs alters the levels of hormones and neurotrans-
mitters in animals, disrupting the normal mechanism and inducing 
anxiety. Common models include caffeine-induced anxiety, lipopol-
ysaccharide (LPS)-induced anxiety, and 5-HT-induced anxiety.

Studies have demonstrated that caffeine intake activates calcium 
channels and increases anxiety-like behaviors. Therefore, this model 
can apply to the screening of antianxiety novel agents for the L-type 
Ca channel.27 The LPS-induced model simulates anxiety induced by 
dysbiosis of the gut microbiome. It is commonly available for studies 
on the etiology of anxiety and the exploitation of probiotics.28 The 
5-HT-induced model alters 5-HT and NE levels in the synaptic gap 
to build an anxiety model, applied in screening for antianxiety novel 
agents that act on the 5-HT system and the NE system.29

2.4  |  Genetic models

Anxiety disorders are moderately heritable. Therefore, altering the 
expression of genes associated with anxiety is a method to build 
anxiety models. One of the modeling approaches is selective breed-
ing. Based on the sensitivity to stress, animals with a higher sensi-
tivity to stress response are selected for breeding.30 Based on the 
assumption that the 5-HT system is dysfunctional in anxiety disor-
ders, mice lacking the gene that codes for the serotonin transporter 
and 5-HT1A receptors exhibit increased anxiety-like behaviors due 
to impaired serotonin reuptake.31,32 Meanwhile, mice with genetic 
deletion of GABAAR or GABABR increase anxiety-like behaviors 
due to reduced neuronal inhibition.33 Additionally, the HPA axis is an 
important part of the stress response. It has been demonstrated that 
CRH receptor 1 knockout mice exhibit reduced anxiety-like behav-
iors,34 in contrast to CRH receptor 2 knockout mice.35

3  |  BEHAVIOR AL TESTS

Exploratory behavioral models are available for the identification 
and assessment of anxiety states, applied to evaluate the success of 
anxiety modeling. Those tests are mostly in conjunction with each 
other to assess anxiety behaviors.

3.1  |  EPM test

The EPM uses the rodent's inquisitive mind for novel environments 
and fear of high open arms to form a conflict to simulate an anxiety 
state,36 for example, placing the animal in the center of the maze so 
that its head faces the closed arm and observing its activity after 

release. The evaluation indexes are the percentage of open arm/total 
entries (OE%) and the percentage of open arm/total time (OT%).37

3.2  |  Open field test

The open field test (OFT) is a method to evaluate the autonomous 
behavior, exploratory behavior, and tension of experimental ani-
mals in a novel environment. The experiment is performed in a plain 
open field arena with the bottom surface divided into square grids 
of equal size, the interior walls and bottom squares blackened, the 
squares along the walls as the peripheral area, and the rest as the 
central area.38 The evaluation indicators are center distance, center 
time, corner time, wall time, and number of excrements.39

3.3  |  Light–dark exploration test

The light–dark exploration test (LDT) is based on a conflict between 
the psychology of rodents' fear of bright places and their preference 
for exploration. The experimenter places the animal inside the shut-
tle box arch and records the behavioral changes of the animal within 
5 min.25 The evaluation indicators are the percentage of time spent 
in light, the percentage of horizontal movements in light, the per-
centage of vertical movements in light, and the number of shuttles.40 
It has been demonstrated that antianxiety drugs increase the num-
ber of times the animal shuttles through the box and the duration of 
stay in the light.41

3.4  |  Elevated zero maze test

The elevated zero maze test is an improved version of the EPM test 
with the advantage that the exploration can be continuous, unaf-
fected by the terminals of the arms, and without a central zone.42 
The device is an elevated circular platform consisting of successively 
alternating two opened and two closed areas. Rodents are placed in 
the center of one of the open areas to freely explore the maze for 
a total duration of 5 min.43 The evaluation indicators are the num-
ber of rodents probing the edge of the platform, percentage of open 
areas/total time, and the number of entries into the open areas.44

3.5  |  Novelty-suppressed feeding test

The novelty-suppressed feeding test (NSFT) utilizes the animal's de-
sire to feed in a hungry state and the fear of entering the central bright 
area to form a paradoxical conflict to inspect the animal's anxiety 
state.42 In brief, the animals are not fed 24 or 48 h before testing, and 
only water is provided. During testing, the animals are placed in one 
corner of the field arena.45 Three food pellets are placed in the center 
of the arena. The evaluation indicators are the feeding latency and the 
amount of food consumed within 5 or 10 min (Table 1).46
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4  |  THE PATHOGENESIS OF ANXIET Y

4.1  |  Neurotransmitter dysfunction

Neurotransmitters are a class of biologically active chemicals in the 
nervous system. Information transfer takes place mainly through 
chemical synapses. Dysfunction of neurotransmitters in the synap-
tic gap affects information transmission and may trigger anxiety.

4.1.1  |  γ-aminobutyric acid

GABA (γ-aminobutyric acid), a naturally occurring nonprotein amino 
acid, is an important inhibitory neurotransmitter in the mammalian 
central nervous system (CNS). Evidence from clinical studies sug-
gests that GABA levels are generally low in the serum and brain of 
patients with anxiety disorders.47 Functional studies have reported 
that GABA release from NG2 glial cells affects inhibitory synapses 
in proximal interneurons and reduces GABA output from interneu-
rons, ultimately causing an excitatory–inhibitory imbalance in local 
neural microcircuits in the hippocampus to induce anxiety-like 

behaviors.48,49 Furthermore, amygdala hyperactivation is an im-
portant process in the development of anxiety. Loss of GABAergic 
interneurons or reduction in glutamate decarboxylase may lead to 
the reduced presynaptic release of GABA followed by BLA hyper-
excitability and consequently increased anxiety levels.50,51

4.1.2  |  Glutamate

Glu is an excitatory neurotransmitter that plays an important role 
in message transmission. The brain functions optimally by requir-
ing a balance between excitation and inhibition. Glutamine synthe-
sizes Glu through a series of reactions, which is decarboxylated to 
synthesize GABA, forming the glutamine-Glu/GABA cycle.52 When 
this cycle suffers from dysfunction, the Glu–GABA balance in the 
body breaks down and leads to the onset of anxiety. Studies have 
found significantly higher levels of glutamate and glutamine and 
lower levels of GABA in the brains of patients with social anxiety 
disorder.53 It has also been found that the Glu/GABA ratio is pro-
portional to the degree of anxiety in animal models,54 suggesting 
that high Glu levels induce the onset of anxiety. In addition, Glu 

TA B L E  1  Advantages and disadvantages of animal models of anxiety.

Anxiety modeling approaches Advantages Disadvantages

Unconditioned 
models

Predator stress model 1.	Similar to the clinical features of anxiety disorder
2.	Less harm to animals
3.	Less time consuming

1.	Pollute the laboratory
2.	Stimulation intensity cannot be 

controlled

Social isolation model 1.	Simulate the psychological stress
2.	Simple experimental operation

1.	Can be confused with depression

Neonatal maternal 
separation model

1.	Simulate the psychological stress 1.	Many uncertainties affect the 
experimental results

Conditioned 
models

Rrestraint stress 1.	Simulate the adverse emotional and somatic responses 1.	Limited to somatic stress only
2.	Can be confused with depression

The fear-conditioning 
anxiety model

1.	Persistent behavioral changes 1.	Many factors affect the experiment, 
which adds much uncertainty to the 
modeling results

Repeated social defeat 1.	Simulate anxiety disorder due to social factors
2.	Lasting behavioral and biological changes

1.	Mice are susceptible to injury, which 
affects assessment results

2.	Can be confused with depression

Drug models 1.	Simple experimental operation
2.	Preliminary screening of antianxiety drugs

1.	Short duration
2.	Single channel
3.	Drug dose and dosing cycle have a 

large impact on the outcome
4.	Differences exist between rodents 

and humans

Genetic models 1.	For the study of molecular mechanisms of diseases 
and gene therapies of diseases

1.	Costly
2.	Difficult

Behavioral tests

Elevated plus-maze test 1.	Simple experimental operation
2.	Less harm to animals
3.	 Intuitive response to animal conditioned response
4.	Semi-automation makes the results more objective 

and realistic

1.	Time consuming
2.	OFT and NSFT can be confused with 

depression
Open field test

Light/dark exploration test

Elevated zero maze

Novelty-suppressed feeding test

Abbreviations: NSFT, novelty-suppressed feeding test; OFT, open field test.
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transporter EAAT2 is responsible for most of the Glu transport and 
uptake. EAAT2 dysfunction leads to high Glu concentrations in the 
synaptic gap that affects the onset and development of anxiety.55

4.1.3  |  5-Hydroxytryptamine

5-hydroxytryptamine neurons and receptors in the brain, mainly lo-
cated in the limbic system, hippocampus, septal nucleus, and septal 
nucleus, are involved in mood regulation. Clinical studies have found 
that 5-HT synthesis was temporarily reduced with acute tryptophan 
depletion, and anxiety scores were increased in healthy subjects.56 
Postadministration of a 5-HT2CR agonist exerts antianxiety effects,57 
whereas the agonist injected in the NAc (BNST [bed nucleus of the 
stria terminalis]) causes anxiety by activating postsynaptic recep-
tors.58 It is suggested that 5-HT2C receptors in different brain regions 
modulate anxiety differently. It has been shown that optogenetic in-
hibition of 5-HT input to the dorsal bed nucleus of the stria terminalis 
increases anxiety-like behaviors, which is mediated through 5-HT1A 
receptors.59,60 Activation of 5-HT2C receptors throughout the BNST 
is known to evoke anxiety-like behaviors,61 whereas activation of 
5-HT1A receptors is antianxiety,58,59 suggesting that differential dis-
tribution of high-affinity 5-HT1A receptors and low-affinity 5-HT2C 
receptors affects the ultimate effect of 5-HT on brain regions.

4.1.4  |  Dopamine

DA is the most abundant catecholamine neurotransmitter in the 
brain. Clinical studies have shown that upregulation of NAc/vPAL 
(the bilateral ventral pallidum) D2 and D3 receptors on the left side 
and increased seven-item GAD questionnaire scores are found to 
be significantly associated with higher anxiety symptoms.62 Intra-
amygdala infusion of dopamine D1/2 receptor agonists resulted in 
increased anxiety-like behavior in rats,63 but systemic administra-
tion of dopamine agonists reduced anxiety-like behavior.64 It has 
shown that dopamine-depleted neonatal rats have antianxiety 
effects in adulthood, with reduced sensitivity to changes in the 
intensity of anxiety-provoking stimuli.65 Also, in the striatum of 
dopamine-depleted neonatal rats, enhanced activity of 5-HTergic 
neurons and increased expression of 5-HT2A receptors were ob-
served, which may be one of the pathways for its antianxiety effect.

4.1.5  |  Noradrenaline

NE neurons are more centrally distributed in the brain, with the vast 
majority located in the midbrain reticular formation, the blue spot 
of the pons, and the ventral–lateral portion of the medulla oblon-
gata. Studies have shown higher serum concentrations of NE in pa-
tients with GAD and panic disorder (PD).66 The locus coeruleus (LC) 
contains the largest number and highest density of noradrenergic 
cell bodies in the brain. During stressful conditions, LC-NE neurons 

are activated to promote the release of NE and normalize message 
transmission.67 Conversely, after the stress experience, the neuronal 
firing rate in the LC increases, resulting in increased NE concentra-
tions in peripheral blood and upregulation of tyrosine hydroxylase 
and dopamine β-hydroxylase expression in the central nervous tis-
sue, and thus results in anxiety.68 The receptors for NE are mainly 
divided into α- and β-adrenergic receptors. Studies have revealed 
that activation of α1 and β receptors is anxiogenic, and activation of 
α2 receptors produces antianxiety effects.69,70

4.1.6  |  Acetylcholine

Acetylcholine (Ach) in the brain alters neuronal excitability, affects 
synaptic transmission, induces synaptic plasticity, and coordinates 
the firing of neuron groups. ACh receptors consist of two primary 
members, namely muscarinic acetylcholine receptors (mAChRs) 
and nicotinic acetylcholine receptors (nAChRs). Choline is one 
of the substances that synthesize ACh. Plasma concentrations of 
choline have been negatively correlated with anxiety symptoms 
in a large-scale population-based study.71 It has been revealed 
that CRS increases the expression of mAChR in the ventral hip-
pocampus (vHPC) of mice and vHPC ACh release in mice, inducing 
social avoidance and anxiety-like behaviors.72 Studies have dem-
onstrated that activation of nAChRs and mAChRs induces anxiety-
like behaviors and that knockdown or inhibition of nAChRs and 
mAChRs has antianxiety effects.73

4.1.7  |  Neuropeptide Y

Neuropeptide (NPY), a peptide consisting of 36 amino acid resi-
dues, is widely distributed in the central and peripheral nervous 
systems. Increased anxiety-like behaviors of rats are accompanied 
by elevated levels of NPY in the prefrontal cortex (PFC), frontal 
cortex, cingulate cortex, striatum, and periaqueductal gray matter 
of the midbrain.74 Similarly, expression levels of anxiety-associated 
genes and mRNA levels of cortical-like receptor genes are signifi-
cantly higher in NPY gene-deficient zebrafish than in wild-type 
fish.75 It has shown that the administration of NPY in the dorsal 
hippocampus, dorsolateral septum, central amygdala (CeA), and 
BLA had antianxiety-like effects, with no significant changes when 
administered to the medial amygdala (MeA).76 NPY Y1 and Y2 re-
ceptors play an important role in mood regulation. Most studies 
have supported that activation of Y1 receptors has antianxiety ef-
fects and activation of Y2 receptors has anxiogenic effects.77,78

4.2  |  Neuroendocrine dysfunction

Stress reactions from external environmental stimuli trigger dys-
function of the neuroendocrine system. And prolonged stress reac-
tions can trigger anxiety.
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4.2.1  |  Renin-angiotensin system

The renin-angiotensin system (RAS) is present in the circulatory 
system, maintaining the relative stability of the extracellular fluid. 
Clinical statistics have indicated that the I/D polymorphism of 
the angiotensin-converting enzyme (ACE) gene and the T/C poly-
morphism of the angiotensinogen gene are more common in men 
with PD.79 The octopeptide angiotensin II acts mainly through two 
G-protein-coupled receptors, AT1 and AT2. Inhibition or downreg-
ulation of AT1 receptors inhibits the response of the HPA axis to 
stress and promotes the binding of cortical corticotropin-releasing 
factor type 1 receptors and benzodiazepines.80 It has also been 
demonstrated that stress decreases the expression of AT2 recep-
tors in the brain and that inhibition or knockdown of AT2 recep-
tors evokes anxiety-like behaviors.81 Angiotensin-(1–7) (Ang-(1–7)) 
is a counter-regulatory peptide of the RAS. Transgenic rats over-
expressing Ang-(1–7) exhibit less anxiety-like behavior, which in-
creases again after input of Mas receptor antagonists.82 Increased 
angiotensin-converting enzyme 2 (ACE2) activity has antianxiety 
effects accompanied by Mas receptor activation.83 Activation of 
ACE2, Ang-(1–7), and Mas receptor has antianxiety effects, and 
Mas receptor activation may be one of the ACE2 and Ang-(1–7) 
antianxiety pathways (Figure 1).

4.2.2  |  HPA axis

The HPA axis is an important part of the neuroendocrine system, 
involved in controlling stress responses and regulating physical ac-
tivity. Numerous investigations have demonstrated that patients 
with anxiety disorders have high levels of adrenocorticotropic 
hormone (ACTH) and glucocorticoid (GC) and an overall hyperac-
tive HPA axis.84 Under normal conditions, corticotropic hormones 
secreted by the adrenal glands provide negative feedback regula-
tion of the pituitary and hypothalamus.85 Under stressful situa-
tions, stress disrupts the negative feedback regulation mechanism 
and leads to continuous activation of the HPA axis and continu-
ous production of GC, producing anxiety effects (Figure  2).86 
Therefore, appropriate inhibition of the HPA axis will attenuate 
the onset of anxiety.

In the hypothalamic–pituitary–thyroid (HPT) axis, hypothy-
roidism decreases triiodothyronine (T3) level in the hippocampus, 
reduces the expression of the T3-dependent gene Dio3 in the amyg-
dala, downregulates the Calb2 gene encoding the calcium-binding 
protein which is associated with GABAergic transmission, and in-
creases anxiety-like behaviors in mice.

4.2.3  |  HPT axis

The HPT axis has great significance for nerve cell excitability, trans-
mitter regulation, and central neurodevelopment. Susanne Fischer 
et al.87 have found the highest prevalence of comorbid thyroid dis-
ease in patients with GAD using comorbidity analysis, and most 
patients exhibit hypothyroidism. They have shown that rats under 

F I G U R E  1  A summary of RAS (renin-angiotensin system) effects 
on anxiety. The RAS comprises two axes: the classical axis (ACE 
[angiotensin-converting enzyme]/Ang II [angiotensin II]/AT1R) and 
the nonclassical axis (ACE2 [angiotensin-converting enzyme 2]/
Ang-(1–7) [angiotensin-(1–7)]/MasR). Under normal physiological 
conditions, the two pathways regulate each other and maintain 
a dynamic balance. Ang II exacerbates oxidative stress and 
inflammatory responses by activating the AT1R to upregulate the 
ACE/Ang II/AT1R pathway, which promotes the onset of anxiety 
disorders. Ang II activates the nonclassical pathway by activating 
the AT2R and MasR to achieve anxiolytic effects.

F I G U R E  2  In the HPA (hypothalamus–pituitary–adrenal) axis, 
stress disrupts negative feedback regulation during anxious 
situations and leads to continuous activation of the HPA axis and 
constant glucocorticoid production, resulting in anxiety.
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stress, with lower levels of T3 and tetraiodothyronine in peripheral 
serum, are more vulnerable to anxiety than normal rats.88 Evidence 
supports that hypothyroidism induces anxiety. T3 concentration can 
be regulated by type 2 deiodinase. In D2 knockout mouse brains, T3 
levels were reduced in the hippocampus, and the expression of the 
T3-dependent gene Dio3 was lower in the amygdala. Meanwhile, the 
Calb2 gene encoding the calcium-binding protein associated with 
GABAergic transmission was downregulated, and anxiety-like be-
haviors increased in mice (Figure 2).88

4.2.4  |  Hypothalamic–pituitary–gonadal axis

The hypothalamic–pituitary–gonadal (HPG) axis primarily regu-
lates the secretion of sex hormones in humans. Studies have 
found that children in adolescence and adults in menopause are 
more prone to anxiety.89,90 Gonadotropin-inhibitory hormone 
(GnIH) is an inhibitor of the HPG axis. Experiments have shown 
that intracerebroventricular injection of GnIH in male rats induces 
anxiety-like behaviors.91 The amygdala, BNST, vHPC, and PFC are 
considered to be key brain nuclei in the control of fear and anxi-
ety, and they are interconnected. Dense GnIH-ir fibers are found 
in this interconnected circuit, so GnIH neurons may cause anxiety 
by inhibiting interconnected neurons in the lateral septum (LS), 
BNST, and MeA.92

4.3  |  Immune dysfunction

Patients with PD were found to have remarkably higher levels of 
C-reactive protein, interferon-gamma (IFN-γ), and tumor necrosis 
factor-alpha (TNF-α).93 Statistical analysis has revealed that the anxi-
ety state positively correlates with the IFN-γ/IL-4 (anti-inflammatory 
cytokine interleukin 4) ratio.94,95 Microglia are immune cells of the 
nervous system and are involved in regulating the progression of the 
nervous system as well as in maintaining neurological homeostasis. 
Microglia recruit monocytes to the brain during stress, and these 
inflammatory monocytes upregulate the pro-inflammatory cytokine 
interleukin-1β and brain endothelial interleukin-1 receptor type 1 
expression to promote anxiety.96,97 During inflammatory responses 
in the brain, the expression of pro-inflammatory cytokines such as 
TNF-α in the brain can stimulate the HPA axis, which leads to el-
evated levels of ACTH and cortisol, triggering anxiety.98

4.4  |  Brain-derived neurotrophic factor

Brain-derived neurotrophic factor (BDNF) is the most abundant neu-
rotrophic factor in the brain, which can repair damaged neurons and 
is closely related to messaging. Studies have revealed that plasma 
concentrations of BDNF in patients with GAD are significantly lower 
than those in the control group.99 The main site of action of hip-
pocampal BDNF is the infralimbic medial prefrontal cortex (IL-mPFC). 

Infusing BDNF into the IL-mPFC and hippocampus reduced fear.100 
The absence of BDNF may disrupt the processing of fear memory 
by the hippocampal-IL mPFC pathway, which induces the onset of 
anxiety.101 In addition, different forms of BDNF produce different 
effects on anxiety. Pro-BDNF induces neuronal apoptosis via P75 
NTR receptors, whereas mature BDNF can inhibit apoptosis via TrkB 
receptors to protect neurons.102 This is demonstrated in several 
studies that GCs interact with endogenous BDNF–TrkB signaling 
to enhance the expression of fear memory.103,104 Furthermore, the 
valine66methionine (Val66Met) polymorphism (rs6265) of the BDNF 
gene has been demonstrated to modulate stress susceptibility and 
stress-inducible neuropsychiatric endophenotypes. Compared with 
Met allele carriers, Val/Val homozygotes exhibited significantly 
blunted vagal withdrawal and vagal activation, which increases the 
risk of anxiety disorders.105,106

4.5  |  Neuronal plasticity

A decrease in the number of neurons and glial cells in the brain 
of stressful and anxious individuals was found, with significant 
changes in glial cells.107,108 In proapoptotic gene Bax-knockout 
mice, increased adult neurogenesis not only reduced anxiety- 
and depression-related behaviors in mice administered GCs for 
a long time but also counteracted the effects of unpredictable 
chronic mild stress and endocrine levels.109 Stress and anxiety 
also decrease hippocampal neuron numbers, and low neurogen-
esis fails to mitigate stress and can further exacerbate anxiety.110 
Furthermore, material and branch points on apical dendrites are 
significantly reduced in the hippocampus and PFC in animal mod-
els of anxiety, especially in the high-anxiety group.111 Loss of den-
drites contributes to animals being more sensitive to stress and 
more prone to anxiety.112

4.6  |  Ion channels

Ion channels generate and transmit electrical signals that are directly 
related to cellular excitability and are a common basis for arousabil-
ity in different tissues. Expression of ion channels has been linked to 
messaging and the occurrence of anxiety-like emotions and behav-
iors. It has been demonstrated that CRS leads to the loss of small-
conductance calcium-activated potassium channel 2 (SK2)-mediated 
currents that exacerbate anxiety-like behaviors.111 Similarly, SK2 
expression in BLA alleviates anxiety.113 The speculated mechanism 
is that SK2 channel activation causes membrane hyperpolarization, 
which decreases neuronal excitability.114 Acid-sensing ion channel 
1a (ASIC1a) is abundantly expressed in the amygdala complex and 
other brain regions associated with fear. Overexpression of ASIC1a 
increased anxiety-like behaviors, whereas knockdown of ASIC1a 
relieved anxiety.115 In addition, the possibility that modulation of 
T-type calcium channels may aggravate or improve anxiety-related 
behaviors suggests a dual role for these channels.116,117
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4.7  |  Endocannabinoid system

The endocannabinoid system (ECS) is one of the crucial regula-
tory systems in the CNS that modulates the neuroinflammatory 
response, maintains immune homeostasis, and is involved in regu-
lating various physiological functions such as stress, learning, 
memory, pain, and mood. There are two main endocannabinoids: N-
arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol (2-AG), 
both synthesized and released from postsynaptic terminals, transmit-
ting retrograde signals.118 Fatty acid amid hydrolase (FAAH) and mon-
oacylglycerol lipase (MAGL) are the corresponding hydrolases. It has 
been found that increased FAAH activity and decreased AEA signaling 
increase anxiety-like behaviors.119,120 Acute 2-AG depletion increased 
anxiety-like behaviors, whereas elevating 2-AG levels with MAGL in-
hibitor alleviated anxiety in mice and reduced anxiety-like behaviors 
induced by AEA deficiency.121 Cannabinoid receptors consist of two 
primary members, namely CB1R and CB2R, the former primarily in-
volving neuromodulation and the latter focusing on immunomodula-
tion.122 Studies have shown that the appropriate activation of CB1R 
reduces anxiety-like behaviors.123 Activation of CB2R prevents the 
increase in stress-induced inflammatory factors (Figure 3).124

4.8  |  Neural circuits

Anxiety is mediated by interactions between different parts of 
the same brain regions as well as between different brain regions. 
Several brain areas related to emotion regulation, such as the amyg-
dala, mPFC, vHPC, and BNST, are interconnected to form multiple 
neural circuits mediating anxiety (Figure 4).125

The amygdala is the central region of the limbic system of the 
brain. It plays an important role in the regulation of anxiety, fear-re-
lated behaviors, physiological activities, and hormone levels. The 
BLA, which receives external information input, and the CeA, which 
is responsible for information output, are particularly important in 
anxiety processing.126,127 The connections between the nucleus 
groups of the amygdala, as well as various afferent or efferent amyg-
dala projections, have different functions in the developmental pro-
cess of anxiety.128 Different output pathways of the BLA reinforce 
or inhibit anxiety-like behaviors. In optogenetic studies, BLA projec-
tions to CeA manifested antianxiety effects in EPM and OFT.129 BLA 
projections to the mPFC decreased social interactions and increased 
anxiety-like behaviors.130 BNST, a component of the extended 
amygdala, is involved in the modulation of anxiety-related neural 
circuits controlling defense-related behavioral responses (Figure 4). 
Moreover, activating the insular cortex, BLA, is anxiolytic,131 and 
activating the insular cortex–paraventricular thalamus–BNST neural 
circuit increased the susceptibility of stress-induced anxiety-related 
behaviors.132

Neural inputs are considered to be the major components of the 
anxiety circuit from the vHPC to the lateral hypothalamic area, the 
LS, and the mPFC. However, the exact mechanism of action is still not 
fully understood. In vivo experiments have found that activation of LS-
projecting vHPC cells reduces anxiety and inhibition of the same cell 
populations increases anxiety.133 In contrast, activation of mPFC-pro-
jecting vHPC cells increased anxiety-like behaviors.133,134 Thus, it is 
speculated that the regulation of anxiety by vHPC is mediated by a 
dynamic balance between cells projecting onto the LS and mPFC.

4.9  |  Gut microbiota

A growing body of evidence supports that the microbiome and mi-
crobiota-derived molecules play an important role in the regulation 
of behaviors associated with psychiatric disorders. A randomized 
controlled trial of probiotic supplementation through capsules sig-
nificantly improved neurophysiological anxiety in participants.135 
The gut microbiota can affect the synthesis and metabolism of 
neurotransmitters, which then act on the enteric nervous system 
to send signals to the brain via the vagus nerve to affect mood 
modulation.136,137 Gut peptides are essential regulators of microbi-
ota–gut–brain signaling in health- and stress-related psychiatric dis-
orders, such as glucagon-like peptide, peptide YY, cholecystokinin, 
corticotropin-releasing factor, oxytocin, and ghrelin. The signaling 
of these gut peptides affects the regulation of anxiety.138,139

4.10  |  Mitophagy

An increasing number of studies have shown that excessive mi-
tophagy induces anxiety. PINK1 (phosphatase and tensin homo-
logue-induced putative kinase 1) and Parkin (an E3 ubiquitin ligase) 
are two key proteins involved in mitophagy. It has been shown that 

F I G U R E  3  Mechanism of association between ECS 
(endocannabinoid system) and anxiety disorders.
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chronic social defeat stress in mice leads to mitochondrial damage, 
which selectively triggers the PINK1–Parkin mitophagy pathway in 
the amygdala, and consequently attenuates synaptic transmission 
in the BLA-BNST antianxiety pathway, leading to worsening anxi-
ety.140 Furthermore, excessive mitophagy inhibits the growth and 
development of hippocampal neurons, which affects information 
processing and transmission, and thus affects the regulation of emo-
tions in the hippocampus.141,142

4.11  |  Genetic factors

Twin studies have suggested that anxiety disorders are moderately 
heritable. Genetic epidemiological studies report the immediate fam-
ily members of a patient with anxiety disorders have a four- to six-
fold increased risk of the disease.143 The heritability is estimated to 
be 30%–50%.143 Anxiety disorders are considered to be highly poly-
genic. The degree of gene expression is associated with the severity 
of the anxiety disorder, especially genes relevant to monoaminergic 
neurotransmission or stress axis function.144,145 DNA methylation, 
histone modification, and noncoding RNA regulation play important 
roles in epigenetic mechanisms of anxiety disorders.146,147 Unlike 
DNA sequence changes, the processes involved in the regulation of 
gene transcription and expression are reversible. Histone deacety-
lase inhibitors have shown a positive effect on both preclinical and 

clinical drug trials for the treatment of anxiety disorders, providing 
new insights and directions for epigenetic pharmacotherapy of anxi-
ety disorders.148 Furthermore, an increasing number of studies have 
demonstrated that anxiety results from gene–environment interac-
tions: individuals with high genetic susceptibility show more anxious 
behaviors under stress,149 and individuals who are frequently under 
stress also have increased variation in anxiety-related genes.150

5  |  SUMMARY AND PROSPEC TS

Animal models of anxiety partially simulate the symptoms observed 
in patients with anxiety disorders. However, the majority of anxi-
ety modeling relies on somatic stress methods, and animals tend to 
exhibit trait anxiety tendencies. In clinical studies, the pathogenesis 
of anxiety disorders is mostly attributed to psychological stress and 
state anxiety, which differs from the model. The drug-induced model 
focuses on the currently widely recognized pathogenesis of anxi-
ety, mainly used for the initial screening of antianxiety novel agents. 
However, there are differences in neurotransmitter systems and 
signaling pathways between rodents and humans.151 Consequently, 
the effects observed in experiments might not align with clinical ef-
fectiveness, posing a challenge when transitioning from animal stud-
ies to clinical trials. Gene knockout will affect many compensatory 
and downstream pathways, making it difficult to conduct studies on 

F I G U R E  4  Anxiety neural circuitry. Anxiety states are mediated by abnormal neural projections between multiple brain regions. 
BLA, basolateral amygdala; BNST, bed nucleus of the stria terminalis; CeA, central amygdala; HPC, hippocampus; Hyp, hypothalamus; 
LC, locus coeruleus; LS, lateral septum; mPFC, medial prefrontal cortex; NAc, nucleus accumbens; PAG, periaqueductal gray; 
PB, parabrachial nucleus; PVT, paraventricular thalamus; Thal, thalamus; vHPC, ventral hippocampus; VTA, ventral tegmental area.
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pathogenic mechanisms. Therefore, genetic models are frequently 
employed for investigating molecular mechanisms and genetic fac-
tors. Anyway, various animal models of anxiety have different patho-
logical and physiological mechanisms. Meanwhile, gender, strain, and 
individual differences and the experimental environment vary signifi-
cantly. Therefore, it is difficult to avoid false-positive results. Contrary 
to the findings of clinical studies, some female mice have exhibited 
less anxiety-like behavior.152,153 Moreover, using a single method can 
produce only a certain aspect of symptoms of anxiety. Therefore, a 
successful modeling approach should encompass various methods to 
enhance both feasibility and model accuracy.

Anxiety states are typically evaluated relative to control condi-
tions, yet there are no universally accepted criteria for determining 
model success. Behavioral evaluation measures of anxiety models 
prefer different methods. As expected, EPM, OFT, and LDT are com-
monly combined to gauge anxiety levels, although the interplay be-
tween these behavioral tests should also be taken into account. In 
addition, OFT and NSFT are regularly used to estimate depression 
and anxiety levels in animals. However, there is no method to clearly 
distinguish between depression and anxiety. Evaluation indicators 
are indispensable for the reliability and accuracy of the model.

The pathogenesis of anxiety disorders is extremely complex 
and coinduced by gene, environment, and physiological imbalances. 
Nevertheless, the status of each causative factor in the pathogene-
sis needs to be further elucidated. Understanding the links between 
the various hypotheses is also an important part of the investiga-
tion of the pathogenesis of anxiety. Current research suggests that 
pro-inflammatory factors are increased and immune inflammation 
is activated in anxiety states. Meanwhile, pro-inflammatory fac-
tors can trigger the HPA axis, affecting neurotransmitter synthesis, 
release, and reuptake, which is also closely related to the stability 
of the gut microbiome.97,98,154 Moreover, neuroplasticity is an im-
portant potential target for the pathogenesis of anxiety nowadays. 
Neuroplasticity is associated with neurotrophic factors, GC levels, 
and immune inflammation.109,155 Therefore, a holistic understanding 
of the links between mechanisms also provides new ideas for the 
exploration of the pathogenesis of anxiety.

In conclusion, the establishment of anxiety animal models is an 
indispensable part of the pathogenetic mechanism research and new 
drug development process. As drug development and the patho-
physiology of anxiety have been intensively studied, the stability 
and reproducibility of animal models have also been improved. The 
current research status is discussed to develop more efficient treat-
ments for targeted patients.

AUTHOR CONTRIBUTIONS
Hongqing Zhao: conceptualization, writing of the original draft, and 
writing—reviewing and editing. Mi Zhou: conceptualization, writing 
of the original draft, and writing—editing. Yang Liu: writing—review 
and editing. Jiaqi Jiang: writing—review and editing. Yuhong Wang: 
supervision and writing—review and editing. All authors approved 
the final version of the manuscript for submission.

ACKNOWLEDG MENTS
This research was supported by National Natural Science Foundation 
of China (No. 82104836; No. 82104793) and Open Foundation 
Project of TCM First-class Disciplines in Hunan University of Chinese 
Medicine (No. 2022ZYX18) and Natural Science Foundation of 
Hunan Province (2023JJ60482).

FUNDING INFORMATION
This research was supported by the National Natural Science 
Foundation of China (Nos: 82104836 and 82 104 793), the Open 
Foundation Project of TCM First-Class Disciplines in Hunan 
University of Chinese Medicine (No: 2022ZYX18), and the Natural 
Science Foundation of Hunan Province(No: 2023JJ60482).

CONFLICF OF INTERE S T S TATEMENT
The authors declare no conflict of interest.

EHIC S S TATEMENT
Our study did not require further ethics committee approval as it 
did not involve animal or human clinical trials and was not unethi-
cal. Following the ethical principles outlined in the Declaration of 
Helsinki, all participants provided informed consent before par-
ticipating in the study. The anonymity and confidentiality of the 
participants were guaranteed, and participation was completely 
voluntary.

ORCID
Hongqing Zhao   https://orcid.org/0009-0000-8708-0143 

R E FE R E N C E S
	 1.	 Gong M, Dong H, Tang Y, Huang W, Lu F. Effects of aromatherapy 

on anxiety: a meta-analysis of randomized controlled trials. J Affect 
Disord. 2020;274:1028-1040.

	 2.	 Global prevalence and burden of depressive and anxiety disorders 
in 204 countries and territories in 2020 due to the COVID-19 pan-
demic. Lancet. 2021;398(10312):1700-1712.

	 3.	 Nakada S, Ho FK, Celis-Morales C, Jackson CA, Pell JP. Individual 
and joint associations of anxiety disorder and depression with car-
diovascular disease: a UK biobank prospective cohort study. Eur 
Psychiatry. 2023;66(1):e54.

	 4.	 Mersha AG, Tollosa DN, Bagade T, Eftekhari P. A bidirectional 
relationship between diabetes mellitus and anxiety: a systematic 
review and meta-analysis. J Psychosom Res. 2022;162:110991.

	 5.	 Zhou Y, Ren W, Sun Q, et al. The association of clinical correlates, 
metabolic parameters, and thyroid hormones with suicide at-
tempts in first-episode and drug-naïve patients with major depres-
sive disorder comorbid with anxiety: a large-scale cross-sectional 
study. Transl Psychiatry. 2021;11(1):97.

	 6.	 Navarro-Tapia E, Almeida-Toledano L, Sebastiani G, Serra-Delgado 
M, García-Algar Ó, Andreu-Fernández V. Effects of microbiota im-
balance in anxiety and eating disorders: probiotics as novel thera-
peutic approaches. Int J Mol Sci. 2021;22(5):2351.

	 7.	 Szuhany KL, Simon NM. Anxiety Disorders: A Review. Jama. 
2022;328(24):2431-2445.

	 8.	 Hodes GE, Epperson CN. Sex differences in vulnerability 
and resilience to stress across the life span. Biol Psychiatry. 
2019;86(6):421-432.

https://orcid.org/0009-0000-8708-0143
https://orcid.org/0009-0000-8708-0143


    |  569ZHAO et al.

	 9.	 Samuel B, Wang H, Shi C, et al. The effects of coloring therapy on 
patients with generalized anxiety disorder. Animal Model Exp Med. 
2022;5(6):502-512.

	 10.	 Pavlidi P, Kokras N, Dalla C. Sex differences in depression and anx-
iety. Curr Top Behav Neurosci. 2023;62:103-132.

	 11.	 Choi KW, Kim YK, Jeon HJ. Comorbid anxiety and depression: clin-
ical and conceptual consideration and transdiagnostic treatment. 
Adv Exp Med Biol. 2020;1191:219-235.

	 12.	 Munir S, Takov V. Generalized anxiety disorder. 2022 Oct 17. 
StatPearls [Internet]. StatPearls Publishing; 2023.

	 13.	 Bains N, Abdijadid S. Major Depressive Disorder. 2023 Apr 10. 
StatPearls [Internet]. StatPearls Publishing; 2023.

	 14.	 Scott E, May M, Silva G, et al. Variation in trauma-related behav-
ioral effects using a preclinical rat model of three predator expo-
sure stress. Stress. 2022;25(1):276-290.

	 15.	 Zoladz PR, Del Valle CR, Smith IF, et al. Glucocorticoid abnormali-
ties in female rats exposed to a predator-based psychosocial stress 
model of PTSD. Front Behav Neurosci. 2021;15:675206.

	 16.	 Forster GL, Anderson EM, Scholl JL, Lukkes JL, Watt MJ. Negative 
consequences of early-life adversity on substance use as mediated 
by corticotropin-releasing factor modulation of serotonin activity. 
Neurobiol Stress. 2018;9:29-39.

	 17.	 Sharp BM. Basolateral amygdala and stress-induced hyperexcit-
ability affect motivated behaviors and addiction. Transl Psychiatry. 
2017;7(8):e1194.

	 18.	 Rosa DS, Frias AT, Vilela-Costa HH, et al. Neonatal maternal depri-
vation facilitates the expression of a panic-like escape behavior in 
adult rats. Behav Brain Res. 2022;434:114031.

	 19.	 Tsotsokou G, Nikolakopoulou M, Kouvelas ED, Mitsacos A. 
Neonatal maternal separation affects metabotropic glutamate re-
ceptor 5 expression and anxiety-related behavior of adult rats. Eur 
J Neurosci. 2021;54(2):4550-4564.

	 20.	 Farzan M, Farzan M, Amini-Khoei H, et al. Protective effects of vanil-
lic acid on autistic-like behaviors in a rat model of maternal separation 
stress: behavioral, electrophysiological, molecular and histopatho-
logical alterations. Int Immunopharmacol. 2023;118:110112.

	 21.	 Singh S, Tripathy S, Rawat A, et  al. Pre-clinical investigations of 
therapeutic markers associated with acute and chronic restraint 
stress: a nuclear magnetic resonance based contrast metabolic ap-
proach. Nanotheranostics. 2023;7(1):91-101.

	 22.	 Pansarim V, Leite-Panissi CRA, Schmidt A. Chronic restraint stress 
alters rat behavior depending on sex and duration of stress. Behav 
Processes. 2023;207:104856.

	 23.	 Peay DN, Saribekyan HM, Parada PA, et al. Chronic unpredictable 
intermittent restraint stress disrupts spatial memory in male, but 
not female rats. Behav Brain Res. 2020;383:112519.

	 24.	 Groenink L, Verdouw PM, Zhao Y, Ter Heegde F, Wever KE, Bijlsma 
EY. Pharmacological modulation of conditioned fear in the fear-po-
tentiated startle test: a systematic review and meta-analysis of an-
imal studies. Psychopharmacology (Berl). 2023;240(11):2361-2401.

	 25.	 Yang Y, Wang Y, Bian H, et  al. Effect of evaluation timing and 
duration of anxiety-like behaviors induced by conditioned 
fear in rats: assessment using the triple test. Physiol Behav. 
2022;257:113974.

	 26.	 Biltz RG, Sawicki CM, Sheridan JF, Godbout JP. The neuroim-
munology of social-stress-induced sensitization. Nat Immunol. 
2022;23(11):1527-1535.

	 27.	 Khurana K, Bansal N. Lacidipine attenuates caffeine-induced anx-
iety-like symptoms in mice: role of calcium-induced oxido-nitrosa-
tive stress. Pharmacol Rep. 2019;71(6):1264-1272.

	 28.	 Babaei F, Mirzababaei M, Mohammadi G, Dargahi L, Nassiri-Asl M. 
Saccharomyces boulardii attenuates lipopolysaccharide-induced 
anxiety-like behaviors in rats. Neurosci Lett. 2022;778:136600.

	 29.	 Du CX, Guo Y, Zhang QJ, Zhang J, Lv SX, Liu J. Involvement of pre-
limbic 5-HT(7) receptors in the regulation of anxiety-like behaviors 
in hemiparkinsonian rats. Neurol Res. 2018;40(10):847-855.

	 30.	 Gryksa K, Schmidtner AK, Masís-Calvo M, et al. Selective breeding 
of rats for high (HAB) and low (LAB) anxiety-related behaviour: 
a unique model for comorbid depression and social dysfunctions. 
Neurosci Biobehav Rev. 2023;152:105292.

	 31.	 Budylin T, Guariglia SR, Duran LI, et al. Ultrasonic vocalization sex 
differences in 5-HT(1A)-R deficient mouse pups: predictive phe-
notypes associated with later-life anxiety-like behaviors. Behav 
Brain Res. 2019;373:112062.

	 32.	 Golebiowska J, Hołuj M, Potasiewicz A, et  al. Serotonin trans-
porter deficiency alters socioemotional ultrasonic communication 
in rats. Sci Rep. 2019;9(1):20283.

	 33.	 Neumann E, Ralvenius WT, Acuña MA, Rudolph U, Zeilhofer HU. 
TP003 is a non-selective benzodiazepine site agonist that in-
duces anxiolysis via α2GABA(a) receptors. Neuropharmacology. 
2018;143:71-78.

	 34.	 Dedic N, Kühne C, Gomes KS, et  al. Deletion of CRH from 
GABAergic forebrain neurons promotes stress resilience and 
dampens stress-induced changes in neuronal activity. Front 
Neurosci. 2019;13:986.

	 35.	 Henry B, Vale W, Markou A. The effect of lateral septum corti-
cotropin-releasing factor receptor 2 activation on anxiety is mod-
ulated by stress. J Neurosci. 2006;26(36):9142-9152.

	 36.	 Knight P, Chellian R, Wilson R, Behnood-Rod A, Panunzio S, 
Bruijnzeel AW. Sex differences in the elevated plus-maze test and 
large open field test in adult Wistar rats. Pharmacol Biochem Behav. 
2021;204:173168.

	 37.	 Bespalov A, Steckler T. Pharmacology of anxiety or pharmacology 
of elevated plus maze? Biol Psychiatry. 2021;89(12):e73.

	 38.	 Zhou F, Jiang H, Kong N, et  al. Electroacupuncture attenuated 
anxiety and depression-like behavior via inhibition of hippocampal 
inflammatory response and metabolic disorders in TNBS-induced 
IBD rats. Oxid Med Cell Longev. 2022;2022:8295580.

	 39.	 Snyder CN, Brown AR, Buffalari D. Similar tests of anxiety-like be-
havior yield different results: comparison of the open field and free 
exploratory rodent procedures. Physiol Behav. 2021;230:113246.

	 40.	 Campos-Cardoso R, Godoy LD, Lazarini-Lopes W, et al. Exploring 
the light/dark box test: protocols and implications for neurosci-
ence research. J Neurosci Methods. 2023;384:109748.

	 41.	 Madison CA, Wellman PJ, Eitan S. Response to opioids is depen-
dent on sociability levels. Behav Pharmacol. 2020;31(2&3):293-307.

	 42.	 Rosso M, Wirz R, Loretan AV, et al. Reliability of common mouse 
behavioural tests of anxiety: a systematic review and me-
ta-analysis on the effects of anxiolytics. Neurosci Biobehav Rev. 
2022;143:104928.

	 43.	 Jones SK, McCarthy DM, Vied C, Stanwood GD, Schatschneider 
C, Bhide PG. Transgenerational transmission of aspartame-in-
duced anxiety and changes in glutamate-GABA signaling and 
gene expression in the amygdala. Proc Natl Acad Sci U S A. 
2022;119(49):e2213120119.

	 44.	 Barbee BR, Gourley SL. Brain systems in cocaine abstinence-in-
duced anxiety-like behavior in rodents: a review. Addict Neurosci. 
2022;2:100012.

	 45.	 Tabassum S, Misrani A, Huo Q, Ahmed A, Long C, Yang L. 
Minocycline ameliorates chronic unpredictable mild stress-in-
duced neuroinflammation and abnormal mPFC-HIPP oscillations 
in mice. Mol Neurobiol. 2022;59(11):6874-6895.

	 46.	 Shi ZM, Jing JJ, Xue ZJ, et al. Stellate ganglion block ameliorated 
central post-stroke pain with comorbid anxiety and depression 
through inhibiting HIF-1α/NLRP3 signaling following thalamic 
hemorrhagic stroke. J Neuroinflammation. 2023;20(1):82.

	 47.	 Field DT, Cracknell RO, Eastwood JR, et al. High-dose vitamin B6 
supplementation reduces anxiety and strengthens visual surround 
suppression. Hum Psychopharmacol. 2022;37(6):e2852.

	 48.	 Zhang X, Liu Y, Hong X, et al. NG2 glia-derived GABA release tunes 
inhibitory synapses and contributes to stress-induced anxiety. Nat 
Commun. 2021;12(1):5740.



570  |    ZHAO et al.

	 49.	 Patt L, Tascio D, Domingos C, et  al. Impact of developmental 
changes of GABA(a) receptors on interneuron-NG2 glia transmis-
sion in the hippocampus. Int J Mol Sci. 2023;24(17):13490.

	 50.	 Englund J, Haikonen J, Shteinikov V, et al. Downregulation of kain-
ate receptors regulating GABAergic transmission in amygdala after 
early life stress is associated with anxiety-like behavior in rodents. 
Transl Psychiatry. 2021;11(1):538.

	 51.	 Qin X, Pan HQ, Huang SH, et al. GABA(a)(δ) receptor hypofunction 
in the amygdala-hippocampal circuit underlies stress-induced anx-
iety. Sci Bull (Beijing). 2022;67(1):97-110.

	 52.	 Chen YP, Wang C, Xu JP. Chronic unpredictable mild stress in-
duced depression-like behaviours and glutamate-glutamine cy-
cling dysfunctions in both blood and brain of mice. Pharm Biol. 
2019;57(1):280-286.

	 53.	 Pollack MH, Jensen JE, Simon NM, Kaufman RE, Renshaw PF. 
High-field MRS study of GABA, glutamate and glutamine in social 
anxiety disorder: response to treatment with levetiracetam. Prog 
Neuropsychopharmacol Biol Psychiatry. 2008;32(3):739-743.

	 54.	 Guan J, Ding Y, Rong Y, et al. Early life stress increases Brain glu-
tamate and induces neurobehavioral manifestations in rats. ACS 
Chem Nerosci. 2020;11(24):4169-4178.

	 55.	 Miyagishi H, Tsuji M, Saito A, Miyagawa K, Takeda H. Inhibitory ef-
fect of yokukansan on the decrease in the hippocampal excitatory 
amino acid transporter EAAT2 in stress-maladaptive mice. J Tradit 
Complement Med. 2017;7(4):371-374.

	 56.	 Schopman SME, Bosman RC, Muntingh ADT, van Balkom A, 
Batelaan NM. Effects of tryptophan depletion on anxiety, a sys-
tematic review. Transl Psychiatry. 2021;11(1):118.

	 57.	 Vicente MA, Zangrossi H Jr. Involvement of 5-HT2C and 
5-HT1A receptors of the basolateral nucleus of the amygdala 
in the anxiolytic effect of chronic antidepressant treatment. 
Neuropharmacology. 2014;79:127-135.

	 58.	 Mazzone CM, Pati D, Michaelides M, et  al. Acute engage-
ment of G(q)-mediated signaling in the bed nucleus of the 
stria terminalis induces anxiety-like behavior. Mol Psychiatry. 
2018;23(1):143-153.

	 59.	 Garcia-Garcia AL, Canetta S, Stujenske JM, et al. Serotonin inputs 
to the dorsal BNST modulate anxiety in a 5-HT(1A) receptor-de-
pendent manner. Mol Psychiatry. 2018;23(10):1990-1997.

	 60.	 Marcinkiewcz CA, Bierlein-De La Rosa G, Dorrier CE, et al. Sex-
dependent modulation of anxiety and fear by 5-HT(1A) recep-
tors in the bed nucleus of the stria terminalis. ACS Chem Nerosci. 
2019;10(7):3154-3166.

	 61.	 Süß ST, Olbricht LM, Herlitze S, Spoida K. Constitutive 5-HT2C 
receptor knock-out facilitates fear extinction through altered ac-
tivity of a dorsal raphe-bed nucleus of the stria terminalis pathway. 
Transl Psychiatry. 2022;12(1):487.

	 62.	 Peciña M, Sikora M, Avery ET, et al. Striatal dopamine D2/3 re-
ceptor-mediated neurotransmission in major depression: im-
plications for anhedonia, anxiety and treatment response. Eur 
Neuropsychopharmacol. 2017;27(10):977-986.

	 63.	 Wu M, Chen Y, Shen Z, et al. Electroacupuncture alleviates anxi-
ety-like behaviors induced by chronic neuropathic pain via regulat-
ing different dopamine receptors of the basolateral amygdala. Mol 
Neurobiol. 2022;59(9):5299-5311.

	 64.	 Brandão ML, Coimbra NC. Understanding the role of dopa-
mine in conditioned and unconditioned fear. Rev Neurosci. 
2019;30(3):325-337.

	 65.	 de Siqueira UL, Freese L, Almeida FB, et  al. Effects of neonatal 
dopaminergic lesion on oral cocaine self-administration in rats: 
higher female vulnerability to cocaine consumption. Pharmacol 
Biochem Behav. 2022;212:173315.

	 66.	 Kuo HI, Paulus W, Batsikadze G, Jamil A, Kuo MF, Nitsche 
MA. Acute and chronic noradrenergic effects on cortical ex-
citability in healthy humans. Int J Neuropsychopharmacol. 
2017;20(8):634-643.

	 67.	 McCall JG, Al-Hasani R, Siuda ER, et al. CRH engagement of the 
locus coeruleus noradrenergic system mediates stress-induced 
anxiety. Neuron. 2015;87(3):605-620.

	 68.	 Tillage RP, Foster SL, Lustberg D, Liles LC, McCann KE, 
Weinshenker D. Co-released norepinephrine and galanin act on 
different timescales to promote stress-induced anxiety-like be-
havior. Neuropsychopharmacology. 2021;46(8):1535-1543.

	 69.	 Boyce TG, Ballone NT, Certa KM, Becker MA. The use of β-adren-
ergic receptor antagonists in psychiatry: a review. J Acad Consult 
Liaison Psychiatry. 2021;62(4):404-412.

	 70.	 Śmiałowska M, Zięba B, Domin H. A role of noradrenergic recep-
tors in anxiolytic-like effect of high CRF in the rat frontal cortex. 
Neuropeptides. 2021;88:102162.

	 71.	 Arcadi FA, Corallo F, Torrisi M, et al. Role of citicoline and choline 
in the treatment of post-stroke depression: an exploratory study. J 
Int Med Res. 2021;49(11):3000605211055036.

	 72.	 Mei L, Zhou Y, Sun Y, et al. Acetylcholine muscarinic receptors in 
ventral hippocampus modulate stress-induced anxiety-like behav-
iors in mice. Front Mol Neurosci. 2020;13:598811.

	 73.	 Anderson SM, Brunzell DH. Anxiolytic-like and anxiogen-
ic-like effects of nicotine are regulated via diverse action 
at β2*nicotinic acetylcholine receptors. Br J Pharmacol. 
2015;172(11):2864-2877.

	 74.	 Carboni L, El Khoury A, Beiderbeck DI, Neumann ID, Mathé AA. 
Neuropeptide Y, calcitonin gene-related peptide, and neurokinin a 
in brain regions of HAB rats correlate with anxiety-like behaviours. 
Eur Neuropsychopharmacol. 2022;57:1-14.

	 75.	 Shiozaki K, Kawabe M, Karasuyama K, et al. Neuropeptide Y de-
ficiency induces anxiety-like behaviours in zebrafish (Danio rerio). 
Sci Rep. 2020;10(1):5913.

	 76.	 Kornhuber J, Zoicas I. Brain region-dependent effects of neuro-
peptide Y on conditioned social fear and anxiety-like behavior in 
male mice. Int J Mol Sci. 2021;22(7):3695.

	 77.	 Fonseca ICF, Castelo-Branco M, Cavadas C, Abrunhosa AJ. PET 
imaging of the neuropeptide Y system: a systematic review. 
Molecules. 2022;27(12):3726.

	 78.	 Tasan RO, Verma D, Wood J, et al. The role of neuropeptide Y in 
fear conditioning and extinction. Neuropeptides. 2016;55:111-126.

	 79.	 Mohite S, Sanches M, Teixeira AL. Exploring the evidence implicat-
ing the renin-angiotensin system (RAS) in the physiopathology of 
mood disorders. Protein Pept Lett. 2020;27(6):449-455.

	 80.	 Balthazar L, Lages YVM, Romano VC, Landeira-Fernandez J, 
Krahe TE. The association between the renin-angiotensin system 
and the hypothalamic-pituitary-adrenal axis in anxiety disorders: 
a systematic review of animal studies. Psychoneuroendocrinology. 
2021;132:105354.

	 81.	 Moreno-Santos B, Marchi-Coelho C, Costa-Ferreira W, Crestani 
CC. Angiotensinergic receptors in the medial amygdaloid nu-
cleus differently modulate behavioral responses in the elevated 
plus-maze and forced swimming test in rats. Behav Brain Res. 
2021;397:112947.

	 82.	 Bild W, Ciobica A. Angiotensin-(1-7) central administration induces 
anxiolytic-like effects in elevated plus maze and decreased oxida-
tive stress in the amygdala. J Affect Disord. 2013;145(2):165-171.

	 83.	 de Melo LA, Almeida-Santos AF. Neuropsychiatric properties of 
the ACE2/ang-(1-7)/mas pathway: a brief review. Protein Pept Lett. 
2020;27(6):476-483.

	 84.	 Davies C, Appiah-Kusi E, Wilson R, et  al. Altered relationship 
between cortisol response to social stress and mediotemporal 
function during fear processing in people at clinical high risk for 
psychosis: a preliminary report. Eur Arch Psychiatry Clin Neurosci. 
2022;272(3):461-475.

	 85.	 Mikulska J, Juszczyk G, Gawrońska-Grzywacz M, Herbet M. HPA 
Axis in the Pathomechanism of depression and schizophrenia: 
new therapeutic strategies based on its participation. Brain Sci. 
2021;11(10):1298.



    |  571ZHAO et al.

	 86.	 Juruena MF, Eror F, Cleare AJ, Young AH. The role of early life stress 
in HPA Axis and anxiety. Adv Exp Med Biol. 2020;1191:141-153.

	 87.	 Fischer S, Ehlert U. Hypothalamic-pituitary-thyroid (HPT) axis 
functioning in anxiety disorders. A Systematic Review. Depress 
Anxiety. 2018;35(1):98-110.

	 88.	 Bárez-López S, Montero-Pedrazuela A, Bosch-García D, Venero 
C, Guadaño-Ferraz A. Increased anxiety and fear memory in 
adult mice lacking type 2 deiodinase. Psychoneuroendocrinology. 
2017;84:51-60.

	 89.	 Spielberg JM, Schwarz JM, Matyi MA. Anxiety in transition: 
neuroendocrine mechanisms supporting the development of 
anxiety pathology in adolescence and young adulthood. Front 
Neuroendocrinol. 2019;55:100791.

	 90.	 Terauchi M, Odai T, Hirose A, et  al. Dizziness in peri- and post-
menopausal women is associated with anxiety: a cross-sectional 
study. Biopsychosoc Med. 2018;12:21.

	 91.	 Ubuka T. A mammalian gonadotropin-inhibitory hormone homo-
log RFamide-related peptide 3 regulates pain and anxiety in mice. 
Cell Tissue Res. 2023;391(1):159-172.

	 92.	 Ubuka T, Parhar IS, Tsutsui K. Gonadotropin-inhibitory hormone 
mediates behavioral stress responses. Gen Comp Endocrinol. 
2018;265:202-206.

	 93.	 Liu CH, Hua N, Yang HY. Alterations in peripheral C-reactive pro-
tein and inflammatory cytokine levels in patients with panic dis-
order: a systematic review and meta-analysis. Neuropsychiatr Dis 
Treat. 2021;17:3539-3558.

	 94.	 Hou R, Garner M, Holmes C, et  al. Peripheral inflammatory cy-
tokines and immune balance in generalised anxiety disorder: 
case-controlled study. Brain Behav Immun. 2017;62:212-218.

	 95.	 de Sousa CNS, da Silva MI, Vasconcelos GS, et al. Anxiolytic effect 
of carvedilol in chronic unpredictable stress model. Oxid Med Cell 
Longev. 2022;2022:6906722.

	 96.	 McKim DB, Weber MD, Niraula A, et al. Microglial recruitment of 
IL-1β-producing monocytes to brain endothelium causes stress-in-
duced anxiety. Mol Psychiatry. 2018;23(6):1421-1431.

	 97.	 Wohleb ES, Patterson JM, Sharma V, Quan N, Godbout JP, 
Sheridan JF. Knockdown of interleukin-1 receptor type-1 on endo-
thelial cells attenuated stress-induced neuroinflammation and pre-
vented anxiety-like behavior. J Neurosci. 2014;34(7):2583-2591.

	 98.	 Spinieli RL, Cazuza RA, Sales AJ, et  al. Persistent inflammatory 
pain is linked with anxiety-like behaviors, increased blood corti-
costerone, and reduced global DNA methylation in the rat amyg-
dala. Mol Pain. 2022;18:17448069221121307.

	 99.	 Glue P, Neehoff S, Sabadel A, et al. Effects of ketamine in patients 
with treatment-refractory generalized anxiety and social anxiety 
disorders: exploratory double-blind psychoactive-controlled rep-
lication study. J Psychopharmacol. 2020;34(3):267-272.

	100.	 Rosas-Vidal LE, Do-Monte FH, Sotres-Bayon F, Quirk GJ. 
Hippocampal–prefrontal BDNF and memory for fear extinction. 
Neuropsychopharmacology. 2014;39(9):2161-2169.

	101.	 Bazaz A, Ghanbari A, Vafaei AA, Khaleghian A, Rashidy-Pour A. 
Oxytocin in dorsal hippocampus facilitates auditory fear memory 
extinction in rats. Neuropharmacology. 2022;202:108844.

	102.	 Borodinova AA, Salozhin SV. Diversity of proBDNF and mBDNF 
functions in the central nervous system. Zh Vyssh Nerv Deiat Im I P 
Pavlova. 2016;66(1):3-23.

	103.	 Zhu W, Yang F, Cai X, et al. Role of glucocorticoid receptor phos-
phorylation-mediated synaptic plasticity in anxiogenic and de-
pressive behaviors induced by monosodium glutamate. Naunyn 
Schmiedebergs Arch Pharmacol. 2021;394(1):151-164.

	104.	 Miyazaki S, Oikawa H, Takekoshi H, Hoshizaki M, Ogata M, 
Fujikawa T. Anxiolytic effects of Acanthopanax senticosus 
HARMS occur via regulation of autonomic function and activate 
hippocampal BDNF−TrkB signaling. Molecules. 2018;24(1):132.

	105.	 Chang HA, Fang WH, Liu YP, et al. BDNF Val66Met polymorphism 
to generalized anxiety disorder pathways: indirect effects via 

attenuated parasympathetic stress-relaxation reactivity. J Abnorm 
Psychol. 2020;129(3):237-247.

	106.	 Chu L, Sun X, Jia X, et al. The relationship among BDNF Val66Met 
polymorphism, plasma BDNF level, and trait anxiety in Chinese pa-
tients with panic disorder. Front Psych. 2022;13:932235.

	107.	 Yasumoto Y, Stoiljkovic M, Kim JD, et  al. Ucp2-dependent mi-
croglia-neuronal coupling controls ventral hippocampal 
circuit function and anxiety-like behavior. Mol Psychiatry. 
2021;26(7):2740-2752.

	108.	 Zhu G, Wang X, Chen L, et  al. Crosstalk between the oxidative 
stress and glia cells after stroke: from mechanism to therapies. 
Front Immunol. 2022;13:852416.

	109.	 Snyder JS, Soumier A, Brewer M, Pickel J, Cameron HA. Adult hip-
pocampal neurogenesis buffers stress responses and depressive 
behaviour. Nature. 2011;476(7361):458-461.

	110.	 Tang C, Wang Q, Shen J, et al. Neuron stem cell NLRP6 sustains 
hippocampal neurogenesis to resist stress-induced depression. 
Acta Pharm Sin B. 2023;13(5):2017-2038.

	111.	 Zhang WH, Liu WZ, He Y, et  al. Chronic stress causes projec-
tion-specific adaptation of amygdala neurons via small-conduc-
tance calcium-activated Potassium Channel downregulation. Biol 
Psychiatry. 2019;85(10):812-828.

	112.	 Li X, Zhong H, Wang Z, et al. Loss of liver X receptor β in astro-
cytes leads to anxiety-like behaviors via regulating synaptic trans-
mission in the medial prefrontal cortex in mice. Mol Psychiatry. 
2021;26(11):6380-6393.

	113.	 Peng X, Chen P, Zhang Y, et al. MPP2 interacts with SK2 to res-
cue the excitability of glutamatergic neurons in the BLA and facil-
itate the extinction of conditioned fear in mice. CNS Neurosci Ther. 
2023; doi: 10.1111/cns.14362.

	114.	 Pidoplichko VI, Aroniadou-Anderjaska V, Prager EM, et al. ASIC1a 
activation enhances inhibition in the basolateral amygdala and re-
duces anxiety. J Neurosci. 2014;34(9):3130-3141.

	115.	 Pidoplichko VI, Aroniadou-Anderjaska V, Figueiredo TH, 
Wilbraham C, Braga MFM. Increased inhibitory activity in the ba-
solateral amygdala and decreased anxiety during estrus: a poten-
tial role for ASIC1a channels. Brain Res. 2021;1770:147628.

	116.	 Naderi R, Esmaeili-Mahani S, Abbasnejad M. Extracellular calcium 
influx through L-type calcium channels, intracellular calcium cur-
rents and extracellular signal-regulated kinase signaling are in-
volved in the abscisic acid-induced precognitive and anti-anxiety 
effects. Biomed Pharmacother. 2019;109:582-588.

	117.	 Kerckhove N, Boudieu L, Ourties G, et al. Ethosuximide improves 
chronic pain-induced anxiety- and depression-like behaviors. Eur 
Neuropsychopharmacol. 2019;29(12):1419-1432.

	118.	 Marchioni C, de Souza ID, Acquaro VRJ, de Souza Crippa JA, 
Tumas V, Queiroz MEC. Recent advances in LC-MS/MS meth-
ods to determine endocannabinoids in biological samples: 
application in neurodegenerative diseases. Anal Chim Acta. 
2018;1044:12-28.

	119.	 Vimalanathan A, Gidyk DC, Diwan M, et  al. Endocannabinoid 
modulating drugs improve anxiety but not the expression of con-
ditioned fear in a rodent model of post-traumatic stress disorder. 
Neuropharmacology. 2020;166:107965.

	120.	 Vecchiarelli HA, Morena M, Keenan CM, et  al. Comorbid anx-
iety-like behavior in a rat model of colitis is mediated by an 
upregulation of corticolimbic fatty acid amide hydrolase. 
Neuropsychopharmacology. 2021;46(5):992-1003.

	121.	 Bedse G, Hartley ND, Neale E, et  al. Functional redundancy 
between canonical endocannabinoid signaling Systems in the 
Modulation of anxiety. Biol Psychiatry. 2017;82(7):488-499.

	122.	 Ruiz-Contreras HA, Santamaría A, Arellano-Mendoza MG, 
Sánchez-Chapul L, Robles-Bañuelos B, Rangel-López E. 
Modulatory activity of the endocannabinoid system in the de-
velopment and proliferation of cells in the CNS. Neurotox Res. 
2022;40(6):1690-1706.

https://doi.org//10.1111/cns.14362


572  |    ZHAO et al.

	123.	 Fang G, Wang Y. Transcranial direct current stimulation (tDCS) 
produce anti-anxiety response in acute stress exposure rats via 
activation of amygdala CB1R. Behav Brain Res. 2021;400:113050.

	124.	 Morcuende A, García-Gutiérrez MS, Tambaro S, Nieto E, 
Manzanares J, Femenia T. Immunomodulatory role of CB2 re-
ceptors in emotional and cognitive disorders. Front Psych. 
2022;13:866052.

	125.	 Tovote P, Fadok JP, Lüthi A. Neuronal circuits for fear and anxiety. 
Nat Rev Neurosci. 2015;16(6):317-331.

	126.	 Ge J, Cai Y, Pan ZZ. Synaptic plasticity in two cell types of central 
amygdala for regulation of emotion and pain. Front Cell Neurosci. 
2022;16:997360.

	127.	 Hulsman AM, Terburg D, Roelofs K, Klumpers F. Roles of the bed 
nucleus of the stria terminalis and amygdala in fear reactions. 
Handb Clin Neurol. 2021;179:419-432.

	128.	 Šimić G, Tkalčić M, Vukić V, et al. Understanding emotions: origins 
and roles of the amygdala. Biomolecules. 2021;11(6):823.

	129.	 Cai YQ, Wang W, Paulucci-Holthauzen A, Pan ZZ. Brain circuits 
mediating opposing effects on emotion and pain. J Neurosci. 
2018;38(28):6340-6349.

	130.	 Zhang Y, Sun X, Dou C, Li X, Zhang L, Qin C. Distinct neuronal 
excitability alterations of medial prefrontal cortex in early-life 
neglect model of rats. Animal Model Exp Med. 2022;5(3):274-280.

	131.	 Nicolas C, Ju A, Wu Y, et al. Linking emotional valence and anxiety 
in a mouse insula-amygdala circuit. Nat Commun. 2023;14(1):5073.

	132.	 Zhao D, Wang D, Wang W, et al. The altered sensitivity of acute 
stress induced anxiety-related behaviors by modulating insular 
cortex-paraventricular thalamus-bed nucleus of the stria termina-
lis neural circuit. Neurobiol Dis. 2022;174:105890.

	133.	 Parfitt GM, Nguyen R, Bang JY, et  al. Bidirectional control of 
anxiety-related behaviors in mice: role of inputs arising from the 
ventral hippocampus to the lateral septum and medial prefrontal 
cortex. Neuropsychopharmacology. 2017;42(8):1715-1728.

	134.	 Ciocchi S, Passecker J, Malagon-Vina H, Mikus N, Klausberger T. 
Selective information routing by ventral hippocampal CA1 projec-
tion neurons. Science. 2015;348(6234):560-563.

	135.	 Tran N, Zhebrak M, Yacoub C, Pelletier J, Hawley D. The gut-brain 
relationship: investigating the effect of multispecies probiotics on 
anxiety in a randomized placebo-controlled trial of healthy young 
adults. J Affect Disord. 2019;252:271-277.

	136.	 Chen Y, Xu J, Chen Y. Regulation of neurotransmitters by the gut 
microbiota and effects on cognition in neurological disorders. 
Nutrients. 2021;13(6):2099.

	137.	 Góralczyk-Bińkowska A, Szmajda-Krygier D, Kozłowska E. The 
microbiota-gut-Brain Axis in psychiatric disorders. Int J Mol Sci. 
2022;23(19):11245.

	138.	 Socała K, Doboszewska U, Szopa A, et  al. The role of microbio-
ta-gut-brain axis in neuropsychiatric and neurological disorders. 
Pharmacol Res. 2021;172:105840.

	139.	 Zhang F, Xu F, Mi X, et al. Ghrelin/GHS-R1a signaling plays different 
roles in anxiety-related behaviors after acute and chronic caloric 
restriction. Biochem Biophys Res Commun. 2020;529(4):1131-1136.

	140.	 Johnson J, Li Z. Fuel for emotion: how mitophagy in the BLA can 
mediate increased anxiety in stressful social situations. Autophagy. 
2022;18(2):465-466.

	141.	 Wang H, Xiong WC, Mei L. Excessive mitophagy for anxiety. 
Neuron. 2021;109(23):3715-3716.

	142.	 Guo L, Jiang ZM, Sun RX, et al. Repeated social defeat stress inhib-
its development of hippocampus neurons through mitophagy and 
autophagy. Brain Res Bull. 2022;182:111-117.

	143.	 Shimada-Sugimoto M, Otowa T, Hettema JM. Genetics of anxiety 
disorders: genetic epidemiological and molecular studies in hu-
mans. Psychiatry Clin Neurosci. 2015;69(7):388-401.

	144.	 Cao C, Sun K, Cao L, Li F. Monoaminergic multilocus genetic vari-
ants interact with stressful life events in predicting changes in ad-
olescent anxiety symptoms: a one-year longitudinal study. J Youth 
Adolesc. 2021;50(11):2194-2207.

	145.	 Domschke K, Gottschalk MG. Genetics of anxiety and stress-re-
lated disorders-toward a bottom-up cross-disorder psychopathol-
ogy. JAMA Psychiatry. 2019;76(9):889-890.

	146.	 Persaud NS, Cates HM. The epigenetics of anxiety pathophysiol-
ogy: a DNA methylation and histone modification focused review. 
eNeuro. 2023;10(4):109-121.

	147.	 Narayanan R, Schratt G. miRNA regulation of social and anxi-
ety-related behaviour. Cell Mol Life Sci. 2020;77(21):4347-4364.

	148.	 Huang HJ, Huang HY, Hsieh-Li HM. MGCD0103, a selective his-
tone deacetylase inhibitor, coameliorates oligomeric Aβ(25-35) 
-induced anxiety and cognitive deficits in a mouse model. CNS 
Neurosci Ther. 2019;25(2):175-186.

	149.	 Chawner S, Owen MJ, Holmans P, et al. Genotype-phenotype as-
sociations in children with copy number variants associated with 
high neuropsychiatric risk in the UK (IMAGINE-ID): a case-control 
cohort study. Lancet Psychiatry. 2019;6(6):493-505.

	150.	 Wang R, Hartman CA, Snieder H. Stress-related exposures amplify 
the effects of genetic susceptibility on depression and anxiety. 
Transl Psychiatry. 2023;13(1):27.

	151.	 Bierwirth P, Stockhorst U. Role of noradrenergic arousal for fear 
extinction processes in rodents and humans. Neurobiol Learn Mem. 
2022;194:107660.

	152.	 Furman O, Tsoory M, Chen A. Differential chronic so-
cial stress models in male and female mice. Eur J Neurosci. 
2022;55(9–10):2777-2793.

	153.	 Vila-Merkle H, González-Martínez A, Campos-Jiménez R, et al. Sex 
differences in amygdalohippocampal oscillations and neuronal ac-
tivation in a rodent anxiety model and in response to infralimbic 
deep brain stimulation. Front Behav Neurosci. 2023;17:1122163.

	154.	 Felger JC. Imaging the role of inflammation in mood and anxi-
ety-related disorders. Curr Neuropharmacol. 2018;16(5):533-558.

	155.	 Gong M, Shi R, Liu Y, et  al. Abnormal microglial polarization in-
duced by Arid1a deletion leads to neuronal differentiation deficits. 
Cell Prolif. 2022;55(11):e13314.

How to cite this article: Zhao H, Zhou M, Liu Y, Jiang J, Wang 
Y. Recent advances in anxiety disorders: Focus on animal 
models and pathological mechanisms. Anim Models Exp Med. 
2023;6:559-572. doi:10.1002/ame2.12360

https://doi.org/10.1002/ame2.12360

	Recent advances in anxiety disorders: Focus on animal models and pathological mechanisms
	Abstract
	1|INTRODUCTION
	2|CURRENT ANIMAL MODELS OF ANXIETY
	2.1|Unconditioned models
	2.1.1|Predator stress model
	2.1.2|Social isolation model
	2.1.3|Neonatal maternal separation model

	2.2|Conditioned models
	2.2.1|Restraint stress
	2.2.2|Fear-conditioning anxiety model
	2.2.3|Repeated social defeat

	2.3|Drug models
	2.4|Genetic models

	3|BEHAVIORAL TESTS
	3.1|EPM test
	3.2|Open field test
	3.3|Light–dark exploration test
	3.4|Elevated zero maze test
	3.5|Novelty-suppressed feeding test

	4|THE PATHOGENESIS OF ANXIETY
	4.1|Neurotransmitter dysfunction
	4.1.1|γ-aminobutyric acid
	4.1.2|Glutamate
	4.1.3|5-Hydroxytryptamine
	4.1.4|Dopamine
	4.1.5|Noradrenaline
	4.1.6|Acetylcholine
	4.1.7|Neuropeptide Y

	4.2|Neuroendocrine dysfunction
	4.2.1|Renin-angiotensin system
	4.2.2|HPA axis
	4.2.3|HPT axis
	4.2.4|Hypothalamic–pituitary–gonadal axis

	4.3|Immune dysfunction
	4.4|Brain-derived neurotrophic factor
	4.5|Neuronal plasticity
	4.6|Ion channels
	4.7|Endocannabinoid system
	4.8|Neural circuits
	4.9|Gut microbiota
	4.10|Mitophagy
	4.11|Genetic factors

	5|SUMMARY AND PROSPECTS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICF OF INTEREST STATEMENT
	EHICS STATEMENT
	REFERENCES


