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ABSTRACT 

 

 

Effects of environmental enrichment on presynaptic active zone proteins in a  

 

mouse model of hypoxic-ischemic brain injury 

 

Seok Young Song 

 
Graduate Program of biomedical engineering 

The Graduate School, Yonsei University 

 

(Directed by Professor Sung-Rae Cho) 

 

Hypoxic–ischemic encephalopathy (HIE) is a devastating neonatal brain condition 

caused by lack of oxygen and limited blood flow. Environmental enrichment (EE) is a 

classic paradigm with a complex stimulation of physical, cognitive, and social components. 

EE can exert neuroplasticity and neuroprotective effects in immature brains. However, the 

exact mechanism of EE on the chronic condition of HIE remains unclear. HIE was induced 

by a permanent ligation of the right carotid artery, followed by an 8% O2 hypoxic condition 

for 1 h. At 6 weeks of age, HIE mice were randomly assigned to either standard cages or 

EE cages. In the behavioral assessments, EE mice showed significantly improved motor 
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performances in rotarod tests, ladder walking tests, and hanging wire tests, compared with 

HIE control mice. EE mice also significantly enhanced cognitive performances in Y-maze 

tests. Particularly, EE mice showed a significant increase in Cav 2.1 (P/Q type) and 

presynaptic proteins by molecular assessments, and a significant increase of Cav 2.1 in 

histological assessments of the cerebral cortex and hippocampus. These results indicate 

that EE can upregulate the expression of the Cav 2.1 channel and presynaptic proteins 

related to the synaptic vesicle cycle and neurotransmitter release, which may be responsible 

for motor and cognitive improvements in HIE. 

Key words: Enriched environment, Synaptic plasticity, Synaptic vesicle, Hypoxic–

ischemic encephathy, Cav 2.1 (P/Q type) Calcium channel
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I. INTRODUCTION 

Hypoxic–ischemic encephalopathy (HIE) is a brain condition that is caused by a 

lack of oxygen and limited blood flow in infants.1 This kind of injury can cause 

neurological disabilities, including seizures, cerebral palsy, and cognitive and motor 

dysfunction in infants.2 Due to their susceptibility, neurons can be permanently damaged 

when perfusion is halted for merely more than 5 min, ultimately leading to cell 

apoptosis .3,4 The outcomes of HIE exist on a spectrum, and the only current therapy for 

HIE is hypothermia, which has to be initiated within the first 6 h of life, thus making it 

critical to identify and develop further therapeutic strategies to improve brain function.1,5 
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 The mouse model for HIE has been developed to model human perinatal HIE, and it 

can be constructed by the permanent ligation of the common carotid artery (CCA) 

followed by exposure to a hypoxic condition for a short period of time.6 This event can 

induce permanent synapse dysfunction and degeneration in various brain regions.7,8 

Moreover, significant cerebral infarction and malfunction in sensorimotor reflex 

performance, after HIE injury, were observed in neonatal mice.9,10 

Previous studies have shown that neurons at the penumbra, which are conserved 

functionally and structurally, are responsible for functional recovery and presynaptic 

alterations.11,12 Presynaptic dysfunctions, such as changes in the intracellular level of 

Ca2+ and improper synaptic vesicle cycling, further lead to synaptic failure.13,14 

However, these dysfunctions can be partially rescued by various treatments.15,16 

 Environmental enrichment (EE), which consists of complex combinations of physical, 

cognitive, and social stimuli, is a method of improving rodent welfare.17,18 EE is also 

considered the modification of cages that mimics the human exercise/rehabilitation 

model.19,20 The beneficial effects of EE on strength, sensorimotor, physiological, and 

psychological functions in neonatal hypoxic–ischemic (HI) animal models, have been 

highlighted in recent studies.21-23 

  Exposure to more enriched cages can induce neuroplasticity, with a higher expression 

of synaptic proteins, higher rates of synaptogenesis, and more complex dendrite arbors, 

by increasing physical and social stimuli.18,24 Neuroplasticity is considered crucial for 

functional recovery from brain injury in developing brains.25-27 Even for the chronic 
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phase of stroke, the beneficial effects of EE have been highlighted in both preclinical 

and clinical studies.28-30  

  Among many presynaptic active zone proteins, Rab3, Munc13, Munc18, SNAP25, 

syntaxin, VAMP2, and the calcium channel Cav 2.1, have been reported to affect 

synaptic plasticity. Rab3 can regulate neurotransmitter exocytosis via its GTP binding 

property,31,32 and is considered as an essential component for regulating PKA-dependent 

LTP.33 Munc13 can induce conformation change of syntaxin upon interaction with the 

3a domain of the Munc18-syntaxin complex, resulting in the synthesis of the tetramer 

of Munc13, Munc18, syntaxin, VAMP2,34,35 and, with the arrival of SNAP25, the full 

SNARE complex is assembled as Munc18 is released.36 From this view, it can be 

inferred that Munc13 partici-pates in short-term presynaptic plasticity,37 and Munc18 

contributes to the improvement of synaptic function probability and plasticity.38,39 

SNAP25, syntaxin, and VAMP form a complex called the SNARE complex, which 

functions as the main machinery of membrane fusion.40-42 Its role was implicated in the 

regulation of calcium channels,13 and its effect on neuroregeneration has been 

identified.43,44  

The P/Q type voltage-dependent calcium channel, Cav 2.1, is one of the major sources 

of calcium influx and is responsible for neurotransmitter exocytosis. Its upregulation is 

known to modify synaptic strength,45 contribute to short-term plasticity,46,47 and 

contribute to long-term plasticity.46 These above proteins have noteworthy implica-tions 

for synaptic plasticity due to their major roles in synaptic transmission. Thus, I looked 
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for presynaptic active zone proteins and calcium channel Cav2.1, mentioned above, to 

verify whether EE on HIE models enhances neurobehavioral function via inducing 

neural plasticity. 

More importantly, Cav2.1 could be the possible key players in EE-mediated 

neuroplasticity and Cav2.1 mediated presynaptic plasticity could be the mechanism 

behind this.18,48 

The P/Q type voltage-dependent calcium channel, Cav 2.1, is one of the major sources 

of calcium influx and is responsible for neurotransmitter exocytosis. Its upregulation is 

known to modify synaptic strength,45 contribute to short-term plasticity,46,47 and 

contribute to long-term plasticity.46 Also, it has been suggested that Cav 2.1 interacts 

with various active zone proteins that participate in the mechanism of neuroplasticity, 

including RIM1/2, RBP, and SNARE complex proteins.49-52 

In this study, adding on to my previous research that Cav2.1 mediated presynaptic 

plasticity could be the mechanism behind EE-mediated neuroplasticity, I aimed to 

investigate whether blocking Cav2.1 could limit EE-mediated neuroplasticity and impair 

functional recovery by EE. 
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II. MATERIALS AND METHODS 

 

1. Ethics Statement and Experimental Animals 

All procedures were reviewed and approved by the Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC) (2016) and the Institutional Animal 

Care and Use Committee (IACUC) of Yonsei University Health System (permit number: 

2018-0110). All procedures were in accordance with the guidelines of the National 

Institutes of Health’s Guide for the Care and Use of Laboratory Animals. These regulations, 

notifications, and guidelines originated, and were modified, from the Animal Protection 

Law (2008), the Laboratory Animal Act (2008), and the Eighth Edition of the Guide for 

the Care and Use of Laboratory Animals (NRC 2011). Mice were provided food and water 

ad libitum under alternating 12-h light/dark cycles, according to animal protection 

regulations. They were sacrificed at 8 weeks after the housing conditions, under ketamine 

(100 mg/kg) and xylazine (10 mg/kg) anesthesia by intraperitoneal injection. All 

efforts were made to minimize animal suffering. 

2. Construction of Hypoxic–Ischemic Encephalopathy (HIE) Model 

At postnatal day 7, HI brain injury was induced by a permanent ligation of the unilateral 

right common carotid artery, right below where the external and internal carotid arteries 

branch out; acute exposure to hypoxic condition (8% O2, 92% N2) was then performed, as 

previously described.6 With a visual microscopy, severity of a brain injury was assessed at 
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two weeks of age, and mice whose brain lesion size exceeded 20% of the cortical cavity, 

on the ipsilateral side of the brain, were excluded in this study. 

 

3. ω-Agatoxin infusion using osmotic pump in the brain 

After a recovery period, the brains of all the mice were injected with an osmotic pump 

(Figure 7B). In the HIE model, mice were continuously injected either with (1) 

PBS(solvent control) or (2) ω-Agatoxin (Sigma-Aldrich, Cat.MFCD0081294) in to the 

lateral ventricle using a micro-osmotic pump (Alzet 1003; 100ul volum, 

Cupertino,CA,USA) at a speed of 0.5ul/h(0.015ug/100ml 28day x 2). The infusion 

cannula (Brain Infusion Kit 3; 1-3mm; Durect Corp., Cupertino, CA, USA) was inserted 

into the lateral ventricle using stereotaxic coordinates (AP+0.3 mm from Bregma;ML – 

0.7 mm from Bregma; DV – 2.0 mm from dura).In the HIE model, ω-Agatoxin was 

injected via one routes into the lateral ventricle using stereotaxic coordinates (AP + 0.4 

mm from Bregma; ML -1.9 mm from Bregma; DV -3.3 mm from dura).  

 

4. Experimental Procedures and Cage Condition 

 At 6 weeks of age, a total of 60 male HI ICR/CD-1 were randomly housed to either 

standard conditions (SC, n = 30) or an enriched environment (EE, n = 30) in this study. The 

condition lasted until 14 weeks of age. EE mice freely accessed novel objects and large-

scale social interaction (12~15 mice/cage) (Figure 1A) relative to control mice (5 mice/cage) 

(Figure 1B,C). After the condition period, all mice were sacrificed for either molecular or 
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histological assessments at 14 weeks of age. The studied brain regions were dissected based 

on the mouse brain gross anatomy atlas, and the stereotaxic coordinates for the cerebral 

cortex, hippocampus, and striatum were (ML = −1.0, AP = 0.1, DV = 1.0), (ML = −1.0, 

AP = −2.0, DV = 2.0), and (ML = −1.0, AP = 0.1, DV = 2.5), respectively 
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5. Behavioral Assessment 

A. Rotarod Performance 

A rotarod (No. 47,600; UGO Basile, Comerio, VA, Italy) test was used to evaluate the 

motor coordination and balance of the experimental mice using an accelerating (4~80 

RPM) speed paradigm and a constant (48 RPM) paradigm. After placing mice on the 

rotating rods, the time taken for the mice to fall from the rods was measured for 300 s. 18 

 

B. Ladder Walking Test 

The ladder walking test can assess subtle disturbances of motor function through 

qualitative and quantitative analysis of walking.6,53 This test was performed at five to six 

weeks of age as a baseline study. The ladder walking test was performed 8 weeks after 

intervention. In the ladder walking test, mice were required to walk a distance of 1 m, four 

times, on a horizontal ladder with metal rungs (Jeung Do Bio and Plant Co., Seoul, Korea) 

located at differing distances apart. The number of slips in each forelimb was measured 

using videotape analysis. The variance between the control and EE groups was calculated 

as the difference in the percentage of slips on the transverse rungs of the ladder relative to 

the total number of steps taken by each forelimb of the EE mice compared that of the 

controls. 
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C. Hanging Wire Test 

The hanging wire test evaluated neuromuscular strength of the paws of the experimental 

mice.54 To this end, mice were suspended on a horizontal rod (5 × 5 mm area, 35 cm long, 

between two 50 cm high poles), and the suspension latencies were measured for 5 min. 

 

D. Y-Maze Test 

The Y-maze test is used to evaluate cognition and short-term spatial memory.55 This 

test was carried out in an enclosed “Y” shaped maze (Jeung Do B&P, Seoul, Korea). 

Normal mice tend to visit the arms of the maze one after the other. This behavior is called 

spontaneous alteration and is used to assess short-term spatial memory in a new 

environment. The number of each arm entries, spontaneous alteration, and percent 

alteration were recorded and determined for 8 min. The percent alteration was calculated 

as follows: [number of spontaneous alteration/(number of total arm entries − 2)] × 100. At 

the end of each trial, the maze was cleaned of urine and feces with 70% ethanol. 
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6. Molecular Assessments 

A. Quantitative Real-Time PCR (qRT-PCR) 

Total RNA was prepared in the studied brain tissue lysates using a TRIzol reagent 

(Invitrogen Life Technologies, Carlsbad, CA, USA), according to the manufacturer’s 

instructions. A nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 

USA) was used to confirm the quality and quantity of extracted RNA. Differentially 

expressed genes of interest related to presynaptic scaffold proteins from the cerebral cortex 

and hippocampus were selected to be validated by a qRT-PCR. A ReverTra Ace®  qPCR 

RT Master Mix with gDNA Remover (Toyobo, Osaka, Japan) was used to synthesize 

cDNA with total RNA. Then, 2 µL of cDNA in a total volume of 20 µL was used in the 

following reaction. The qRT-PCR was performed in triplicate on a Light Cycler 480 (Roche 

Applied Science, Mannheim, Germany), using the Light Cycler 480 SYBR Green master 

mix (Roche), with thermocycler conditions as follows: amplifications were performed 

starting with a 300 s template preincubation step at 95 ◦C, followed by 45 cycles at 95 ◦C 

for 10 s, 60 ◦C for 10 s, and 72 ◦C for 10 s. The melting curve analysis began at 95 ◦C for 

5 s, followed by 1 min at 60 ◦C. The specificity of the produced amplification product was 

confirmed by the examination of a melting curve analysis, and showed a distinct single 

sharp peak with the expected Tm for all samples. A distinct single peak indicates that a 

single DNA sequence was amplified during the qRT-PCR. The detail sequence of the 

primers is listed in Table S1. Primers were designed using the NCBI primer blast, with the 

parameters set to a product of 150–200 bp within the region surrounding the identified 

translocation. The expression of each gene of interest was obtained using the 2−∆∆Ct 



13 

method. The expression level of each gene of interest was obtained using the 2−∆∆Ct 

method. Target-gene expression was normalized relative to the expression of GAPDH and 

represented as fold change relative to the control. 

 

B. Western Blot 

To confirm the expression of Cav 2.1 and synaptic proteins in the cerebral cortex and 

hippocampus in the EE and control mice, 30 µg of total protein was extracted from all mice 

and dissolved in a sample buffer (60 mM Tris–HCl, pH 6.8, 14.4 mM b-mercaptoethanol, 

25% glycerol, 2% SDS, and 0.1% bromophenol blue; Invitrogen), incubated for 10 min at 

70 ◦C, and separated on a 10% SDS reducing polyacrylamide gel (Invitrogen). Protein 

samples were separated with SDS-polyacrylamide gel electrophoresis (PAGE) on a 4–12% 

gradient Bis-Tris gel and Tris-Acetate gel (Invitrogen, Carlsbad, CA, USA). The separated 

proteins were further transferred onto a 0.45 µm invitrolonTM polyvinylidene difluoride 

(PVDF) filter paper sandwich using an XCell IITM Blot Module (invitrogen, Life 

Technologies, Carlsbad, CA, USA). The membranes were blocked for one hour in Tris-

buffered saline (TBS) (10 mM Tris-HCl, pH 7.5, 150 mM NaCl) plus 0.05% Tween 20 

(TBST) containing 5% non-fat dry milk (Bio-Rad, Hercules, CA, USA) at room 

temperature, washed three times with TBST, and incubated at 4 ◦C overnight with the 

following primary antibodies; anti-Munc13 (1:1000, Abcam), anti-Raphilin3A (1:1000, 

Synaptic Systems), anti-Munc18 (1:1000, Abcam), anti-VAMP2 (1:1000, Abcam), anti-

SNAP25 (1:1000, Abcam), anti-Syntaxin (1:1000, Abcam), anti-Cav 2.1 (1:1000, Abcam), 
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and anti-ACTIN (1:5000, Santa Cruz). After washing the blots three times with TBST, the 

blots were incubated for one hour with horseradish peroxidase-conjugated secondary 

antibodies (1:5000; Santa Cruz, CA, USA) at room temperature. The proteins were further 

washed three times with TBST and visualized with an enhanced chemiluminescence (ECL) 

detection system (Amersham Pharmacia Biotech, Little Chalfont, UK). Using 

ImageQuant™ LAS 4000 software (GE Healthcare Life Science, Chicago, IL, USA), 

Western blot results were saved into TIFF image files, and then the images and the density 

of the band were analyzed and expressed as the ratio relative to the control band density 

using Multi-Gauge (Fuji Photo Film, version 3.0, Tokyo, Japan). 

To normalize the values of all samples to account for band intensity, the average band 

intensity for each mouse group was first calculated. The samples were normalized to the 

group average of controls, and target protein expressions were normalized relative to the 

expression of ACTIN. The value of the control group was set to 1 and was divided by the 

value of each individual mouse. 

 

7. Immunohistochemistry 

The brain tissues were frozen in Surgipath FSC 22 clear frozen section compound (Leica 

Microsystems, Wetzlar, Germany) using dry ice and isopentane. The harvested brain 

tissues were cryosectioned at 16-µm thickness along the coronal plane, and 

immunohistochemistry staining was performed. At 8 weeks after EE, to confirm the 

endogenous expression of Cav 2.1 (1:100, Abcam) and MAP2 (1:400, Millipore, 
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Burlington, MA, USA), the brain sections of the cerebral cortex, hippocampus, and 

striatum were immunostained. The sections were incubated with Alexa Fluor®  488 goat 

anti-rabbit (1:400, Invitrogen) and Alexa Fluor®  594 goat anti-mouse (1:400, Invitrogen) 

secondary antibodies, then covered with Vectashield®  mounting medium with 4C, 6-

diamidino-2-phenylindole (DAPI; Vector, Burlingame, CA, USA). The stained sections 

were analyzed using confocal microscopy (LSM700; Zeiss, Gottingen, Germany). 

 

8. Statistical Analysis 

Statistical analyses were performed using Statistical Package for Social Sciences 

software version 25.0 (IBM Corporation, Armonk, NY, USA). The continuous variables 

of molecular and histological assessments were compared between groups by a Mann–

Whitney U test. A p value < 0.01 using a Bonferroni adjustment as a multiple pairwise 

comparison. For comparison among the three experimental groups in the other behavioral 

assessments, one-way ANOVA with least significant difference (LSD) for post-hoc 

comparison was conducted. All graphical artworks were produced using GraphPad Prism 

version 8.4.3 (GraphPad Software lnc., San Diego, CA, USA) version 8.4.3 (GraphPad 

Software lnc., San Diego, CA, USA)  
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III. RESULTS 

1. EE Improves Motor Coordination and Strength in HIE Mice 

HI mice were randomly allocated to either EE cages (Figure 1A) or standard cages 

(Figure 1B,C) at 6 weeks of age. Behavioral assessments were conducted based on the 

experimental scheme (Figure 1D).  

The HI EE-treated group showed significant improvement and functional recovery in all 

examined motor function tests. A rotarod test in both accelerating (4–80 rpm, Figure 2A) 

and constant (48 rpm, Figure 2B) paradigms showed that NOR mice had significantly 

higher latency to fall than HI CON mice and HI EE mice right before the initiation of the 

housing condition, respectively (NOR v. HI CON, # p < 0.01, ## p < 0.002, ### p < 0.0002; 

NOR v. HI EE, $ p < 0.01, $$ p < 0.002, $$$ p < 0.0002). The differences between HI EE 

mice and NOR mice was not statistically significant throughout the condition period. The 

improved motor function of HI EE mice was maintained throughout the condition period 

in both accelerating and constant paradigms, compared to those of HI control mice (* p < 

0.01, ** p < 0.002, *** p < 0.0002). Similarly, the ladder walking test showed that EE mice 

had a significant reduction in delta (post–pre) left limb slip rate compared to that of HI 

control mice, and NOR mice compared to that of HI control mice, respectively (* p < 0.05, 

** p < 0.01, Figure 2C). HI EE mice had a significantly higher delta (post–pre) latency to 

fall compared to that of HI control mice, and NOR mice compared to that of HI control 

mice, respectively (* p < 0.05, *** p < 0.001, Figure 2D). 
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Figure 1. The experimental scheme of this study. (A) The representative picture of an 

environmental enrichment (EE) cage. (B,C) The representative pictures of standard 

(control) cages. (D) Schematic overview of the experimental design. A total of 60 mild HI 

mice were selected and randomly separated into 2 groups (control, N = 30; EE, N = 30), 7 

days after surgery based on brain severity, and a total of 15 normal, intact mice were 

allocated to the standard cages. The location of EE objects was changed once every three 

days. At 14 weeks of age, all mice were sacrificed for molecular and histological analysis.  
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Figure 2. EE improves motor coordination and strength in HIE mice. (A) Accelerating 

rpm rotarod performance (4–80 rpm) at 2-week interval. The HI EE group and the NOR 

group significantly outperformed the HI control group throughout the condition period 

(Bonferroni multiple comparisons test). (B) Constant rpm rotarod performance (48 rpm) at 

2-week interval (Bonferroni multiple comparisons test). The HI EE group and the NOR 

group significantly outperformed the HI control group throughout the study period. Data 

are expressed as mean ± SEM with 30 mice for the HI CON and EE groups, and 15 mice 

for the NOR group. The asterisk (*) indicates a significant difference between the HI CON 

group and the HI EE group (** p < 0.002, *** p < 0.0002). The pound sign (#) indicates a 

significant difference between the HI CON group and the NOR group (# p < 0.01, ## p < 

0.002, ### p < 0.0002). The dollar sign ($) indicates a significant difference between the 

HI EE group and the NOR group ($ p < 0.01). (C) Ladder walking tests were performed at 

week 6 and week 14. Significant differences in delta left limb slip rate (post–pre) were 

observed between the HI CON group and the HI EE group, and in the HI CON group and 



19 

the NOR group, respectively, over the condition period (* p < 0.05, ** p < 0.01, the least 

significant difference test). Data are expressed as mean ± SEM with 12 mice for the HI 

groups and 10 mice for NOR group. (D) Hanging wire tests were performed at week 6 and 

week 14. Significant differences in delta latency to fall (post–pre) were observed between 

the HI control group and the HI EE group, and in the HI CON group and the NOR group, 

respectively (* p < 0.05, *** p < 0.001, the least significant difference test). Data are 

expressed as mean ± SEM with 10 mice for all groups. HI, hypoxic–ischemic; CON, 

control; NOR, normal intact. 
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2. EE Improves Short-Term Spatial Memory in HIE Mice 

  EE Improves Short-Term Spatial Memory in HIE Mice The HI EE-treated group 

showed significant improvement and functional recovery in cognitive function. Raw scores 

of the alternative behavior and number of entries are represented in Figure 3A,B, 

respectively. Although the raw scores were not significantly different among the three 

groups, the HI EE group and NOR intact group had significantly fewer total entries than 

the HI control group (** p < 0.01, * p < 0.05). This result is similar to the maze results of 

previous studies, and indicates that long-term exposure to EE may decrease levels of 

anxiety, as indicated by the significantly low number of total entries.56,57 Overall, HI EE 

mice and NOR intact mice had a significantly higher alterative behavior percent compared 

to that of HI control mice (* p < 0.05, ** p < 0.01, Figure 3C). This result indicates that 

HI EE mice can retain fine working short-term memory after long-term exposure to EE. 
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Figure 3. EE improves short-term spatial memory in HIE mice. (A) Raw alternation 

scores of HI control, EE, and NOR mice in the Y-maze. There was no significant difference 

among the groups in raw alternation scores. (B) Number of arm entries in the Y-maze. 

There was a significant difference in total entries of the HI CON group compared to the HI 

EE group, and in the HI CON group compared to the NOR group, respectively (** p < 0.01, 

* p < 0.05, the least significant difference test). (C) Alternation percent in the Y-maze test. 

A significant increase was observed in the HI EE group compared to the HI control group, 

and in the NOR group compared to the HI CON group, respectively (* p < 0.05, ** p < 

0.01, the least significant difference test). Data are mean ± SEM with 14 mice for the HI 

groups and 10 mice for NOR group. 
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3. EE Upregulates the Expression of Cav 2.1 in the Cerebral Cortex and Hippocampus 

in HIE Mice  

To examine EE-induced changes in gene expression in the synaptic proteins, a qRT-PCR 

was performed. In my qRT-PCR analysis, EE mice showed a significant increase in the 

mRNA expression of Cav 2.1 compared to that of HI control mice in the cerebral cortex 

(** p < 0.01, Figure 4A) and hippocampus (** p < 0.01, Figure 4B). To examine EE-

induced changes in protein expression in the synaptic proteins, a Western blot (WB) was 

performed. The representative WB images of the Cav 2.1 protein are shown in Figure 4C. 

In WB analysis, EE mice showed a significant increase in the protein expression of Cav 

2.1 compared to that of HI control mice in the cerebral cortex (* p < 0.05, Figure 4D) and 

hippocampus (** p < 0.01, Figure 4E).  
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Figure 4. EE significantly increases the expression of Cav 2.1 in the cerebral cortex 

and hippocampus in HIE mice. (A,B) The qRT-PCR results of Cav 2.1 in the cerebral 

cortex and hippocampus. A significant difference was observed between HI control mice 

and HI EE mice in the cerebral cortex and hippocampus. (C) The representative Western 

blot (WB) images of Cav 2.1 cerebral cortex and hippocampus. (D,E) A quantification of 
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Cav 2.1 protein expression in the cerebral cortex and hippocampus. A significant difference 

was observed between HI control mice and HI EE mice in the cerebral cortex and 

hippocampus. Molecular data are expressed as mean ± SEM with 6 mice per data are 

expressed as mean ± SEM with n the cerebral cortex and hippocampus. Molecular 

data are expressed as mean ± SEM with 6 mice per group (* p < 0.05, ** p <0.05,** p < 

0.01, Mann-Whithey U test). 
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4. EE Induces Presynaptic Plasticity through the Higher Colocalization of Cav2.1 

with MAP2 in the Cerebral Cortex and Hippocampus in HIE Mice 

To validate EE-induced changes in the expression of Cav 2.1 and colocalization with a 

specific neuronal subtype, immunohistochemistry was performed. The representative 

confocal images of the Cav 2.1 and MAP2 proteins are shown in Figure 5A. In the 

immunohistochemistry (IHC) analysis, EE mice had a significantly higher number of Cav 

2.1 positive cells in the cerebral cortex (* p < 0.05, Figure 5B) and hippocampus (* p < 

0.05, Figure 5C), and a higher area of Cav 2.1+MAP2+ cells compared to that of HI control 

mice in the cerebral cortex (** p < 0.01, Figure 5D) and hippocampus (** p < 0.01, Figure 

5E). 
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Figure 5. EE mediates presynaptic plasticity through higher colocalization of Cav2.1 

with MAP2 in the cerebral cortex and hippocampus in HIE mice. (A) The 

representative confocal images of Cav 2.1 and MAP2 in the cerebral cortex and 

hippocampus. A white bar is 100 μm. (B,C) The number of Cav 2.1+ cells in the cerebral 

cortex and hippocampus was significantly different between HI control mice and HI EE 

mice. (D,E) A significant difference in the area of Cav 2.1+ MAP2+ was observed between 

HI control mice and HI EE mice in the cerebral cortex and hippocampus, respectively. 

Cav2.1, Cav2.1 P/Q voltage-dependent calcium channel; MAP2, microtubule associated 

protein 2, a mature neuronal marker; DAPI, 4′,6-diamidino-2-phenylindole, nuclear 

staining. Histological data are expressed as mean ± SEM with 6 mice per group (* p < 0.05, 

** p < 0.01, Mann–Whitney U test).  
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5. EE Upregulates the Expression of Presynaptic Proteins in the Cerebral Cortex and 

Hippocampus in HIE Mice 

The representative WB images of the synaptic protein are shown in Figure 6A. In WB 

analysis, EE mice showed a significant increase in the protein expression of Munc 13 (* p 

< 0.05), Rabphilin 3A (** p < 0.01), Munc 18 (** p < 0.01), VAMP2 (** p < 0.01), 

SNAP25 (* p < 0.05), and Syntaxin (* p < 0.05), compared to those of HI control mice in 

the cerebral cortex (Figure 6B). EE mice showed a significant increase in Munc 13 (** p 

< 0.01), Rabphilin 3A (** p < 0.01), Munc 18 (** p < 0.01), VAMP2 (** p < 0.01), 

SNAP25 (** p < 0.01), and Syntaxin (** p < 0.01), compared to those of HI control mice 

in the hippocampus (Figure 6C). 
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Figure 6. EE Upregulates the Expression of Presynaptic Proteins in the Cerebral 

Cortex and Hippocampus in HIE Mice. The representative WB images of the synaptic 

protein are shown in Figure 6A. In WB analysis, EE mice showed a significant increase 

in the protein expression of Munc 13 (* p < 0.05), Rabphilin 3A (** p < 0.01), Munc 18 

(** p < 0.01), VAMP2 (** p < 0.01), SNAP25 (* p < 0.05), and Syntaxin (* p < 0.05), 

compared to those of HI control mice in the cerebral cortex (Figure 6B). EE mice showed 

a significant increase in Munc 13 (** p < 0.01), Rabphilin 3A (** p < 0.01), Munc 18 (** 

p < 0.01), VAMP2 (** p < 0.01), SNAP25 (** p < 0.01), and Syntaxin (** p < 0.01), 

compared to those of HI control mice in the hippocampus (Figure 6C). Figure 5. EE 

mediates presynaptic plasticity through higher colocalization of Cav2.1 with MAP2 in 

the cerebral cortex and hippocampus in HIE mice. (A) The representative confocal images 

of Cav 2.1 and MAP2 in the cerebral cortex and hippocampus. A white bar is 100 µm. 
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(B,C) The number of Cav 2.1+ cells in the cerebral cortex and hippocampus was 

significantly different between HI control mice and HI EE mice. (D,E) A significant 

difference in the area of Cav 2.1+ MAP2+ was observed between HI control mice and HI 

EE mice in the cerebral cortex and hippocampus, respectively. Cav 2.1, Cav 2.1 P/Q 

voltage-dependent calcium channel; MAP2, microtubule associated protein 2, a mature 

neuronal marker; DAPI, 40 ,6-diamidino-2-phenylindole, nuclear staining. Histological 

data are expressed as mean ± SEM with 6 mice per group (* p < 0.05, ** p < 0.01, Mann–

Whitney U test). 
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6. Omega Agatoxin injection impairs EE-mediated Motor Coordination and 

Strength improvement in HIE Mice 

HI brain injury was induced at 1 week of age and mice were randomly divided into four 

groups at 6 weeks of age: control + PBS injection, EE + PBS injection, control + Agatoxin 

injection, and EE + Agatoxin injection groups. Groups that received EE were assigned to 

EE cages (Figure 1A) and control groups were assigned to standard cages (Figure 1B). 

Schematic diagram of the experiment design and omega agatoxin injection is shown 

(Figure 7A,B).  
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Figure 7. The experimental scheme of this study. (A) Schematic of the experimental 

design. A total of 32 mild HI mice were selected and randomly separated into 4 groups 

(Con+PBS, N = 8; EE+PBS, N = 8; Con+Agatoxin, N=8; EE+Agatoxin, N=8), 7 days after 

surgery based on brain severity, and a total of 16 mice(Con+PBS, Con+Agatoxin) were 

allocated to the standard cages. The location of EE objects was changed once every three 

days. At 14 weeks of age, all mice were sacrificed for molecular and histological analysis.  

 (B) Schematic diagram. (C) The representative picture of an environmental enrichment 

(EE) cage. 
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To investigate whether Cav2.1 blockage affects EE-mediated functional recovery, we first 

examined motor functions with the rotarod test and the hanging wire test. We focused on 

the differences between (1) the EE+PBS group and the EE+Agatoxin group, and (2) the 

control+PBS group and the control Agatoxin group to figure out whether Cav2.1 inhibition 

specifically impairs EE-mediated functional recovery without harming the baseline 

functionality. After mice were exposed to either EE or control for 2 months, rotarod tests 

were performed every 2 weeks to determine if EE improved motor function at a constant 

speed of 48 rpm. At baseline, there were no significant difference in the results of rotarod 

test among the groups. A significant time x group interaction of the rotarod test was 

revealed [Wilk's Lambda = 0.142, F(12, 53) = 4.839, p = 0.001]. For the main effect of time 

[Wilk's Lambda = 0.034, F(4, 20) = 142.172, p = 0.001] was revealed by a two-way repeated 

measure ANOVA analysis(Figure 8A). Similar results were shown in the hanging wire test 

(*p < 0.05, ** p < 0.01, Figure 8B). Spatial short-term memory was assessed by Y-maze 

test. There are significant differences between Con+PBS group and EE+ Agatotoxin group 

and between EE+PBS group and EE + Agatotoxin group and there are higher number of 

entries in the Agatotoxin-treated groups. As a result, there are significant differences 

between EE+PBS group and the other groups in alteration percent. (* p < 0.05, ** p < 0.01, 

*** p < 0.001 Figure 9)  
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Figure 8. Omega Agatoxin inhibits EE-mediated motor coordination and strength in 

HIE mice. (A) Constant rpm rotarod performance (48 rpm) at 2-week interval. The 

EE+PBS group outperformed significantly than the Con+PBS group and EE+Agatoxin 

group at week2 and week 8. At baseline, there were no significant difference in the results 

of rotarod test among the groups. A significant time x group interaction of the rotarod test 

was revealed [Wilk's Lambda = 0.142, F(12, 53) = 4.839, p = 0.001]. For the main effect of 

time [Wilk's Lambda = 0.034, F(4, 20) = 142.172, p = 0.001] was revealed by a two-way 

repeated measure ANOVA analysis. (B) Hanging wire tests were performed at week 14. 

Differences in latency to fall (post) were significantly higher in EE+PBS group compared 

to Con+PBS, Con+Agatoxin and EE+Agatoxin group, respectively (* p < 0.05, ** p < 0.01, 

*** p < 0.001 least significant differences test). Data are mean ± SEM with 8 mice per 

group. 
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Figure 9. Omega Agatoxin inhibits the improvement in EE-mediated short-term 

spatial memory in HIE mice. 

Y-maze test was performed to investigate short-term spatial memory. There are signficaint 

differencess between Con+PBS group and EE+Agatoxin group, and EE+PBS and 

EE+Agatotoxin group in raw alteration score. Reflecting the number of entries, there are 

significantly higher number of total entries in Con+Agatotoxin and EE+Agatotoxin compared 

to Con+PBS and EE+PBS. As a result, there are significantly higher alterative behavior 

percent in EE+PBS compared to the other groups. Omega Agatoxin inhibits the improvement 

in EE-mediated short-term spatial memory in HIE mice. (* p < 0.05, ** p < 0.01, *** p < 

0.001 least significant differences test) Data are mean ± SEM with 8 mice per group. 
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7. Inhibiting Cav 2.1 Decreases Active Zone Protein Expression in the Cerebral 

Cortex and Hippocampus in HIE Mice  

Having established that motor and cognitive function improvement by EE is limited with 

Cav2.1 inhibition, we examined the mRNA expression levels of active zone proteins to 

investigate whether behavioral analyses match molecular analyses. qRT-PCR was 

performed to identify the effect of Cav2.1 inhibition on active zone protein gene expression 

in two regions: cerebral cortex and hippocampus.  

Cerebral cortex active zone protein expression levels demonstrated a similar pattern. 

VAMP2 and SNAP25 showed significant differences when comparing EE+PBS group 

with EE+Agatoxin group while omega Agatoxin injection did not affect gene expression 

outcomes in the control groups (* p <0.05, ** p < 0.01, *** p < 0.001,Figure 10A,11A). 

Rabphilin 3A, Munc18, and Syntaxin mRNA levels remained steady among groups. 

Cav2.1 expression levels showed a distinct pattern with control+Agatoxin group showing 

significantly lower Cav2.1 gene expression than every other group.  

In the hippocampus, Munc18, VAMP, SNAP25, and Syntaxin showed significant 

difference between the EE+PBS group and the EE+Agatoxin group, but with no significant 

difference among the control groups ( * p <0.05, ** p < 0.01, *** p < 0.001, Figure 

10B,11B). Munc13 and Rabphillin 3A did not show any significant differences among 

groups. Also, PBS groups that were assigned to EE cages demonstrated higher VAMP2, 

SNAP25, and Cav2.1 expression compared to control+PBS group mice. 
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Figure 10. Cav 2.1 inhibition downregulates Cav2.1 gene expression in the cerebral 

cortex and hippocampus. (A) qRT-PCR results of Cav2.1 expression in the cerebral 

cortex. There were significant differences in Cav2.1 levels (EE +PBS vs Con+Agatoxin, 

EE+PBS vs EE+Agatoxin). (B) qRT-PCR results of Cav2.1 expression in the hippocampus. 

Significant differences were observed in Cav2.1 levels (Con+PBS vs Con+Agatoxin). (* p 

< 0.05, ** p < 0.01, *** p < 0.001, least significant differences test). Data are mean ± SEM 

with 8 mice per group. 
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Figure 11. Cav 2.1 inhibition downregulates active zone protein gene expression in the 

cerebral cortex and hippocampus. (A) qRT-PCR results of active zone protein 

expression in the cerebral cortex. There were significant differences in Munc18 levels (EE 

+PBS vs Con+Agatoxin, EE+PBS vs EE+Agatoxin), VAMP2 levels (Con+PBS vs 

EE+PBS, EE+PBS vs Con+Agatoxin, EE+PBS vs EE+Agatoxin), SNAP25 (Con+PBS vs 

EE+PBS, EE+PBS vs EE+Agatoxin), and Syntaxin levels (EE+PBS vs Con+Agatoxin, EE 

+PBS vs EE+Agatoxin). (B) qRT-PCR results of active zone protein expression in the 

hippocampus. Significant differences were observed in Munc13 levels (Con+PBS vs 

Con+Agatoxin), VAMP2 levels (Con+PBS vs EE+PBS, EE+PBS vs Con+Agatoxin, 

EE+PBS vs EE +Agatoxin), and SNAP25 (Con+PBS vs EE+PBS, Con+PBS vs 

EE+Agatoxin, EE+PBS vs Con+Agatoxin, EE+PBS vs EE+Agatoxin). (* p < 0.05, ** p < 

0.01, *** p < 0.001, least significant differences test). Data are mean ± SEM with 8 mice 

per group. 
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IV. DISCUSSION 

HI brain damage in the perinatal period remains one of the main causes of permanent 

neurodevelopmental impairments and mortality.1 Present study provided evidence that 

exposure to EE, starting 35 days after an HI brain injury, can still improve motor and 

cognitive deficits to the extent of normal intact mice. Moreover, the molecular and 

histological analysis also revealed that EE upregulates Cav 2.1 expression and the 

presynaptic related proteins in various brain regions, such as the cerebral cortex and 

hippocampus in HI mice. In addition to these brain regions, I also noticed a significant 

increase of Cav 2.1 and a higher area of Cav 2.1+MAP2+ cells in the striatum of EE mice 

compared to that of HI control mice.  

WB analysis indicated that the significant upregulation of synaptic proteins is 

prominent in the hippocampal and the neocortical regions. This may be due to the fact 

that these areas tend to be more sensitive to treatments and stressors, such as oxidative 

stress, which has more potential to affect brain plasticity.58-60 HI injury can induce more 

damage to these brain regions,61 and this injury may be neuroprotected and more 

neuroplastic by long-term exposure to EE. 

Upregulation in the Cav 2.1 expression and the presynaptic related proteins may 

contribute to behavioral improvements in stroke. Previous studies have shown that 

exposure to EE can improve behavioral functions through synaptic plasticity in intact and 

stroke models.18,24,62-64 However, despite recent data showing that synaptic plasticity is 

associated with exercise and behavioral improvement, there are only a few basic studies 
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focusing on the effect of EE on the expression of synaptic proteins in stroke models.18,65  

Voltage-gated Ca2+ (Cav) channels play an important role as the primary mediator of 

membrane depolarization.66,67 Massive calcium entry through Cav channels triggers 

neuronal firing and neurotransmitter release from synaptic vesicles, which are highly 

dependent on the physical distance between Cav 2.1 and synaptic vesicle-related 

proteins.68-70 Cav channels can transduce electrical activity into the flow of Ca2+ ions that 

initiate the vesicular release of neurotransmitters at synapses, interacting directly or 

indirectly with a variety of synaptic proteins in a presynaptic terminal.45,71-73  

Studies have shown that the functional disruption of Cav channels and synaptic loss 

is accompanied by stroke, and partly reversed by motor rehabilitation with the increased 

expression of synaptic proteins in the peri-infarct region.74,75 These previous studies are 

consistent with my results, in that EE mediated the increased expression of synaptic 

proteins in the peri-infarct region of the cerebral cortex and hippocampus.75 Moreover, 

motor function recovery and motor cortical reorganization can occur at a later stage of 

stroke through rehabilitative training.76-78 Therefore, boosting this recovery process and 

enhancing residual brain synapses and networks are critical for better outcomes of stroke 

patients. 

Previous studies have demonstrated the close relationship between motor 

improvement, synaptic plasticity, and the altered expression of synaptic proteins.79-81 

Motor improvement is associated with the increase in the expression of presynaptic 

proteins.82,83 
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 Therefore, I aimed to test the role of calcium channel Cav2.1 in the EE-mediated 

functional recovery of HI brain damage by blocking Cav2.1 with omega Agatoxin. 

Inhibition of Cav2.1 led to lower functional recovery in terms of cognition and motor 

function, while the baseline functionality was not harmed significantly with the injection 

rate that was used. Moreover, molecular and histological analyses matched the functional 

outcomes that Cav2.1 inhibition hindered the EE-mediated upregulation of active zone 

proteins in cerebral cortex and hippocampus. Taken together, our study suggests the 

importance of Cav2.1 mediated neuroplasticity in the mechanism of EE induced 

functional recovery after HI brain damage. 

Also, I previously reported that EE leads to Cav2.1 and presynaptic protein 

upregulation, thus resulting in functional improvement31. Current findings extend this 

concept that Cav2.1 mediated neuroplasticity contributes to EE induced functional 

recovery. 

Molecular and histological analyses indicate that EE upregulates active zone proteins 

but this is impaired with Cav2.1 inhibition. However, this varied among active zone 

proteins and brain regions. SNARE complex proteins (VAMP, SNAP25, and syntaxin) 

mostly followed this trend but synaptic vesicle associated protein Rabphilin 3A relatively 

remained unchanged with omega Agatoxin injection. Between hippocampus and cerebral 

cortex, active zone proteins showed more fluctuation in the hippocampus compared to 

cerebral cortex with EE and omega Agatoxin injection. Hippocampal region having 

relatively high baseline metabolic activity and being most sensitive to hypoxic 
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conditions84,85could have caused better responsiveness to EE. 

There are some limitations to this study. First, EE is a complex process that cannot be 

explained with a single mechanism.86 Although our findings suggest Cav2.1 as a major 

player in EE-mediated recovery after HI brain injury, Cav2.1 alone cannot explain EE as 

a whole, thus requiring further studies that could explain other mechanisms and their 

complex interplay. Also, strict criterion on subject selection was used. Mild HI mice (less 

than 20% of cortical cavity) were only included in this study to obtain visible tissues of 

the cerebral cortex and hippocampus. 
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Ⅴ. CONCLUSION 

Taken together, EE improves cognitive and motor functions in mice with chronic HI 

brain injuries that mimic the pathophysiology of human HIE. These beneficial effects of 

EE may be due to the increased expression of Cav 2.1 in neurons and the upregulation of 

presynaptic proteins that are related to the synaptic vesicle cycle and neurotransmitter 

release in the cerebral cortex and hippocampus. Moreover, this study demonstrates that 

(1) inhibition of Cav2.1 with omega Agatoxin significantly impairs EE-mediated 

neuroplasticity and that (2) EE mediates presynaptic plasticity through increasing 

expression of Cav2.1 and colocalization of Cav2.1 with MAP2 in cerebral cortex and 

hippocampus. Thus, these results suggest that Cav2.1 mediated neuroplasticity could be 

the mechanism behind cognitive and motor function improvement of EE.  
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ABSTRACT (IN KOREAN) 

 

저산소성 허혈성 뇌 손상의 마우스 모델에서 재활환경이  

시냅스활성 영역 단백질에 미치는 영향 

 

<지도교수 조 성 래> 

 

연세대학교 대학원 생체공학 

송 석 영 

 EE(Environmental Enrichment)는 물리적, 인지적, 사회적 구성 요소를 

복합적으로 자극하는 고전적인 패러다임이다. EE 는 미성숙한 뇌의 생화학 및 

형태학적 변화를 유도하고 동물모델에서 운동 및 인지기능의 향상을 촉진 

할수 있어 신경가소성과 신경보호 효과를 발휘할 수 있다. 저산소성 허혈성 

뇌병증(HIE)은 산소 부족과 제한된 혈류로 인해 발생하는 치명적인 신생아 뇌 

질환이다. 그러나 HIE 의 만성상태에 대한 EE 의 정확한 기전은 불분명하다. 

본 연구에서는 신생아 저산소성 허혈성 뇌손상 마우스 모델과 비손상 

마우스 모델에서 재활환경이 전시냅스 활성영역 단백 발현에 미치는 영향을 

분석하였고 게다가 Cav2.1 칼슘채널을 억제 하였을때의 영향도 확인 하였다. 

이를위해 생후 7 일된 마우스를 편측 경동맥 결찰 후 저산소 환경 (8% 

O2)에 60 분간 노출 하였다. 6 주령에 HIE 마우스를 표준 사육환경(대조군) 

또는 EE 케이지에 무작위로 배정하였다. 신경기능을 평가 하기 위해 

로타로드 테스트, 사다리 걷기 테스트 및 행잉 와이어 테스트, Y-미로 

테스트에서 유의하게 개선된 운동 성능과 편측마비 모델에서 비대칭성을 
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개선하였고 인지 능력이 향상되었음을 보여주었다. 특히, EE 마우스는 분자 

생물학 평가에서 Cav 2.1(P/Q 유형) 및 시냅스전 단백질의 유의한 증가를 

보였고, 대뇌 피질 및 해마의 조직학적 평가에서 Cav 2.1 의 유의한 증가를 

보였다. 

이러한 결과는 EE 가 HIE 의 운동 및 인지 개선을 담당할 수 있는 시냅스 

소포 주기 및 신경전달물질 방출과 관련된 Cav 2.1 채널 및 시냅스전 

단백질의 발현을 상향조절 할 수 있음을 나타냈다. 게다가 이 연구는 오메가 

아가톡신으로 Cav2.1 을 억제하면 EE 매개 신경 가소성을 크게 손상시키고,  

EE 가 대뇌 피질과 해마에서 Cav2.1 의 발현과 신경기능 향상을 통해 시냅스 

전 가소성을 매개한다는 것을 보여준다.  따라서 이러한 결과는 Cav2.1 매개 

신경가소성이 EE 의 인지 및 운동 기능 개선의 이면에 있는 메커니즘이 될 수 

있음을 시사한다. 

 

 

 

 

 

 

 

 

 

 

핵심 되는말 : 뇌성마비, 재활환경, 시냅스가소성, 시냅스전 활성영역 단백, 

              Cav 2.1칼슘채널 
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