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Abstract

Anxiety disorders are the most frequently diagnosed 

psychological disease with a high comorbidity. Anxiety disorders 

have characters of excessive fear and interference on daily life. 

Anxiety caused by dysfunction of amygdala, the ventromedial 

prefrontal cortex (vmPFC), the anterior cingulate cortex (ACC), 

hippocampus and hypothalamic-pituitary-adrenal (HPA) axis. A 

typical treatment of anxiety disorders is drugs but there exist the 

side effects such as weight gain, nausea, sleepiness.

Exercise is the effective treatment in anxiety disorders. 

Clinical literatures verified that exercise-treated group had lower 

anxiety symptom compared to control groups. Exercise induces 

releasing extracellular vesicles (EVs) into circulation system that 

can be signaling molecules between organs. EVs have micro RNAs 

(miRNA) that regulate genes through inhibiting translation or 

degrading messenger RNA. Also, previous studies found that EVs 

can cross the blood-brain barrier and it may be the role of 

neurotransmitters. However, the underlying mechanism of 

exercise-induced EVs on anxiety is not fully elucidated.

To investigate the direct role of exercise-derived EVs on 

anti-anxiety, we isolated the EVs from serum of sedentary or 



voluntary exercised mice. We further characterized the changes of 

miRNA profile packaged in serum EVs after 4 weeks of voluntary 

exercise. miRNA sequencing results showed that 82 miRNAs (46 

genes up and 36 genes down) changed by exercise. Using 

bioinformatics tools, we found that miRNAs were related with 

micro-ribonucleoprotein complex, microRNAs in cancer, response 

to oxygen level. Among top 10 predicted target genes regulated by 

these 82 miRNAs, we selected 129 genes which were overlapped 

above 2 miRNAs. 27.27% of 129 genes were related with 

neurotrophin signaling pathway, 9.09% were associated with central 

nervous system neuron development, cerebral cortex cell migration 

and nerve development, respectively.

Then we analyzed the behavioral changes with 3 weeks of 

restraint stress induced anxiety mice after administration of total 

20mg of exercise or sedentary derived EVs into the left cerebral 

ventricle. We found that exercise derived EVs reduced the 

symptom of anxiety in a nest building test compared to control 

groups while there were no differences in the rotarod test or open 

field test between groups. Furthermore, we observed that 

exercise-derived EVs enhanced the neuroactive ligand-receptor 

interaction gene expressions. These results suggest that exercise-



derived EVs may be involved in anti-anxiety like effect of exercise 

partially via neurogenesis. We believe our findings can propose the 

possibility of therapeutic strategy through exercise-derived EVs in 

anxiety disorder.
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Ⅰ. Introduction

1. Need for Research

Anxiety disorders are the most common mental illness in the 

world. 284million people in the world are experiencing any anxiety 

disorders (Roser, 2018). Also, anxiety disorders are accompanied with 

depression and other mental illness, which is a marker for social burden

(Wittchen, 2002). 

Previous studies demonstrated that decreased Quality of Life 

(QoL) and increased mortality in anxiety disorders(Pande, Tantia, 

Javadekar, & Saldanha, 2013; Sarma & Byrne, 2014; Walker, McGee, & 

Druss, 2015).

A typical treatments of anxiety disorders, selective serotonin 

reuptake inhibitor (SSRI), serotonin and norepinephrine reuptake 

inhibitors (SNRI) are used. However, these treatments have a side 

effect such as weight gain (Lord et al., 2017), anticholinergic effects 

(Bet, Hugtenburg, Penninx, & Hoogendijk, 2013) and nausea, sleepiness

(Lord et al., 2017). Therefore, interest of other therapies has been 

increased (Lord et al., 2017; Mirko et al., 2014; Stonerock, Hoffman, 

Smith, & Blumenthal, 2015).
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Exercise can be an effective treatment for anxiety disorders. 

According to previous study, aerobic exercise training and resistance 

training group had lower anxiety symptom scores compared control 

group(Herring et al., 2012). Also, meta-analysis showed that physical 

activity has an positive effect on post-traumatic stress disorder 

(PTSD), which is sub-factor of anxiety disorders (Rosenbaum et al., 

2015).

Exercise triggers the release of exerkine into the circulation 

(Adeel Safdar, Saleem, & Tarnopolsky, 2016). Also, exercise changes 

the characteristics of Extracellular Vesicles (EVs) (A. Safdar & 

Tarnopolsky, 2018; Whitham et al., 2018; Yin et al., 2019). EVs are a

bilayer of molecule from cells in which contain proteins, nucleic acids 

and lipids and metabolites(S. Maji, A. Matsuda, I. K. Yan, M. Parasramka, 

& T. Patel, 2017). EVs feature stability and play a role of communication

molecule between organs(Pitt, Kroemer, & Zitvogel, 2016).

Among that, alteration of miRNA profile is getting attention. In 

PubMed, miRNA in EVs related papers were only 6, but 283 papers were 

found on 2019. miRNA is a small non-coding RNA molecule involving 

various biological processes that can regulate protein expressions 

through degradation or inhibition of mRNA. It was elucidated that 
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exercise-induced miRNA in EVs is important in cardiovascular disease, 

immune system(Bei et al., 2017; S. Maji, A. Matsuda, I. K. Yan, M. A. 

Parasramka, & T. C. Patel, 2017). Also, altered EVs miRNA profile in 

response to 2-weeks of treadmill exercise which influence neural 

maturation(Moon et al., 2020).

However, there is no study about effects of miRNAs in EVs on 

anxiety. Therefore, in this research tried to demonstrated whether 

exercise-induced EVs may affect the anxiety and its underlying 

mechanism.
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2. Purpose of Research

Although the anxiety disorders improved by exercise, there is no 

research about the role of voluntary running wheel exercise-induced 

extracellular vesicles (EVs) on anxiety. Therefore, firstly the difference 

between sedentary and exercise EVs will be defined. Secondly, via in 

vitro studies, whether exercise-induced EVs have effects on cell 

viability will be validated. Lastly, a role of exercise-induced 

extracellular on anxiety will be confirmed.

3. Hypothesis of Research

In order to clarify the purpose of this study, the following research 

hypotheses were set up.

First, the characteristic of extracellular vesicles from sedentary and 

exercised mouse will be different.

Second, exercise-induced extracellular vesicles will increase 

neuronal cell viability.
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Third, exercise-induced extracellular vesicles will have a positive 

effect on anxiety.

Ⅱ. Study Background

1. Anxiety and Treatment

Anxiety disorders are the most common mental illness in United 

States. 31% of adults in US experienced any anxiety disorders at some 

time in their lives(Kessler et al., 2007). Also, anxiety disorders are 

accompanied with depression and other mental illness, which is a marker 

for social burden(Wittchen, 2002). 

Anxiety related key regions are the amygdala, the ventromedial 

prefrontal cortex (vmPFC), the anterior cingulate cortex (ACC) and the 

hippocampus. The variation of degree and coordination of those regions 

make difference in response to anxiety and fear(Milad & Quirk, 2012).

Also, a dysfunction in the hypothalamic-pituitary-adrenal (HPA) axis 

can cause anxiety. The preclinical literature showed that the HPA axis is 

overactivated in stress phenomenon (Craske et al., 2017).

Previous studies showed that reduced Quality of Life (QoL) and 

increased mortality in anxiety disorders(Pande et al., 2013; Sarma & 
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Byrne, 2014; Walker et al., 2015).

For typical treatment of anxiety disorders, selective serotonin 

reuptake inhibitor (SSRI), serotonin and norepinephrine reuptake 

inhibitors (SNRI) are used. However, these treatments have a side 

effect such as weight gain (Lord et al., 2017), anticholinergic effects 

(Bet et al., 2013).
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2. Anxiety and Exercise

The medication of anxiety has side effects such as weight gain, 

nausea, sleepiness (Lord et al., 2017). Therefore, interest of other 

therapy has been increased (Lord et al., 2017; Mirko et al., 2014; 

Stonerock et al., 2015).

The study showed that platelet 5-hydorxytryptamine (5-HT, 

serotonin)-reuptake-site binding was decreased and downregulated 

brain-derived neurotrophic factor (BDNF) in hippocampus in anxiety 

disorders patient(Iny et al., 1994; Janke, Cominski, Kuzhikandathil, 

Servatius, & Pang, 2015). However, exercise showed remarkable 

upregulation of 5-HT and BDNF. It can mediate the positive effects on 

anxiety disorders.

According to previous study, aerobic exercise training and 

resistance training group had lower anxiety symptom scores compared 

control group(Herring et al., 2012). Also, meta-analysis showed that 

physical activity has an positive effect on post-traumatic stress disorder 

(PTSD), which is sub-factor of anxiety disorders (Rosenbaum et al., 
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2015).

3. Exercise and Extracellular Vesicels (EVs)

Extracellular Vesicles are bilayer of molecule from cells which 

contain proteins, nucleic acids and lipids and metabolites(S. Maji et al., 

2017). EVs features stability and a role of signal molecule between 

organs(Pitt et al., 2016).

Physical activity plays key role in human health status. It 

changes body composition through protein synthesis and degradation, 

gene regulations, epigenetic regulation such as methylation and 

acetylation(Widmann, Nieß, & Munz, 2019; Yoon, Zhang, Kim, Lee, & 

Moon, 2019). Exercise triggers the release of exerkine into the 

circulation(Adeel Safdar et al., 2016). Also, exercise changes the 

characteristics of EVs. Oliveira et al. (2018) demonstrated that acute 

aerobic exercise did not change EV size but upregulated EVs 

concentration. Previous studies showed that significant changes in EVs 

carrying protein from one-hour bout of cycling exercise in healthy 

humans(Whitham et al., 2018) and exercise-derived EVs have 

neurogenesis related proteins such as Brain-derived neurotrophic 
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factor(BDNF), Apelin(APLN), Cathepsin B(CTSB)(A. Safdar & 

Tarnopolsky, 2018). In addition, miRNAs change in EVs through time 

course of acute uphill or downhill exercise in rat (Yin et al., 2019).

Among that, alteration of miRNA profile is getting attention. In 

PubMed, miRNA in EVs related papers were only 6, but 283 papers were 

found on 2019. miRNA is a small non-coding RNA molecule involving 

various biological processes that can regulate protein expressions 

through degradation or inhibition of mRNA. It was elucidated that 

exercise-induced miRNA in EVs is important in cardiovascular disease, 

immune system(Bei et al., 2017; Sayantan Maji et al., 2017). Also, 

altered EVs miRNA profile in response to 2-weeks of treadmill exercise 

which influence Neural maturation(Moon et al., 2020). However, there is 

no study about effects of miRNAs in EVs on anxiety.
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4. Restraint stress for Anxiety model

For mechanism study of anxiety, restraint stress is used for 

modeling of anxiety. Chronic stress increase dysfunction of 

hypothalamic-pituitary-adrenal (HPA) axis which is increasing 

corticosterone levels. Upregulated glucocorticoid levels cause neuronal 

cell death, suppression of neurogenesis and hypertrophy of neurons in 

the basolateral amygdala(Gray, Kogan, Marrocco, & McEwen, 2017). 

Several studies demonstrated that the chronic restraint stress induced 

anxiety- and depressive-like behaviors and restored through 

SSRI(Ampuero et al., 2015; Chiba et al., 2012).
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Ⅲ. Materials and Methods

1. Animal care

Experiments were approved by the Institutional Animal Care and 

Use Committee(IACUC) of Seoul National University, IACUC-

190730-6-1. All mice groups were housed in controlled environment 

in 22 to 25°C and 12:12 housr light and dark cycle. Mice were fed with 

water and food in ad libitum.
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2. Research Design

This study aims to clarify the effect of volunatary running wheel 

exercise-indcued extracellular vesicles on anxiety. The mice were 

divided according to EVs donor and recipient. EVs donor group was 

devided into sedantary(S, n=8) and exercise(E, n=8). EVs recipient 

group with restraint stress was devided into sedantary(RS, n=5), 

exercise(RE, n=5). Comparison with anxiety, non-restraint and vheicles 

injected group(NV, n=3) was set. All group’s age were 6-week-old 

C57BL/6J male mice. 

In in vitro study, Neuro 2A cells were used for confirming EVs 

effect on cell viability.
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[Table 1] Study Design

Extracellular Vesicles from Sedentary or Exercised mice

C57BL6/J male mice

⇩     ⇩ ⇩
NV RS RE

n = 3 n = 5 n = 5

⇩
Behavior test

Open field test, Tail Suspension Test, Forced Swim Test

⇩
Sacrifice

Brain tissue collection

(Hippocampus, Cerebellum, Cortex)

⇩
Sample analysis

Physiological change 

(mRNA expression, protein expression)

⇩
Statistical analysis
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3. Exercise training

C57BL/6J male mice were single housed with or without access 

to a running wheel for 4 weeks. 

4. Extracellular Vesicles collecting

The extracellular vesicels collected from donor mice. After 4 

weeks of exercise, mice were anthesized by isoflurane and whole blood 

collected from heart. Whole blood gathered in BD SST Gold (BD 

Microtainer #365957) and centrifugated 4,000rpm, 10min at 4°C. Serum 

were transfered new tube. ExoLutE Plasma & Serum(Rosetta Exosome, 

#EX-03) kit was used for remove lipoprotein. 0.5ml serum was 

centrifuged at 2,000xg for 10min at 4℃ and then transferred the 

supernatant to a new microcentrifuge tube. And applied serum to pre-

treated liporemoval column. After application, 1 minute of 500xg 

centrifugation at 4℃ was conducted twice. After that, miRCURY 

Exosome Cell/Urine/CSF kit (Qiagen, #76743) was used for collecting 

extracellular vesicles by precipitation. Pre-treated serum was applied 

with precipitation buffer B in miRCURY kit and incubated overnight. And 

centriguation at 10,000xg for 30 min at 20℃. Lastly, supernatant was 

removed and discarded.
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5. Intracerebroventricular injection

Mice were anesthetized with isoflurane and placed on a 

stereotactic frame. The spot of the lateral ventricle was calculated on 

the basis of bregma and lambda. Then 20mg of EVs was injected into the 

left ventricles.

6. Tissue collecting

The mice tissues were collected 24 hours after the ICV injection. 

Mice were anesthetized with isoflurane and whole blood was pulled out 

from heart. After the perfusion by PBS, its whole brain were collected. 

All samples were directly put it into 4% paraformaldehyde or aqueous 

nitrogen and restored at -80℃.
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7. Biochemical test

i. Reverse Transcription-quantitative Polymerase Chain Reaction

(RT-qPCR)

Total RNA was isolated and purified by standard methodologies 

employing Trizol reagent (Invitrogen, #15596026) according to the 

manufacturers protocol. cDNA replicated by using CycleScript RT 

premix (Bioneer, #K-2044-CFG). Each primer’s forward and 

reverse sequence were described in Table 1.

Expression was checked by SensiFAST SYBR Lo-ROX Kit (Bioline,

#BIO-94020) with a detection system (BioRad, #CFX96). 

[Table 2] RT-qPCR primer list

Gene name Sequence (5’ → 3’) 

Ndufa F: CCGGGGTGTCCACTGCGTACA 

R: CGCGTTCCATCAGATACCACTGGT

Sdhb F: AACATCAACGGAGGCAATAC 

R: CTGGGACTCATCCTTCTTCT

Cox5b F: GATGAGGAGCAGGCTATGG 

R: GTCTTCCTTGGTGCCTGAAG

Pgc1α F: AGCCGTGACCACTGACAACGAG 

R: GCTGCATGGTTCTGAGTGCTAAG

Tbp F: ACCCTTCACCAATGACTCCTATG 

R: ATGATGACTGCAGCAAATCGC
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ii. Western Blot

The total proteins were extracted using RIPA buffer 

(ThermoFisherScientific, #89900), containing phosphatase inhibitor 

(Sigma-Aldrich, #4906845001) and protease inhibitor (Roche, 

#43693159001) separated by 10~16% tris-glycine SDS-PAGE, 

transferred to PVDF membranes using Iblot 2 NC mini stacks 

(invitrogen, #IB23002) and incubated 5% skim milk for blocking, 

follwing primary antibodies were used: anti-pAMPK(CST, #2531S), 

anti-AMPK(CST, #5831S), anti-pACC(CST, #3661S), anti-

ACC(CST, #3662S), anti-GAPDH(CST, #2118S), the antibodies 

were diluted 1:1,000 in 1st and 1:5,000 in 2nd with TBST(Biosesang, 

#HT2007) containing 5% skim milk each. The PVDF membrane were 

then incubated with a peroxidasse-conjugated secondary anti-rabbit 

and specific antibody signals were detected by Immobilion western 

chemiluminescent HRP susbstrate (Millipore, #WBKLS0500).
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8. Behavior test

All behavior test was blindly scored by 3 estimators.

i. Nest building test

Nest-building behavior began at 7:00 pm. Pressed cotton 

squares were provided in all cages for nesting materials and they 

were appoximately 3grams. After dark period, every cage was 

pictured and cotton was withdrawan. Nest-building was scored by 

Deacon method(R. Deacon, 2012; R. M. Deacon, 2006).
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ii. Open field test

The open-field test squre consisted in a 40 cm × 40 cm black 

polyvinyl chloride plastic board surrounded by a 40 cm high wall. 

Within 10cm from the wall was considered as peripheral and the 

rest of the square was considered as central area (Christakis, 

Ramirez, & Ramirez, 2012). Center duration and entries was 

observed as a standard of decreased anxiety-like behavior. At 

the beginning of the test period, mice were placed in the central 

area. Mice moved freely around the square for 5 min. The test 

sessions were recorded by a video camera placed 145cm above 

the bottom. Analyzing was operated by using ANY-maze™ Video 

Tracking System (Stoelting Co. Wood Dale, IL, USA). The 

software detects the body shape of animals based on the contrast 

between the animal's body and the background. Between a test 

session, the square was cleaned with paper towel dampened with 

70% alcohol. Open field test was conducted at 3:00 PM.
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iii. Tail suspension test

Tail suspension test was conducted according to the method of 

Can et al. (2012). Each mouse was suspended with climbstopper 

for 6 min by adhesive taped tail. Climbstopper was used for 

disturbing C57BL/6J tail climbing habit. Total duration of 

immobility was measured in seconds. Mobility was defined as 

shaking of the body, movement of the limbs akin to running. 

Immobility was defined as downregulated moving limbs and body, 

making only movements allowing to breathe.

iv. Forced swim test

Forced swim test was executed Slattery and Cryan (2012)

method. Pretest was conducted the day before test. In the test, 

each mouse was placed individually for 5 minutes into 2L beaker 

with 20cm water at 23-25℃. Forced swim test was analysed by 

three standard, Immobility, swimming and climbing. Each mouse 

was blindly scored every 5 seconds for behavior during 5 minutes. 
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9. Statistical analysis

Statistical analysis was performed by using Graph Pad Prism 7 

(Graph Pad Software Inc., La Jolla, CA, USA) and data presented as 

mean SEM. Values of P<0.05 was considered statistically significant. 

Student’s t-test was used for the comparison of the data between two 

groups.
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IV. Results

1. Effects of 4 weeks of voluntary wheel on skeletal 

muscle exercise-related proteins and mRNA levels

To validate for effects of 4 weeks of voluntary wheel exercise,

mice housed with or without voluntary wheel for 4 weeks (Fig 1A).

After that, exercise-related protein and mRNA levels such as AMPK, 

ACC phosphorylation, oxidative phosphorylation (Nudfa, Sdhb, Cox5b)

and Pgc1α were identified. p-AMPK/AMPK, p-ACC/ACC ratios were 

significantly different between groups (Fig 1B-D, p-AMPK/AMPK 

p<0.05, p-ACC/ACC p=0.0507). Nudfa relative expression level was not

significant between sedentary and exercise group. Sdhb expression level 

was upregulated in exercise group(p<0.05). Cox5b, Pgc1α have 

tendency (p=0.06, p=0.07, respectively) to increase in exercise group

(Fig 1E-H).
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Figure 1. Effects of 4 weeks of voluntary wheel on skeletal muscle 

proteins and mRNA levels. (A) Experimental schedule, (B-D) p-

AMPK/AMPK and p-ACC/ACC protein level, (E-H) OXPHOS genes and 

Pgc1α mRNA expression level in gastrocnemius. * p<0.05 vs. S. #

0.05<p<0.1 vs. S. Statistical analysis was performed using one-tailed 



24

Student’s t-test.

2. Characterization of 4 weeks of voluntary wheel 

exercise-induced Extracellular Vesicles (EVs): Size 

analysis and number

To validate characteristics of each group EVs, we observed

nanoparticle tracking assay (NTA). Fig 2A showed the sample frame of 

NTA. No significant changes were found in EVs diameter and size 

classification (Fig 2B, C, E, p>0.05). As shown in Fig 2D, CD9, EVs

positive marker, was distinguished in 5ug both sedentary and exercise 

group.
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Figure 2. Characterization of 4 weeks of voluntary wheel exercise-

induced EVs. (A) Representative video frame of EVs, (B) Average 

diameter, (C) Size distribution data, (D) Western blot analysis of CD9, 

an EVs marker, (E) Particle numbers of EVs. N.S. means not significant. 
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Statistical analysis was performed using two-tailed Student’s t-test.

3. microRNA profiles alteration in 4 weeks of voluntary 

wheel exercise-induced Extracellular Vesicles (EVs)

EVs from 4 weeks of voluntary wheel exercise mice serum have 

upregulated 46 and downregulated 36 miRNAs (Table 3-1, 2). For 

functional annotation, miRNAs were analyzed by DAVID 6.7, except 

miRNAs which did not have ENTERZ GENE ID. These miRNAs showed 

relationship with micro-ribonucleoprotein complex, micro RNAs in 

cancer, response to oxygen levels, cellular response to amino acid 

stimulus, gene silencing by miRNA, etc (Table 4).

Top 10 were collected from 82 miRNAs predicted target genes in 

miRNA data base, Target Scan and miRDB. Each database presented 129 

and 119 genes that are regulated by more than 2 miRNAs (Table 5). 13 

genes were observed in both Target Scan and miRDB. These genes 

were conducted functional analysis in Cytoscape. 27.27% of genes were 

related with neurotrophin signaling pathway, 9.09% were associated with 

central nervous system neuron development and cerebral cortex cell 

migration, nerve development (Fig 4).
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Figure 3. miRNA profiles alteration in 4 weeks of voluntary wheel 

exercise-induced EVs. (A) Graphic of miRNA gene regulation,

https://bioinformaticsandme.tistory.com/214,

(B) Schematic of bioinformatics analysis.



28

[Table 3-1] The list of upregulated miRNAs in 4 weeks of voluntary 

wheel exercise.
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[Table 3-2] The list of downregulated miRNAs in 4 weeks of voluntary 

wheel exercise.
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[Table 4] The list of changed miRNA functional annotation.
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[Table 5] The list of altered miRNAs predicted target genes.

Term Count % PValue

micro-ribonucleoprotein complex 27 38.02817 1.80E-57

MicroRNAs in cancer 39 54.92958 9.27E-57

response to oxygen levels 17 23.94366 5.06E-30

cellular response to amino acid stimulus 21 29.57746 1.49E-29

gene silencing by miRNA 14 19.71831 4.09E-22

cellular response to inorganic substance 13 18.30986 1.17E-20

cellular response to lipopolysaccharide 14 19.71831 2.53E-14

cellular response to estrogen stimulus 8 11.26761 1.19E-11

embryo implantation 6 8.450704 8.62E-07

BMP signaling pathway 6 8.450704 5.49E-06
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Figure 4. Result graphic and graph of altered miRNAs predicted target 

genes functional clustering. (A) Graphic of predicted target genes 

functional clustering. (B) Percentage graph of predicted target genes 

functional clustering



34

4. Effect of 4 weeks of voluntary wheel exercise-induced 

Extracellular Vesicles (EVs) on Neuro2A cell viability

10% FBS increased 1.2-fold Neuro2A cells viability relative to 

MEM only control. Exercise-induced EVs increased viability of Neuro2A 

cells compared with same dosage of sedentary (Fig. 5).

Figure 5. Effects of 4 weeks of voluntary running wheel exercise-

induced EVs on Neuro2A. (A)24 hours of treatment with MEM only, 10% 

FBS, 0.1, 1, 10ng EVs from sedentary or exercise group. * means

p<0.05 significance compared with MEM control, # means p<0.05 

compared with Sed 10.

A
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5. Effects of 4weeks of voluntary wheel exercise-induced 

Extracellular Vesicles (EVs) on Anxiety behavior test.

EVs provider groups housed 4 weeks with or without voluntary 

wheel after one week of acclimatization. After 4 weeks of exercise, EVs 

receiver groups were administered EVs through intracerebroventricular 

injection. The experimental design was described in Fig 6A.

Three weeks of restraint stress induced the tendency of 

depression which demonstrated as reduced mobility time of tail 

suspension test (Fig 6B, p=0.15). Restraint stress treated mice group

scored lower than non-stressed group in nest building test which shows 

anxiety-like behavior test compared to non-restraint group (Fig 6C, 

p=0.0519).

After injection of EVs, exercise-induced EVs received group 

scored higher than sedentary group in nest building test (Fig 6D, 

p<0.001). Furthermore, the center entries number in open field test was 

elevated in exercise-induced EVs injected group relative to sedentary 

group (Fig 6E, p<0.05). However, there were no difference in basic 

behavior (data are not shown).
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Figure 6. Effects of 4 weeks of voluntary running wheel exercise-

induced EVs on Anxiety behavior test. (A) Experimental design, red 

arrow means EVs treatment through ICV injection, (B) Mobility time of 

non-restraint and restraint group in tail suspension test, (C) Scores of 

each groups nest building test before ICV injection, (D) Scores of each 

groups nest building test after ICV injection, (E) Result of center entries 

number in open field test after ICV injection. N; Non-restraint, R; 

Restraint stressed group, NV; Non-restraint Vehicle injected group, RS; 

Restraint stressed sedentary EV injected group, RE; Restraint stressed 

exercise EV injected group. * means p<0.05, ** means p<0.001 compare 

with NV group, ## means p<0.001 compared with RS group. Statistical 

analysis was performed using one-tailed student’s t-test.
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6. Effects of 4 weeks of voluntary wheel exercise-

induced Extracellular Vesicles (EVs) on hippocampus

mRNA levels

Restraint stress transformed the result of microarray hierarchical 

clustering heat map image (Fig 7A). However, there was few changes 

between EVs injected groups (Fig 7A).

Restraint stress significantly changed gene expressions related 

with long-term depression such as Plcb4, Gucy1a3, Prkg2, Ppp1r17, 

Grid2, Crhr1 in Kyoto Encyclopedia of Genes and Genonmes(KEGG)

map (Table 5).

Exercise-induced EVs injected group upregulated gene 

expressions associated with neuroactive ligand-receptor interaction 

including Tacr3, Gabrr1, Cysltr1, Oprm1, Trhr in KEGG map (Table 6).
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Figure 7. Effects of 4 weeks of voluntary wheel exercise-induced EVs 

on hippocampus. (A) Microarray hierarchical clustering heat map image. 

NV; Non-restraint Vehicle injected group, RS; Restraint stressed 

sedentary EV injected group, RE; Restraint stressed exercise EV 

injected group.
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[Table 6] The list of chaged gene by restraint stress, Fold change 

means Restraint/Non-restraint

[Table 7] The list of changed gene by exercise-induced EVs, Fold 

change means Restraint Exercise/Restraint Sedentary.
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V. Discussion

Anxiety disorder is diagnosed when excessive worry about a 

number of events or activities that occur for at least 6 months(American 

Psychiatric Association, 2013). According to large-scale surveys, 33.7% 

of the population influenced by an anxiety disorder throughout 

lifetime(Alonso & Lépine, 2007). Anxiety disorders are highly comorbid 

with other mental illness, which can make immense social burden. 

The usual treatment of anxiety disorder is drugs which have side 

effects such as nausea, weight gain, sleepiness (Lord et al., 2017). 

Therefore, interests of other therapies have been increased (Mirko et al., 

2014; Stonerock et al., 2015). Exercise is the most powerful treatment. 

Exercise showed positive effects on post-traumatic stress disorder 

(PTSD), sub-element of anxiety disorders, and generalized anxiety 

disorder (GAD) patients(Herring et al., 2012; Rosenbaum et al., 2015). 

Recent studies proposed that EVs are one of attractive candidate 

modulator mediating beneficial effects of exercise (A. Safdar & 

Tarnopolsky, 2018; Whitham et al., 2018).  EVs are bilayer of 

molecules secreted from cells which contain proteins, nucleic acids and 

lipids and metabolites (Sayantan Maji et al., 2017). EVs are stable and 
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can be used as inter-organ signaling molecules (Pitt et al., 2016). 

Especially, micro RNA (miRNA) can be a key factor which modulate 

gene expression. 

In previous studies, exercise-induced EVs have positive effects 

on neuronal system (Moon et al., 2020; A. Safdar & Tarnopolsky, 2018). 

However, the mechanism of exercise benefits on anxiety is not fully 

elucidated. Herein, we obtained the EVs from 4 weeks of voluntary 

wheel exercise mice and EVs treated to anxiety mice through 

intracerebroventricular (ICV) injection. This research presents the first 

point of view that exercise-induced EVs has advantages on anxiety.

Most of previous studies 4 weeks of voluntary wheel exercise 

significantly increased exercise related signals(Kurauti et al., 2016; Liao 

et al., 2017; Tanner et al., 2013). The results in this study also showed 

that upregulated protein levels such as p-AMPK, p-ACC at 

gastrocnemius muscle. Futhermore, PGC1α and oxidative 

phosphorylation (OXPHOS) mRNA levels have a upregulated tendancy in 

gastrocnemius muscle. These results demonstrated that 4 weeks of 

voluntary wheel exercise was sufficient for exercise group.

EVs from serum were confirmed biochemically, both exercise 

and sedentary group’s 5ug of EVs showed a positive marker, CD9. Also, 
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EVs were characterized by nanoparticle tracking analysis. In accordance 

with previous result (Oliveira et al., 2018), we found that there were not 

significant differeces in exercise-induced EVs diameter, size and 

number compared to sedentary group. Recent studies demonstrated that 

the dynamic release of EVs during cycling exercise and diminished in 

rest state (Brahmer et al., 2019; Frühbeis, Helmig, Tug, Simon, & 

Krämer-Albers, 2015; Whitham et al., 2018). In contrast, Lovett, 

Durcan, and Myburgh (2018) showed plyometric jumping and downhill 

running exercise did not change the vesicle number and size. Therefore, 

differences in EVs diameter, number and size is exist depending on the 

species, type of exercise, intensity and measurement timing. 

Prior researches validated specific miRNAs related with chronic 

fautigue syndrome, depression, Alzheimer’s diesase and Huntingtun’s 

diesase (Baraniuk & Shivapurkar, 2017; Hoss et al., 2015; Wei et al., 

2016; Wu et al., 2017). miRNA is a small non-coding RNA molecule 

involving various biological processes that can regulate protein 

expressions through degradation or inhibition of mRNA. However, a 

paucity of researches are present in the published literature about 

exercise-induced EVs miRNA profile changes (D'Souza et al., 2018; 

Hou et al., 2019; Lovett et al., 2018; Nair et al., 2020; Zheng et al., 
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2018). Therefore, miRNA changes in exercise-derived EVs were 

focused on this study. miRNAs from mice serum derived EVs are 

compared between sedentary and exercise group. 46 miRNAs were 

upregulated and 36miRNAs were downregulated in exercise group. 

Among that, miR-10b-5p upregulated in 4 weeks of treadmill exercised 

rat hippocampus(Fernandes et al., 2018) and miR-let-7i downregulated 

in athletes plasma after exercise(Nielsen et al., 2014). These results 

was consistent with our findings. Then miRNA predicted target genes 

were collected from top 10 using bioinformatics data base, Target Scan 

and miRDB. These genes manipulated by another bioinformatics tool, 

Cytoscape, for function analysis. The genes were related with 

neurotrophin signaling pathway, central nervous system neuron 

development and cerebral cortex cell migration, nerve development. This 

bioinforomatics results and previous studies indicated that exercise-

induced EVs play a role in communication of nervous system(Galieva, 

James, Mukhamedshina, & Rizvanov, 2019; Liu et al., 2019). 

Anxiety disorders rated one of the most general phsyciatry 

disorders(Kessler et al., 2007). Anxiety disorder is related with high 

levels of coricosterone, which involves decreased cell viability(Xiao, 

Shang, Zhai, Zhang, & Zhang, 2018). Pons-Espinal et al. (2019) showed 
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exercise increases proliferation of neural precursor cells of the mous 

dendate gyrus. In addition, previous study reported that exercise-

derived exosomal miR-342-5p decreased apoptosis, LDH release, 

which is marker of tissue damage, and increased cell viability in 

cardiomyocytes(Hou et al., 2019). Moreover, exercise-induced 

extracellular derivatives enhaced neural maturation(Moon et al., 

2020).Thus, Neuro2A cells were treated 4 weeks of voluntary wheel 

exercise-induced EVs. Cell viability was increased both groups. 

However, 10ug concentration of exercise-induced EVs have an more 

increased effect on Neuro2A cells compared with sedentary group. 

These result indicates that exercise-derived EVs can be actively 

involved in anxiety disorders.

According to result of in vitro study, anxiety model was made by 

3 weeks of restraint stress and then treated EVs directly through ICV 

injection. Restraint is the well-known method that induces depressive-

and anxiety-like behavior (Ampuero et al., 2015; Chiba et al., 2012). 

Restraint stress induced a tendency of depressive-like behavior in tail 

suspension test. Likewise, previous study demonstrated that differential 

effects between the restraint methods(Shoji & Miyakawa, 2020). Also, 

Sadler and Bailey (2016) showed 2 hours per day, 7 days of repeated
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restraint stress caused adaptive behavioural changes in anxiety and 

depressive-like phenotype. In nest building test, restrinat group 

demonstrated significant lower score which means restraint stress 

evoked anxiety-like behavior.

After ICV injection, exercise-induced EVs treated groups nest 

building score recovered as non-stressed group and center zone entries 

number significantly rised compared with sedentary. It means that 

anxiety symptom was alleviated by EVs treat. However, there was not 

significant changes in depressive-like behavior. We operated 

experiment in specific concentration and ICV injection once. It could be 

the limitation of this study that the treatment dose and one time of EVs 

injection. In addition, three days of rehabilitation may have been diluted 

the effect of the EVs. Therefore, repeated EVs injections through 

cannula or osteomic pump is needed in future study.

To validate the overall changes of gene expressions on 

hipocampus, microarray was conducted. In restraint group, long-term 

depression related genes such as Plcb4, Gucy1a3, Prkg2, Ppp1r17, 

Grid2, Crhr1 were downregulated compared to non-stressed group. 

Previous researches reported that these genes are associated with 

anxiety. Shin et al. (2009) confirmed that medial septum Plcb4 KO mice 
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increased anxiety-like behaviors. Amygdala Gucy1a3 gene expression 

has a positive correlattion with social behaviors in rhesus 

monkey(Sabatini et al., 2007).  Prkg2 encodes cGK type II (cGKII), 

which regulates hippocampal synaptic plasticity(Serulle et al., 2007). 

Reportedly, anxiety-like behaviors increased in cGKII knockout 

mice(Werner et al., 2004). Crhr1 encodes corticotropin-releasing factor 

1(CRF1).  CRF1 antagonist had an anxiolytic effect in 

mice(Marcinkiewcz et al., 2016). In addition, a CRF1 antagonist showed 

dose-related changes in regional cerebral glucose metabolism in regions 

that relevant to mood and anxiety(Schmidt et al., 2009). Ppp1r17 and 

Grid2 had no studies about anxiety behavior.

Furthermore, exercise-induced EVs treated group was 

upregulated in neuroactive ligand-receptor interaction genes such as 

Tacr3, Gabrr1, Cysltr1, Oprm1, Trhr. A overexpression of Tacr3 in the 

unilater later habenula significantlly reduced anxiety-like behavior (Cui 

et al., 2020). In contrast, NIH-HS rat amygdala Tacr3 gene expression 

level was higher in high-anxious group than low-anxious group(Díaz-

Morán et al., 2013). Gabrr1 encodes the iontropic GABAA receptor that 

inhibits neuronal activity. Early-life stress such as maternal separation 

can evoke anxiety-like behavior later in life (Wang, Levine, Avila-
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Quintero, Bloch, & Kaffman, 2020). Steine et al. (2016) observed that 

Gabrr1 upregulated in long maternal separation groups pineal gland. 

Cysltr1 encodes cysteinyl leukotriene receptor 1. Previous study 

showed that knockdown of hippocampal cysteinyl leukotriene receptor 1 

prevents depressive-like behavior in mice (Yu et al., 2016). Oprm1 

gene have been studied a lot about single nucleotide polymorphism 

(SNP)(Boparai et al., 2018; Mague & Blendy, 2010; Mura et al., 2013).

This gene is encodes the μ opioid receptor. G allele is minor form that 

higher resting cortisol and blunting cortisol response to stress (Mague & 

Blendy, 2010). The minor allele was associated with separation anxiety 

disorder (Boparai et al., 2018). Also, SNP affects to mRNA expression 

level. G allele has two-fold lower mRNA compared to A allele(Mura et 

al., 2013) that means lower OPRM1 protein levels can induce anxiety. 

Trhr encodes receptor for thyrotropin-releasing hormone(TRH). Zeng 

et al. (2007) reported that TRH-R1 knockout mice exhibited increased 

anxiety- and depressive-like behavior.

We found that there were not significant differences in physical 

properties of EVs but physiological characters altered, which can affect 

on nervous system, between exercise and sedentary group. Exercise-

induced EVs contributed to the neuronal cell viability and mitigation of 



49

anxiety-like behavior. These results confirmed that exercise-induced 

EVs can play a role as anxiolytic mediator on anxiety disorder.
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VI. Conclusion

In conclusion, 4 weeks of voluntary wheel exercise changed

miRNA profiles in mice serum derived EVs. Alteration of miRNA 

characters showed the positive relationship in nervous system through 

bioinformatics tools. In in vitro study, 4 weeks of voluntary exercise-

induced EVs upregulated Neuro2A cells viability. Additionally, exercise-

induced EVs decreased anxiety behavior and increased neuroactive 

ligand-receptor interaction genes in 3 weeks of restraint stress treated 

group. Therefore, this study demonstrated that beneficial effects of

exercise-induced EVs on anxiety disorders.
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Abstract (Korean)

불안 장애는 가장 빈번하게 진단되는 정신의학적 질병이다. 불안장애

는 일상생활에 지장이 있을 만큼 과도한 두려움을 가지고 있는 것이 그 특징

이다. 불안 장애는 편도체, 안와전두피질, 전대상회, 해마와 시상하부-뇌하수

체-부신 축의 기능장애로 나타난다고 알려져 있다. 불안 장애의 치료법으로

약물치료가 있지만, 체중증가, 메스꺼움, 졸음과 같은 부작용이 있다.

운동은 불안장애의 효과적인 치료방법이다. 선행 연구에서 운동 치료

군이 대조군에 비해 불안 증상이 더 낮음을 확인할 수 있었다. 운동은 순환계

를 통해 체내 기관 간 신호를 전달할 수 있는 세포 외 소포체의 분비를 유도

한다. 세포 외 소포체는 micro RNA(miRNA)를 운반할 수 있으며, 이는

messenger RNA를 분해하거나 번역을 억제하여 유전자의 발현을 조절할 수

있다. 또한 이전 연구들에 따르면, 세포 외 소포체는 뇌혈관장벽을 통과할 수

있고 신경신호전달물질로 사용될 수 있다. 하지만, 세포 외 소포체가 스트레

스에 미치는 기전에 대해 밝혀진 것이 없다.

운동으로 유도된 세포 외 소포체가 뇌 기능에 어떠한 직접적 영향을

미치는지 알아보기 위해, 운동군과 비운동군의 마우스의 혈청에서 세포 외 소

포체를 분리하였다. 이후 4주간의 자발적 휠 달리기 운동으로 유도된 세포

외 소포체 내의 miRNA 구성의 변화를 알아보았다. miRNA sequencing 결과
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는 46개 증가 및 36개의 감소된 총 82개의 miRNA가 운동군의 세포 외 소

포체 내에서 변화한 것을 보였다. Bioinformatics 도구를 활용하여, 변화한

miRNAs가 micro-ribonucleoprotein complex, cancer, response to 

oxygen level에 관여하는 것을 알 수 있었다. 82개의 miRNAs가 관여하는

상위 10개의 목표 유전자 목록을 만든 후, 2개 이상의 miRNAs의 중첩이 있

는 129개의 유전자를 추렸다. 129개의 유전자 중 27.27%는 neurotrophin 

signaling pathway, 9.09%는 central nervous system neuron development, 

cerebral cortex cell migration과 nerve development와 관련 있었다. 운동

으로 변화된 세포 외 소포체 내의 miRNA 변화는 신경계에 영향을 줄 수 있

다는 결과를 바탕으로 마우스 유래 세포인 Neuro2A에 각 세포 외 소포체를

처리하였다. 운동 유래 세포 외 소포체 10mg/ml 가 처리된 Neuro2A에서

cell viability가 증가한 것을 볼 수 있었다.

이후 3주의 구속 스트레스를 마우스에 처리하여 불안증을 유도한 후

각 그룹별 20mg의 세포 외 소포체를 좌측 뇌실 주사를 통해 처리하였다. 운

동 유도된 세포 외 소포체는 비운동 그룹에 비해 nest building test에서 불

안증이 감소된 것을 볼 수 있었다. 그러나 기본적인 움직임 실험인 rota-rod, 

open field test에서는 그룹간 차이가 없는 것이 확인 되었다. 또한 운동으로

유도된 세포 외 소포체는 비운동군에 비해 불안증 마우스의 해마에서

neuroactive ligand-receptor interaction 유전자 발현을 증가시켰다.

이러한 결과는 운동으로 유도된 세포 외 소포체가 부분적인 신경생성
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을 통해 항불안증과 같은 효과에 관련되어 있다는 것을 보인다. 이러한 결과

를 통해 운동으로 유도된 세포 외 소포체를 통한 불안 장애의 치료 전략의

가능성을 제시할 수 있다.
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Abstract

Anxiety disorders are the most frequently diagnosed 

psychological disease with a high comorbidity. Anxiety disorders 

have characters of excessive fear and interference on daily life. 

Anxiety caused by dysfunction of amygdala, the ventromedial 

prefrontal cortex (vmPFC), the anterior cingulate cortex (ACC), 

hippocampus and hypothalamic-pituitary-adrenal (HPA) axis. A 

typical treatment of anxiety disorders is drugs but there exist the 

side effects such as weight gain, nausea, sleepiness.

Exercise is the effective treatment in anxiety disorders. 

Clinical literatures verified that exercise-treated group had lower 

anxiety symptom compared to control groups. Exercise induces 

releasing extracellular vesicles (EVs) into circulation system that 

can be signaling molecules between organs. EVs have micro RNAs 

(miRNA) that regulate genes through inhibiting translation or 

degrading messenger RNA. Also, previous studies found that EVs 

can cross the blood-brain barrier and it may be the role of 

neurotransmitters. However, the underlying mechanism of 

exercise-induced EVs on anxiety is not fully elucidated.

To investigate the direct role of exercise-derived EVs on 

anti-anxiety, we isolated the EVs from serum of sedentary or 



voluntary exercised mice. We further characterized the changes of 

miRNA profile packaged in serum EVs after 4 weeks of voluntary 

exercise. miRNA sequencing results showed that 82 miRNAs (46 

genes up and 36 genes down) changed by exercise. Using 

bioinformatics tools, we found that miRNAs were related with 

micro-ribonucleoprotein complex, microRNAs in cancer, response 

to oxygen level. Among top 10 predicted target genes regulated by 

these 82 miRNAs, we selected 129 genes which were overlapped 

above 2 miRNAs. 27.27% of 129 genes were related with 

neurotrophin signaling pathway, 9.09% were associated with central 

nervous system neuron development, cerebral cortex cell migration 

and nerve development, respectively.

Then we analyzed the behavioral changes with 3 weeks of 

restraint stress induced anxiety mice after administration of total 

20mg of exercise or sedentary derived EVs into the left cerebral 

ventricle. We found that exercise derived EVs reduced the 

symptom of anxiety in a nest building test compared to control 

groups while there were no differences in the rotarod test or open 

field test between groups. Furthermore, we observed that 

exercise-derived EVs enhanced the neuroactive ligand-receptor 

interaction gene expressions. These results suggest that exercise-



derived EVs may be involved in anti-anxiety like effect of exercise 

partially via neurogenesis. We believe our findings can propose the 

possibility of therapeutic strategy through exercise-derived EVs in 

anxiety disorder.

Keyword: Exercise, Anxiety, Extracellular vesicles

Student Number: 2018-21701
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Ⅰ. Introduction

1. Need for Research

Anxiety disorders are the most common mental illness in the 

world. 284million people in the world are experiencing any anxiety 

disorders (Roser, 2018). Also, anxiety disorders are accompanied with 

depression and other mental illness, which is a marker for social burden

(Wittchen, 2002). 

Previous studies demonstrated that decreased Quality of Life 

(QoL) and increased mortality in anxiety disorders(Pande, Tantia, 

Javadekar, & Saldanha, 2013; Sarma & Byrne, 2014; Walker, McGee, & 

Druss, 2015).

A typical treatments of anxiety disorders, selective serotonin 

reuptake inhibitor (SSRI), serotonin and norepinephrine reuptake 

inhibitors (SNRI) are used. However, these treatments have a side 

effect such as weight gain (Lord et al., 2017), anticholinergic effects 

(Bet, Hugtenburg, Penninx, & Hoogendijk, 2013) and nausea, sleepiness

(Lord et al., 2017). Therefore, interest of other therapies has been 

increased (Lord et al., 2017; Mirko et al., 2014; Stonerock, Hoffman, 

Smith, & Blumenthal, 2015).
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Exercise can be an effective treatment for anxiety disorders. 

According to previous study, aerobic exercise training and resistance 

training group had lower anxiety symptom scores compared control 

group(Herring et al., 2012). Also, meta-analysis showed that physical 

activity has an positive effect on post-traumatic stress disorder 

(PTSD), which is sub-factor of anxiety disorders (Rosenbaum et al., 

2015).

Exercise triggers the release of exerkine into the circulation 

(Adeel Safdar, Saleem, & Tarnopolsky, 2016). Also, exercise changes 

the characteristics of Extracellular Vesicles (EVs) (A. Safdar & 

Tarnopolsky, 2018; Whitham et al., 2018; Yin et al., 2019). EVs are a

bilayer of molecule from cells in which contain proteins, nucleic acids 

and lipids and metabolites(S. Maji, A. Matsuda, I. K. Yan, M. Parasramka, 

& T. Patel, 2017). EVs feature stability and play a role of communication

molecule between organs(Pitt, Kroemer, & Zitvogel, 2016).

Among that, alteration of miRNA profile is getting attention. In 

PubMed, miRNA in EVs related papers were only 6, but 283 papers were 

found on 2019. miRNA is a small non-coding RNA molecule involving 

various biological processes that can regulate protein expressions 

through degradation or inhibition of mRNA. It was elucidated that 
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exercise-induced miRNA in EVs is important in cardiovascular disease, 

immune system(Bei et al., 2017; S. Maji, A. Matsuda, I. K. Yan, M. A. 

Parasramka, & T. C. Patel, 2017). Also, altered EVs miRNA profile in 

response to 2-weeks of treadmill exercise which influence neural 

maturation(Moon et al., 2020).

However, there is no study about effects of miRNAs in EVs on 

anxiety. Therefore, in this research tried to demonstrated whether 

exercise-induced EVs may affect the anxiety and its underlying 

mechanism.
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2. Purpose of Research

Although the anxiety disorders improved by exercise, there is no 

research about the role of voluntary running wheel exercise-induced 

extracellular vesicles (EVs) on anxiety. Therefore, firstly the difference 

between sedentary and exercise EVs will be defined. Secondly, via in 

vitro studies, whether exercise-induced EVs have effects on cell 

viability will be validated. Lastly, a role of exercise-induced 

extracellular on anxiety will be confirmed.

3. Hypothesis of Research

In order to clarify the purpose of this study, the following research 

hypotheses were set up.

First, the characteristic of extracellular vesicles from sedentary and 

exercised mouse will be different.

Second, exercise-induced extracellular vesicles will increase 

neuronal cell viability.
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Third, exercise-induced extracellular vesicles will have a positive 

effect on anxiety.

Ⅱ. Study Background

1. Anxiety and Treatment

Anxiety disorders are the most common mental illness in United 

States. 31% of adults in US experienced any anxiety disorders at some 

time in their lives(Kessler et al., 2007). Also, anxiety disorders are 

accompanied with depression and other mental illness, which is a marker 

for social burden(Wittchen, 2002). 

Anxiety related key regions are the amygdala, the ventromedial 

prefrontal cortex (vmPFC), the anterior cingulate cortex (ACC) and the 

hippocampus. The variation of degree and coordination of those regions 

make difference in response to anxiety and fear(Milad & Quirk, 2012).

Also, a dysfunction in the hypothalamic-pituitary-adrenal (HPA) axis 

can cause anxiety. The preclinical literature showed that the HPA axis is 

overactivated in stress phenomenon (Craske et al., 2017).

Previous studies showed that reduced Quality of Life (QoL) and 

increased mortality in anxiety disorders(Pande et al., 2013; Sarma & 
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Byrne, 2014; Walker et al., 2015).

For typical treatment of anxiety disorders, selective serotonin 

reuptake inhibitor (SSRI), serotonin and norepinephrine reuptake 

inhibitors (SNRI) are used. However, these treatments have a side 

effect such as weight gain (Lord et al., 2017), anticholinergic effects 

(Bet et al., 2013).
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2. Anxiety and Exercise

The medication of anxiety has side effects such as weight gain, 

nausea, sleepiness (Lord et al., 2017). Therefore, interest of other 

therapy has been increased (Lord et al., 2017; Mirko et al., 2014; 

Stonerock et al., 2015).

The study showed that platelet 5-hydorxytryptamine (5-HT, 

serotonin)-reuptake-site binding was decreased and downregulated 

brain-derived neurotrophic factor (BDNF) in hippocampus in anxiety 

disorders patient(Iny et al., 1994; Janke, Cominski, Kuzhikandathil, 

Servatius, & Pang, 2015). However, exercise showed remarkable 

upregulation of 5-HT and BDNF. It can mediate the positive effects on 

anxiety disorders.

According to previous study, aerobic exercise training and 

resistance training group had lower anxiety symptom scores compared 

control group(Herring et al., 2012). Also, meta-analysis showed that 

physical activity has an positive effect on post-traumatic stress disorder 

(PTSD), which is sub-factor of anxiety disorders (Rosenbaum et al., 



8

2015).

3. Exercise and Extracellular Vesicels (EVs)

Extracellular Vesicles are bilayer of molecule from cells which 

contain proteins, nucleic acids and lipids and metabolites(S. Maji et al., 

2017). EVs features stability and a role of signal molecule between 

organs(Pitt et al., 2016).

Physical activity plays key role in human health status. It 

changes body composition through protein synthesis and degradation, 

gene regulations, epigenetic regulation such as methylation and 

acetylation(Widmann, Nieß, & Munz, 2019; Yoon, Zhang, Kim, Lee, & 

Moon, 2019). Exercise triggers the release of exerkine into the 

circulation(Adeel Safdar et al., 2016). Also, exercise changes the 

characteristics of EVs. Oliveira et al. (2018) demonstrated that acute 

aerobic exercise did not change EV size but upregulated EVs 

concentration. Previous studies showed that significant changes in EVs 

carrying protein from one-hour bout of cycling exercise in healthy 

humans(Whitham et al., 2018) and exercise-derived EVs have 

neurogenesis related proteins such as Brain-derived neurotrophic 
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factor(BDNF), Apelin(APLN), Cathepsin B(CTSB)(A. Safdar & 

Tarnopolsky, 2018). In addition, miRNAs change in EVs through time 

course of acute uphill or downhill exercise in rat (Yin et al., 2019).

Among that, alteration of miRNA profile is getting attention. In 

PubMed, miRNA in EVs related papers were only 6, but 283 papers were 

found on 2019. miRNA is a small non-coding RNA molecule involving 

various biological processes that can regulate protein expressions 

through degradation or inhibition of mRNA. It was elucidated that 

exercise-induced miRNA in EVs is important in cardiovascular disease, 

immune system(Bei et al., 2017; Sayantan Maji et al., 2017). Also, 

altered EVs miRNA profile in response to 2-weeks of treadmill exercise 

which influence Neural maturation(Moon et al., 2020). However, there is 

no study about effects of miRNAs in EVs on anxiety.
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4. Restraint stress for Anxiety model

For mechanism study of anxiety, restraint stress is used for 

modeling of anxiety. Chronic stress increase dysfunction of 

hypothalamic-pituitary-adrenal (HPA) axis which is increasing 

corticosterone levels. Upregulated glucocorticoid levels cause neuronal 

cell death, suppression of neurogenesis and hypertrophy of neurons in 

the basolateral amygdala(Gray, Kogan, Marrocco, & McEwen, 2017). 

Several studies demonstrated that the chronic restraint stress induced 

anxiety- and depressive-like behaviors and restored through 

SSRI(Ampuero et al., 2015; Chiba et al., 2012).
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Ⅲ. Materials and Methods

1. Animal care

Experiments were approved by the Institutional Animal Care and 

Use Committee(IACUC) of Seoul National University, IACUC-

190730-6-1. All mice groups were housed in controlled environment 

in 22 to 25°C and 12:12 housr light and dark cycle. Mice were fed with 

water and food in ad libitum.
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2. Research Design

This study aims to clarify the effect of volunatary running wheel 

exercise-indcued extracellular vesicles on anxiety. The mice were 

divided according to EVs donor and recipient. EVs donor group was 

devided into sedantary(S, n=8) and exercise(E, n=8). EVs recipient 

group with restraint stress was devided into sedantary(RS, n=5), 

exercise(RE, n=5). Comparison with anxiety, non-restraint and vheicles 

injected group(NV, n=3) was set. All group’s age were 6-week-old 

C57BL/6J male mice. 

In in vitro study, Neuro 2A cells were used for confirming EVs 

effect on cell viability.
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[Table 1] Study Design

Extracellular Vesicles from Sedentary or Exercised mice

C57BL6/J male mice

⇩     ⇩ ⇩
NV RS RE

n = 3 n = 5 n = 5

⇩
Behavior test

Open field test, Tail Suspension Test, Forced Swim Test

⇩
Sacrifice

Brain tissue collection

(Hippocampus, Cerebellum, Cortex)

⇩
Sample analysis

Physiological change 

(mRNA expression, protein expression)

⇩
Statistical analysis
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3. Exercise training

C57BL/6J male mice were single housed with or without access 

to a running wheel for 4 weeks. 

4. Extracellular Vesicles collecting

The extracellular vesicels collected from donor mice. After 4 

weeks of exercise, mice were anthesized by isoflurane and whole blood 

collected from heart. Whole blood gathered in BD SST Gold (BD 

Microtainer #365957) and centrifugated 4,000rpm, 10min at 4°C. Serum 

were transfered new tube. ExoLutE Plasma & Serum(Rosetta Exosome, 

#EX-03) kit was used for remove lipoprotein. 0.5ml serum was 

centrifuged at 2,000xg for 10min at 4℃ and then transferred the 

supernatant to a new microcentrifuge tube. And applied serum to pre-

treated liporemoval column. After application, 1 minute of 500xg 

centrifugation at 4℃ was conducted twice. After that, miRCURY 

Exosome Cell/Urine/CSF kit (Qiagen, #76743) was used for collecting 

extracellular vesicles by precipitation. Pre-treated serum was applied 

with precipitation buffer B in miRCURY kit and incubated overnight. And 

centriguation at 10,000xg for 30 min at 20℃. Lastly, supernatant was 

removed and discarded.



15

5. Intracerebroventricular injection

Mice were anesthetized with isoflurane and placed on a 

stereotactic frame. The spot of the lateral ventricle was calculated on 

the basis of bregma and lambda. Then 20mg of EVs was injected into the 

left ventricles.

6. Tissue collecting

The mice tissues were collected 24 hours after the ICV injection. 

Mice were anesthetized with isoflurane and whole blood was pulled out 

from heart. After the perfusion by PBS, its whole brain were collected. 

All samples were directly put it into 4% paraformaldehyde or aqueous 

nitrogen and restored at -80℃.
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7. Biochemical test

i. Reverse Transcription-quantitative Polymerase Chain Reaction

(RT-qPCR)

Total RNA was isolated and purified by standard methodologies 

employing Trizol reagent (Invitrogen, #15596026) according to the 

manufacturers protocol. cDNA replicated by using CycleScript RT 

premix (Bioneer, #K-2044-CFG). Each primer’s forward and 

reverse sequence were described in Table 1.

Expression was checked by SensiFAST SYBR Lo-ROX Kit (Bioline,

#BIO-94020) with a detection system (BioRad, #CFX96). 

[Table 2] RT-qPCR primer list

Gene name Sequence (5’ → 3’) 

Ndufa F: CCGGGGTGTCCACTGCGTACA 

R: CGCGTTCCATCAGATACCACTGGT

Sdhb F: AACATCAACGGAGGCAATAC 

R: CTGGGACTCATCCTTCTTCT

Cox5b F: GATGAGGAGCAGGCTATGG 

R: GTCTTCCTTGGTGCCTGAAG

Pgc1α F: AGCCGTGACCACTGACAACGAG 

R: GCTGCATGGTTCTGAGTGCTAAG

Tbp F: ACCCTTCACCAATGACTCCTATG 

R: ATGATGACTGCAGCAAATCGC
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ii. Western Blot

The total proteins were extracted using RIPA buffer 

(ThermoFisherScientific, #89900), containing phosphatase inhibitor 

(Sigma-Aldrich, #4906845001) and protease inhibitor (Roche, 

#43693159001) separated by 10~16% tris-glycine SDS-PAGE, 

transferred to PVDF membranes using Iblot 2 NC mini stacks 

(invitrogen, #IB23002) and incubated 5% skim milk for blocking, 

follwing primary antibodies were used: anti-pAMPK(CST, #2531S), 

anti-AMPK(CST, #5831S), anti-pACC(CST, #3661S), anti-

ACC(CST, #3662S), anti-GAPDH(CST, #2118S), the antibodies 

were diluted 1:1,000 in 1st and 1:5,000 in 2nd with TBST(Biosesang, 

#HT2007) containing 5% skim milk each. The PVDF membrane were 

then incubated with a peroxidasse-conjugated secondary anti-rabbit 

and specific antibody signals were detected by Immobilion western 

chemiluminescent HRP susbstrate (Millipore, #WBKLS0500).
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8. Behavior test

All behavior test was blindly scored by 3 estimators.

i. Nest building test

Nest-building behavior began at 7:00 pm. Pressed cotton 

squares were provided in all cages for nesting materials and they 

were appoximately 3grams. After dark period, every cage was 

pictured and cotton was withdrawan. Nest-building was scored by 

Deacon method(R. Deacon, 2012; R. M. Deacon, 2006).
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ii. Open field test

The open-field test squre consisted in a 40 cm × 40 cm black 

polyvinyl chloride plastic board surrounded by a 40 cm high wall. 

Within 10cm from the wall was considered as peripheral and the 

rest of the square was considered as central area (Christakis, 

Ramirez, & Ramirez, 2012). Center duration and entries was 

observed as a standard of decreased anxiety-like behavior. At 

the beginning of the test period, mice were placed in the central 

area. Mice moved freely around the square for 5 min. The test 

sessions were recorded by a video camera placed 145cm above 

the bottom. Analyzing was operated by using ANY-maze™ Video 

Tracking System (Stoelting Co. Wood Dale, IL, USA). The 

software detects the body shape of animals based on the contrast 

between the animal's body and the background. Between a test 

session, the square was cleaned with paper towel dampened with 

70% alcohol. Open field test was conducted at 3:00 PM.
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iii. Tail suspension test

Tail suspension test was conducted according to the method of 

Can et al. (2012). Each mouse was suspended with climbstopper 

for 6 min by adhesive taped tail. Climbstopper was used for 

disturbing C57BL/6J tail climbing habit. Total duration of 

immobility was measured in seconds. Mobility was defined as 

shaking of the body, movement of the limbs akin to running. 

Immobility was defined as downregulated moving limbs and body, 

making only movements allowing to breathe.

iv. Forced swim test

Forced swim test was executed Slattery and Cryan (2012)

method. Pretest was conducted the day before test. In the test, 

each mouse was placed individually for 5 minutes into 2L beaker 

with 20cm water at 23-25℃. Forced swim test was analysed by 

three standard, Immobility, swimming and climbing. Each mouse 

was blindly scored every 5 seconds for behavior during 5 minutes. 
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9. Statistical analysis

Statistical analysis was performed by using Graph Pad Prism 7 

(Graph Pad Software Inc., La Jolla, CA, USA) and data presented as 

mean SEM. Values of P<0.05 was considered statistically significant. 

Student’s t-test was used for the comparison of the data between two 

groups.
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IV. Results

1. Effects of 4 weeks of voluntary wheel on skeletal 

muscle exercise-related proteins and mRNA levels

To validate for effects of 4 weeks of voluntary wheel exercise,

mice housed with or without voluntary wheel for 4 weeks (Fig 1A).

After that, exercise-related protein and mRNA levels such as AMPK, 

ACC phosphorylation, oxidative phosphorylation (Nudfa, Sdhb, Cox5b)

and Pgc1α were identified. p-AMPK/AMPK, p-ACC/ACC ratios were 

significantly different between groups (Fig 1B-D, p-AMPK/AMPK 

p<0.05, p-ACC/ACC p=0.0507). Nudfa relative expression level was not

significant between sedentary and exercise group. Sdhb expression level 

was upregulated in exercise group(p<0.05). Cox5b, Pgc1α have 

tendency (p=0.06, p=0.07, respectively) to increase in exercise group

(Fig 1E-H).



23

Figure 1. Effects of 4 weeks of voluntary wheel on skeletal muscle 

proteins and mRNA levels. (A) Experimental schedule, (B-D) p-

AMPK/AMPK and p-ACC/ACC protein level, (E-H) OXPHOS genes and 

Pgc1α mRNA expression level in gastrocnemius. * p<0.05 vs. S. #

0.05<p<0.1 vs. S. Statistical analysis was performed using one-tailed 
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Student’s t-test.

2. Characterization of 4 weeks of voluntary wheel 

exercise-induced Extracellular Vesicles (EVs): Size 

analysis and number

To validate characteristics of each group EVs, we observed

nanoparticle tracking assay (NTA). Fig 2A showed the sample frame of 

NTA. No significant changes were found in EVs diameter and size 

classification (Fig 2B, C, E, p>0.05). As shown in Fig 2D, CD9, EVs

positive marker, was distinguished in 5ug both sedentary and exercise 

group.
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Figure 2. Characterization of 4 weeks of voluntary wheel exercise-

induced EVs. (A) Representative video frame of EVs, (B) Average 

diameter, (C) Size distribution data, (D) Western blot analysis of CD9, 

an EVs marker, (E) Particle numbers of EVs. N.S. means not significant. 
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Statistical analysis was performed using two-tailed Student’s t-test.

3. microRNA profiles alteration in 4 weeks of voluntary 

wheel exercise-induced Extracellular Vesicles (EVs)

EVs from 4 weeks of voluntary wheel exercise mice serum have 

upregulated 46 and downregulated 36 miRNAs (Table 3-1, 2). For 

functional annotation, miRNAs were analyzed by DAVID 6.7, except 

miRNAs which did not have ENTERZ GENE ID. These miRNAs showed 

relationship with micro-ribonucleoprotein complex, micro RNAs in 

cancer, response to oxygen levels, cellular response to amino acid 

stimulus, gene silencing by miRNA, etc (Table 4).

Top 10 were collected from 82 miRNAs predicted target genes in 

miRNA data base, Target Scan and miRDB. Each database presented 129 

and 119 genes that are regulated by more than 2 miRNAs (Table 5). 13 

genes were observed in both Target Scan and miRDB. These genes 

were conducted functional analysis in Cytoscape. 27.27% of genes were 

related with neurotrophin signaling pathway, 9.09% were associated with 

central nervous system neuron development and cerebral cortex cell 

migration, nerve development (Fig 4).
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Figure 3. miRNA profiles alteration in 4 weeks of voluntary wheel 

exercise-induced EVs. (A) Graphic of miRNA gene regulation,

https://bioinformaticsandme.tistory.com/214,

(B) Schematic of bioinformatics analysis.
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[Table 3-1] The list of upregulated miRNAs in 4 weeks of voluntary 

wheel exercise.
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[Table 3-2] The list of downregulated miRNAs in 4 weeks of voluntary 

wheel exercise.
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[Table 4] The list of changed miRNA functional annotation.
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[Table 5] The list of altered miRNAs predicted target genes.

Term Count % PValue

micro-ribonucleoprotein complex 27 38.02817 1.80E-57

MicroRNAs in cancer 39 54.92958 9.27E-57

response to oxygen levels 17 23.94366 5.06E-30

cellular response to amino acid stimulus 21 29.57746 1.49E-29

gene silencing by miRNA 14 19.71831 4.09E-22

cellular response to inorganic substance 13 18.30986 1.17E-20

cellular response to lipopolysaccharide 14 19.71831 2.53E-14

cellular response to estrogen stimulus 8 11.26761 1.19E-11

embryo implantation 6 8.450704 8.62E-07

BMP signaling pathway 6 8.450704 5.49E-06
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Figure 4. Result graphic and graph of altered miRNAs predicted target 

genes functional clustering. (A) Graphic of predicted target genes 

functional clustering. (B) Percentage graph of predicted target genes 

functional clustering



34

4. Effect of 4 weeks of voluntary wheel exercise-induced 

Extracellular Vesicles (EVs) on Neuro2A cell viability

10% FBS increased 1.2-fold Neuro2A cells viability relative to 

MEM only control. Exercise-induced EVs increased viability of Neuro2A 

cells compared with same dosage of sedentary (Fig. 5).

Figure 5. Effects of 4 weeks of voluntary running wheel exercise-

induced EVs on Neuro2A. (A)24 hours of treatment with MEM only, 10% 

FBS, 0.1, 1, 10ng EVs from sedentary or exercise group. * means

p<0.05 significance compared with MEM control, # means p<0.05 

compared with Sed 10.

A
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5. Effects of 4weeks of voluntary wheel exercise-induced 

Extracellular Vesicles (EVs) on Anxiety behavior test.

EVs provider groups housed 4 weeks with or without voluntary 

wheel after one week of acclimatization. After 4 weeks of exercise, EVs 

receiver groups were administered EVs through intracerebroventricular 

injection. The experimental design was described in Fig 6A.

Three weeks of restraint stress induced the tendency of 

depression which demonstrated as reduced mobility time of tail 

suspension test (Fig 6B, p=0.15). Restraint stress treated mice group

scored lower than non-stressed group in nest building test which shows 

anxiety-like behavior test compared to non-restraint group (Fig 6C, 

p=0.0519).

After injection of EVs, exercise-induced EVs received group 

scored higher than sedentary group in nest building test (Fig 6D, 

p<0.001). Furthermore, the center entries number in open field test was 

elevated in exercise-induced EVs injected group relative to sedentary 

group (Fig 6E, p<0.05). However, there were no difference in basic 

behavior (data are not shown).
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Figure 6. Effects of 4 weeks of voluntary running wheel exercise-

induced EVs on Anxiety behavior test. (A) Experimental design, red 

arrow means EVs treatment through ICV injection, (B) Mobility time of 

non-restraint and restraint group in tail suspension test, (C) Scores of 

each groups nest building test before ICV injection, (D) Scores of each 

groups nest building test after ICV injection, (E) Result of center entries 

number in open field test after ICV injection. N; Non-restraint, R; 

Restraint stressed group, NV; Non-restraint Vehicle injected group, RS; 

Restraint stressed sedentary EV injected group, RE; Restraint stressed 

exercise EV injected group. * means p<0.05, ** means p<0.001 compare 

with NV group, ## means p<0.001 compared with RS group. Statistical 

analysis was performed using one-tailed student’s t-test.
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6. Effects of 4 weeks of voluntary wheel exercise-

induced Extracellular Vesicles (EVs) on hippocampus

mRNA levels

Restraint stress transformed the result of microarray hierarchical 

clustering heat map image (Fig 7A). However, there was few changes 

between EVs injected groups (Fig 7A).

Restraint stress significantly changed gene expressions related 

with long-term depression such as Plcb4, Gucy1a3, Prkg2, Ppp1r17, 

Grid2, Crhr1 in Kyoto Encyclopedia of Genes and Genonmes(KEGG)

map (Table 5).

Exercise-induced EVs injected group upregulated gene 

expressions associated with neuroactive ligand-receptor interaction 

including Tacr3, Gabrr1, Cysltr1, Oprm1, Trhr in KEGG map (Table 6).
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Figure 7. Effects of 4 weeks of voluntary wheel exercise-induced EVs 

on hippocampus. (A) Microarray hierarchical clustering heat map image. 

NV; Non-restraint Vehicle injected group, RS; Restraint stressed 

sedentary EV injected group, RE; Restraint stressed exercise EV 

injected group.
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[Table 6] The list of chaged gene by restraint stress, Fold change 

means Restraint/Non-restraint

[Table 7] The list of changed gene by exercise-induced EVs, Fold 

change means Restraint Exercise/Restraint Sedentary.
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V. Discussion

Anxiety disorder is diagnosed when excessive worry about a 

number of events or activities that occur for at least 6 months(American 

Psychiatric Association, 2013). According to large-scale surveys, 33.7% 

of the population influenced by an anxiety disorder throughout 

lifetime(Alonso & Lépine, 2007). Anxiety disorders are highly comorbid 

with other mental illness, which can make immense social burden. 

The usual treatment of anxiety disorder is drugs which have side 

effects such as nausea, weight gain, sleepiness (Lord et al., 2017). 

Therefore, interests of other therapies have been increased (Mirko et al., 

2014; Stonerock et al., 2015). Exercise is the most powerful treatment. 

Exercise showed positive effects on post-traumatic stress disorder 

(PTSD), sub-element of anxiety disorders, and generalized anxiety 

disorder (GAD) patients(Herring et al., 2012; Rosenbaum et al., 2015). 

Recent studies proposed that EVs are one of attractive candidate 

modulator mediating beneficial effects of exercise (A. Safdar & 

Tarnopolsky, 2018; Whitham et al., 2018).  EVs are bilayer of 

molecules secreted from cells which contain proteins, nucleic acids and 

lipids and metabolites (Sayantan Maji et al., 2017). EVs are stable and 
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can be used as inter-organ signaling molecules (Pitt et al., 2016). 

Especially, micro RNA (miRNA) can be a key factor which modulate 

gene expression. 

In previous studies, exercise-induced EVs have positive effects 

on neuronal system (Moon et al., 2020; A. Safdar & Tarnopolsky, 2018). 

However, the mechanism of exercise benefits on anxiety is not fully 

elucidated. Herein, we obtained the EVs from 4 weeks of voluntary 

wheel exercise mice and EVs treated to anxiety mice through 

intracerebroventricular (ICV) injection. This research presents the first 

point of view that exercise-induced EVs has advantages on anxiety.

Most of previous studies 4 weeks of voluntary wheel exercise 

significantly increased exercise related signals(Kurauti et al., 2016; Liao 

et al., 2017; Tanner et al., 2013). The results in this study also showed 

that upregulated protein levels such as p-AMPK, p-ACC at 

gastrocnemius muscle. Futhermore, PGC1α and oxidative 

phosphorylation (OXPHOS) mRNA levels have a upregulated tendancy in 

gastrocnemius muscle. These results demonstrated that 4 weeks of 

voluntary wheel exercise was sufficient for exercise group.

EVs from serum were confirmed biochemically, both exercise 

and sedentary group’s 5ug of EVs showed a positive marker, CD9. Also, 
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EVs were characterized by nanoparticle tracking analysis. In accordance 

with previous result (Oliveira et al., 2018), we found that there were not 

significant differeces in exercise-induced EVs diameter, size and 

number compared to sedentary group. Recent studies demonstrated that 

the dynamic release of EVs during cycling exercise and diminished in 

rest state (Brahmer et al., 2019; Frühbeis, Helmig, Tug, Simon, & 

Krämer-Albers, 2015; Whitham et al., 2018). In contrast, Lovett, 

Durcan, and Myburgh (2018) showed plyometric jumping and downhill 

running exercise did not change the vesicle number and size. Therefore, 

differences in EVs diameter, number and size is exist depending on the 

species, type of exercise, intensity and measurement timing. 

Prior researches validated specific miRNAs related with chronic 

fautigue syndrome, depression, Alzheimer’s diesase and Huntingtun’s 

diesase (Baraniuk & Shivapurkar, 2017; Hoss et al., 2015; Wei et al., 

2016; Wu et al., 2017). miRNA is a small non-coding RNA molecule 

involving various biological processes that can regulate protein 

expressions through degradation or inhibition of mRNA. However, a 

paucity of researches are present in the published literature about 

exercise-induced EVs miRNA profile changes (D'Souza et al., 2018; 

Hou et al., 2019; Lovett et al., 2018; Nair et al., 2020; Zheng et al., 
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2018). Therefore, miRNA changes in exercise-derived EVs were 

focused on this study. miRNAs from mice serum derived EVs are 

compared between sedentary and exercise group. 46 miRNAs were 

upregulated and 36miRNAs were downregulated in exercise group. 

Among that, miR-10b-5p upregulated in 4 weeks of treadmill exercised 

rat hippocampus(Fernandes et al., 2018) and miR-let-7i downregulated 

in athletes plasma after exercise(Nielsen et al., 2014). These results 

was consistent with our findings. Then miRNA predicted target genes 

were collected from top 10 using bioinformatics data base, Target Scan 

and miRDB. These genes manipulated by another bioinformatics tool, 

Cytoscape, for function analysis. The genes were related with 

neurotrophin signaling pathway, central nervous system neuron 

development and cerebral cortex cell migration, nerve development. This 

bioinforomatics results and previous studies indicated that exercise-

induced EVs play a role in communication of nervous system(Galieva, 

James, Mukhamedshina, & Rizvanov, 2019; Liu et al., 2019). 

Anxiety disorders rated one of the most general phsyciatry 

disorders(Kessler et al., 2007). Anxiety disorder is related with high 

levels of coricosterone, which involves decreased cell viability(Xiao, 

Shang, Zhai, Zhang, & Zhang, 2018). Pons-Espinal et al. (2019) showed 
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exercise increases proliferation of neural precursor cells of the mous 

dendate gyrus. In addition, previous study reported that exercise-

derived exosomal miR-342-5p decreased apoptosis, LDH release, 

which is marker of tissue damage, and increased cell viability in 

cardiomyocytes(Hou et al., 2019). Moreover, exercise-induced 

extracellular derivatives enhaced neural maturation(Moon et al., 

2020).Thus, Neuro2A cells were treated 4 weeks of voluntary wheel 

exercise-induced EVs. Cell viability was increased both groups. 

However, 10ug concentration of exercise-induced EVs have an more 

increased effect on Neuro2A cells compared with sedentary group. 

These result indicates that exercise-derived EVs can be actively 

involved in anxiety disorders.

According to result of in vitro study, anxiety model was made by 

3 weeks of restraint stress and then treated EVs directly through ICV 

injection. Restraint is the well-known method that induces depressive-

and anxiety-like behavior (Ampuero et al., 2015; Chiba et al., 2012). 

Restraint stress induced a tendency of depressive-like behavior in tail 

suspension test. Likewise, previous study demonstrated that differential 

effects between the restraint methods(Shoji & Miyakawa, 2020). Also, 

Sadler and Bailey (2016) showed 2 hours per day, 7 days of repeated
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restraint stress caused adaptive behavioural changes in anxiety and 

depressive-like phenotype. In nest building test, restrinat group 

demonstrated significant lower score which means restraint stress 

evoked anxiety-like behavior.

After ICV injection, exercise-induced EVs treated groups nest 

building score recovered as non-stressed group and center zone entries 

number significantly rised compared with sedentary. It means that 

anxiety symptom was alleviated by EVs treat. However, there was not 

significant changes in depressive-like behavior. We operated 

experiment in specific concentration and ICV injection once. It could be 

the limitation of this study that the treatment dose and one time of EVs 

injection. In addition, three days of rehabilitation may have been diluted 

the effect of the EVs. Therefore, repeated EVs injections through 

cannula or osteomic pump is needed in future study.

To validate the overall changes of gene expressions on 

hipocampus, microarray was conducted. In restraint group, long-term 

depression related genes such as Plcb4, Gucy1a3, Prkg2, Ppp1r17, 

Grid2, Crhr1 were downregulated compared to non-stressed group. 

Previous researches reported that these genes are associated with 

anxiety. Shin et al. (2009) confirmed that medial septum Plcb4 KO mice 
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increased anxiety-like behaviors. Amygdala Gucy1a3 gene expression 

has a positive correlattion with social behaviors in rhesus 

monkey(Sabatini et al., 2007).  Prkg2 encodes cGK type II (cGKII), 

which regulates hippocampal synaptic plasticity(Serulle et al., 2007). 

Reportedly, anxiety-like behaviors increased in cGKII knockout 

mice(Werner et al., 2004). Crhr1 encodes corticotropin-releasing factor 

1(CRF1).  CRF1 antagonist had an anxiolytic effect in 

mice(Marcinkiewcz et al., 2016). In addition, a CRF1 antagonist showed 

dose-related changes in regional cerebral glucose metabolism in regions 

that relevant to mood and anxiety(Schmidt et al., 2009). Ppp1r17 and 

Grid2 had no studies about anxiety behavior.

Furthermore, exercise-induced EVs treated group was 

upregulated in neuroactive ligand-receptor interaction genes such as 

Tacr3, Gabrr1, Cysltr1, Oprm1, Trhr. A overexpression of Tacr3 in the 

unilater later habenula significantlly reduced anxiety-like behavior (Cui 

et al., 2020). In contrast, NIH-HS rat amygdala Tacr3 gene expression 

level was higher in high-anxious group than low-anxious group(Díaz-

Morán et al., 2013). Gabrr1 encodes the iontropic GABAA receptor that 

inhibits neuronal activity. Early-life stress such as maternal separation 

can evoke anxiety-like behavior later in life (Wang, Levine, Avila-
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Quintero, Bloch, & Kaffman, 2020). Steine et al. (2016) observed that 

Gabrr1 upregulated in long maternal separation groups pineal gland. 

Cysltr1 encodes cysteinyl leukotriene receptor 1. Previous study 

showed that knockdown of hippocampal cysteinyl leukotriene receptor 1 

prevents depressive-like behavior in mice (Yu et al., 2016). Oprm1 

gene have been studied a lot about single nucleotide polymorphism 

(SNP)(Boparai et al., 2018; Mague & Blendy, 2010; Mura et al., 2013).

This gene is encodes the μ opioid receptor. G allele is minor form that 

higher resting cortisol and blunting cortisol response to stress (Mague & 

Blendy, 2010). The minor allele was associated with separation anxiety 

disorder (Boparai et al., 2018). Also, SNP affects to mRNA expression 

level. G allele has two-fold lower mRNA compared to A allele(Mura et 

al., 2013) that means lower OPRM1 protein levels can induce anxiety. 

Trhr encodes receptor for thyrotropin-releasing hormone(TRH). Zeng 

et al. (2007) reported that TRH-R1 knockout mice exhibited increased 

anxiety- and depressive-like behavior.

We found that there were not significant differences in physical 

properties of EVs but physiological characters altered, which can affect 

on nervous system, between exercise and sedentary group. Exercise-

induced EVs contributed to the neuronal cell viability and mitigation of 
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anxiety-like behavior. These results confirmed that exercise-induced 

EVs can play a role as anxiolytic mediator on anxiety disorder.
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VI. Conclusion

In conclusion, 4 weeks of voluntary wheel exercise changed

miRNA profiles in mice serum derived EVs. Alteration of miRNA 

characters showed the positive relationship in nervous system through 

bioinformatics tools. In in vitro study, 4 weeks of voluntary exercise-

induced EVs upregulated Neuro2A cells viability. Additionally, exercise-

induced EVs decreased anxiety behavior and increased neuroactive 

ligand-receptor interaction genes in 3 weeks of restraint stress treated 

group. Therefore, this study demonstrated that beneficial effects of

exercise-induced EVs on anxiety disorders.
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Abstract (Korean)

불안 장애는 가장 빈번하게 진단되는 정신의학적 질병이다. 불안장애

는 일상생활에 지장이 있을 만큼 과도한 두려움을 가지고 있는 것이 그 특징

이다. 불안 장애는 편도체, 안와전두피질, 전대상회, 해마와 시상하부-뇌하수

체-부신 축의 기능장애로 나타난다고 알려져 있다. 불안 장애의 치료법으로

약물치료가 있지만, 체중증가, 메스꺼움, 졸음과 같은 부작용이 있다.

운동은 불안장애의 효과적인 치료방법이다. 선행 연구에서 운동 치료

군이 대조군에 비해 불안 증상이 더 낮음을 확인할 수 있었다. 운동은 순환계

를 통해 체내 기관 간 신호를 전달할 수 있는 세포 외 소포체의 분비를 유도

한다. 세포 외 소포체는 micro RNA(miRNA)를 운반할 수 있으며, 이는

messenger RNA를 분해하거나 번역을 억제하여 유전자의 발현을 조절할 수

있다. 또한 이전 연구들에 따르면, 세포 외 소포체는 뇌혈관장벽을 통과할 수

있고 신경신호전달물질로 사용될 수 있다. 하지만, 세포 외 소포체가 스트레

스에 미치는 기전에 대해 밝혀진 것이 없다.

운동으로 유도된 세포 외 소포체가 뇌 기능에 어떠한 직접적 영향을

미치는지 알아보기 위해, 운동군과 비운동군의 마우스의 혈청에서 세포 외 소

포체를 분리하였다. 이후 4주간의 자발적 휠 달리기 운동으로 유도된 세포

외 소포체 내의 miRNA 구성의 변화를 알아보았다. miRNA sequencing 결과
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는 46개 증가 및 36개의 감소된 총 82개의 miRNA가 운동군의 세포 외 소

포체 내에서 변화한 것을 보였다. Bioinformatics 도구를 활용하여, 변화한

miRNAs가 micro-ribonucleoprotein complex, cancer, response to 

oxygen level에 관여하는 것을 알 수 있었다. 82개의 miRNAs가 관여하는

상위 10개의 목표 유전자 목록을 만든 후, 2개 이상의 miRNAs의 중첩이 있

는 129개의 유전자를 추렸다. 129개의 유전자 중 27.27%는 neurotrophin 

signaling pathway, 9.09%는 central nervous system neuron development, 

cerebral cortex cell migration과 nerve development와 관련 있었다. 운동

으로 변화된 세포 외 소포체 내의 miRNA 변화는 신경계에 영향을 줄 수 있

다는 결과를 바탕으로 마우스 유래 세포인 Neuro2A에 각 세포 외 소포체를

처리하였다. 운동 유래 세포 외 소포체 10mg/ml 가 처리된 Neuro2A에서

cell viability가 증가한 것을 볼 수 있었다.

이후 3주의 구속 스트레스를 마우스에 처리하여 불안증을 유도한 후

각 그룹별 20mg의 세포 외 소포체를 좌측 뇌실 주사를 통해 처리하였다. 운

동 유도된 세포 외 소포체는 비운동 그룹에 비해 nest building test에서 불

안증이 감소된 것을 볼 수 있었다. 그러나 기본적인 움직임 실험인 rota-rod, 

open field test에서는 그룹간 차이가 없는 것이 확인 되었다. 또한 운동으로

유도된 세포 외 소포체는 비운동군에 비해 불안증 마우스의 해마에서

neuroactive ligand-receptor interaction 유전자 발현을 증가시켰다.

이러한 결과는 운동으로 유도된 세포 외 소포체가 부분적인 신경생성
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을 통해 항불안증과 같은 효과에 관련되어 있다는 것을 보인다. 이러한 결과

를 통해 운동으로 유도된 세포 외 소포체를 통한 불안 장애의 치료 전략의

가능성을 제시할 수 있다.
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