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ABSTRACT 

14-3-3γ is an important early ischemia-inducible protective factor against ischemic cell death 

in cerebral cortical neurons. We investigated the anti-apoptosis mechanism of enhanced 14-3-3γ 

mediated by preconditioning exercise-induced brain ischemic tolerance after stroke. Rats were 

assigned to 4 groups: exercise and ischemia (Ex group), ischemia and no exercise (No-Ex group), 

exercise and no ischemia (Ex-only group), and no exercise and ischemia (control group). Rats were 

trained on a treadmill for 5 days a week for 3 weeks (running speed, 25 m/min; running duration, 30 

min/day). After the exercise program, stroke was induced by left middle cerebral artery occlusion. 

The infarct volume, neurological deficits, and motor function, as well as expression levels of hypoxia-

induced factor-1α (HIF-1α), 14-3-3γ, P2X7 receptors, p-β-catenin Ser37, Bax, and caspase 3 were 

evaluated by immunohistochemistry and western blotting. The expression of HIF-1α and 14-3-3γ 

significantly increased in neurons and astrocytes in the Ex-only group. HIF-1α was co-expressed with 

P2X7 receptor- and GFAP-positive astrocytes. After stroke, the Ex group had significantly reduced 

brain infarction. HIF-1α and 14-3-3γ significantly increased in the Ex group compared to the No-Ex 

group. In addition, p-β-catenin Ser37 significantly increased following elevated 14-3-3γ; in contrast, 

Bax and caspase 3 were significantly reduced in the Ex group. Our findings suggest that 

preconditioning exercise prior to ischemia induces neuron- and astrocyte-mediated brain ischemic 

tolerance through increased expression of HIF-1α and 14-3-3γ, which are intrinsic protective factors; 
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the upregulated 14-3-3γ induced by preconditioning exercise reduces ischemic neuronal cell death 

through the 14-3-3γ/p-β-catenin Ser37/Bax/caspase 3 anti-apoptotic pathway.  

Keywords: 14-3-3γ, HIF-1α, physical activity, ischemic tolerance, intrinsic factor  
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Introduction 

Ischemic stroke is one of the leading causes of mortality and severe long-term morbidity 

worldwide (Prabhakaran et al., 2015). Preconditioning is an endogenous strategy that leads cells and 

organisms to initiate the expression of intrinsic protective factors, which help cells to acquire 

tolerance to and defend themselves against subsequent damage (Dong et al., 2010). Physical exercise 

may be a promising preconditioning method to induce brain ischemic tolerance through the promotion 

of angiogenesis, mediation of inflammatory responses, and inhibition of neuronal apoptosis (Zhang 

et al., 2011). Preconditioning exercise provides significant neuroprotection against acute stroke, 

reduces neural deficits, and ameliorates stroke-induced injury (Guo et al., 2008; Dornbos et al., 2013; 

Feng et al., 2014; Aboutaleb et al., 2015; Otsuka et al., 2016).    

Intrinsic protective factors include transcriptional factors and endogenous protective proteins. 

Hypoxia-induced factor-1α (HIF-1α) is one of the most important transcriptional factors implicated 

in the hypoxic or ischemic brain (Yang et al., 2018) and is rapidly upregulated in response to hypoxia. 

Accumulating evidence indicates that HIF-1α, a known mediator of ischemic tolerance, plays a key 

role in neuroprotection against ischemic brain injury (Ogle et al., 2012; Ryou et al., 2012), and HIF-

1α mRNA is increased by preconditioning exercise (Dornbos et al., 2013). At the molecular level, 

HIF-1 binds to hypoxic elements and activates the transcription of many genes, which promote cell 

survival (Cao et al., 2014). Similarly, endogenous 14-3-3 proteins are important intrinsic protective 

factors to ameliorate ischemic damage and promote cell survival (Dong et al., 2010). 14-3-3γ is an 
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isotype of the 14-3-3 protein family (β, η, γ, δ, τ, ζ, and ε) and is most abundant in the brain (Chen et 

al., 2003; Dong et al., 2010). HIF-1α and 14-3-3ζ are involved in the cascade of the progression of 

human glioma cells, indicating that tissue hypoxia and apoptosis are implicated in the progression of 

brain tumors (Cao et al., 2014). The γ member of the 14-3-3 family exerts pleiotropic effects during 

various physiological processes, such as cell proliferation and anti-apoptosis (Zhao et al., 2011; Pang 

et al., 2015). However, the relationship between 14-3-3γ and tissue hypoxia factors, such as HIF-1α, 

after preconditioning exercise remains unclear. 

The mechanisms of ischemic tolerance in the central nervous system are complex and have 

not been fully elucidated. 14-3-3γ is an important early ischemia-inducible protective factor against 

ischemic cell death in cerebral cortical neurons (Lai et al., 2014). 14-3-3γ is expressed in both neurons 

and astrocytes with protective properties against ischemia insults (Chen et al., 2002; Dong et al., 

2009), and it is upregulated in astrocytes following ischemic preconditioning in an in vitro study 

(Pang et al., 2015). 14-3-3γ exerts neuronal protection by suppressing p-β-catenin Ser37 and Bax 

functions in the cerebral cortical neurons during ischemia (Lai et al., 2014). β-catenin is a critical 

transcriptional factor regulating cell death and survival (Krieghoff et al., 2006), and p-β-catenin Ser37 

is distributed predominantly in the nucleus of cerebral cortical neurons upon ischemia (Zhao et al., 

2005). Bax is a key ischemia-inducible cell death factor (Lai et al., 2014). However, the 

neuroprotective mechanisms of 14-3-3γ and the regulation of p-β-catenin Ser37 and Bax by 

preconditioning exercise-induced brain ischemic tolerance are not well understood. Therefore, we 
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focused on the 14-3-3γ neuroprotective activity mediated by preconditioning exercise-induced 

ischemic tolerance after stroke. 

    In this study, we investigated the preconditioning exercise-induced brain ischemic 

tolerance by assessing the expression of HIF-1α and 14-3-3γ in cortical neurons and astrocytes. 

Furthermore, we examined the anti-apoptosis mechanisms of preconditioning exercise-induced 14-3-

3γ after focal brain ischemia in rats  

 

Materials and methods 

Animals  

A total of 34 male Sprague-Dawley rats (mean body weight, 291.3 ± 38.0 g) were used in 

this study. The rats were pair-housed under temperature-controlled conditions (22.0 ± 1.0 ℃) on a 

12-hour light/dark cycle, with food and water available ad libitum. The experimental protocol was 

approved by the Ethics Board of the Institute of Laboratory Animal Sciences of Kagoshima 

University. 

Exercise training protocol 

All rats were trained using a motor-driven treadmill (MK-680, MUROMACHI KIKAI CO., 

LTD, Japan) for 3 days (running speed, 15–25 m/min; running duration, 10 min/day) (familiarization). 

After familiarization, the rats were randomly divided into 4 groups: exercise and ischemia (Ex group, 

n = 11), ischemia and no exercise (No-Ex group, n = 11), exercise and no ischemia (Ex-only group, 
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n = 6), and no exercise and ischemia (control group, n = 6). Before the middle cerebral artery 

occlusion (MCAO) procedure, the rats in the Ex and Ex-only groups exercised for 5 days per week 

(from Monday to Friday) for total 3 weeks (running speed, 25 m/min; running duration, 30 min/day). 

The rats in the No-Ex and control groups were allowed to move freely in their cages. The exercise 

was performed at 25 ℃ and during the daytime. Body weight was periodically measured in order to 

monitor the stress induced by treadmill running. 

Middle cerebral artery occlusion (MCAO) 

Rats were anesthetized using a combination of 0.3 mg/kg of medetomidine, 2.0 mg/kg of 

midazolam, and 2.5 mg/kg of butorphanol intraperitoneally 3 days after the end of treadmill running 

(3 weeks of running training). The rectal temperatures was monitored throughout the surgical 

procedure and maintained at 37 ℃ using a heating blanket (KN-474, NATSUME, Tokyo, Japan). 

Stroke was induced by a 60-min left MCAO using an intraluminal filament, as described previously 

(Sakakima et al., 2012; Otsuka et al., 2016). After 60 min of MCAO, reperfusion was established by 

withdrawal of the filament; 48 hours later, the rats were sacrificed. The brain, including the ischemic 

region, was analyzed histologically and immunohistochemically. Brain tissues were also used for 

2,3,5-triphenyltetrazorlium chloride (TTC) studies. 

Evaluation of ischemic infarct 

Rats were deeply anaesthetized with sodium pentobarbital and transcardially perfused with 

physiological saline before being decapitated. The brain was carefully removed and cut into seven 2-
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mm-thick coronal sections from the frontal tip using a brain slicer. The slices were then immersed in 

a 1% solution of TTC in phosphate buffered saline (PBS, pH 7.4) at 37 ℃ for 10 min. After staining, 

the sections were scanned to determine the ischemic infarct volume. The infarctions were measured 

using Scion Image software BETA 4.0.3 (Scion Corp, Frederick, MD). The total infarct area (mm³) 

was multiplied by the thickness of the brain sections to obtain the infarct volume. 

Evaluation of neurological scores, motor behavior, locomotor function, and sensorimotor function 

Animals in each group were evaluated for neurological scores, sensorimotor dysfunction, 

and motor function using the beam walking test, rotarod task, and sticky tape-removal test 48 hours 

after MCAO. After acclimatization with the beam walking and rotarod task, all animals were 

evaluated. A neurological grading system with a 5-point scale (0–4) was used. The scale was scored 

as follows: 0 = no apparent deficits; 1 = right forelimb flexion; 2 = decreased right forelimb grip 

while the tail was pulled; 3 = spontaneous movement in all directions; right circling only if pulled by 

the tail; 4 = spontaneous right circling.  

In the motor behavior test, the rats were examined using a beam walking task with an 

elevated narrow beam (100 cm long × 2.5 cm wide). The time to traverse the beam was recorded and 

analyzed across 3 trials per day (maximum trial length, 60 seconds). The beam walking task was 

graded with a 6-point score (0–5). A score of 0 was given if the rat was unable to traverse the beam 

and could not place the affected limbs on the horizontal surface or maintain balance. A score of 1 was 

given if the rat was unable to traverse the beam or to place the affected limbs on the horizontal surface 
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of the beam but was able to maintain balance. A score of 2 was given if the rat was unable to traverse 

the beam but was able to place the affected limbs on the horizontal surface of the beam and maintain 

balance. A score of 3 was given if the rat traversed the beam but used the affected limbs in less than 

half of its steps along the beam. A score of 4 was given if the rat traversed the beam and used the 

affected limbs to aid more than 50% of its steps along the beam. A score of 5 was given if the rat 

traversed the beam normally with no more than 2-foot slips. Before surgery, all animals underwent 

the motor behavior test to ensure that their performance scores were 5.  

In the motor function and balance test, rats were examined using a rotarod task (MK-670, 

MUROMACHI KIKAI CO, LTD, Japan). Each rat was placed on the rotarod cylinder; the duration 

that the animal remained on the cylinder was measured. The rotation speed increased from 0 to 25 

rpm in increments of 2.5 rpm every 6 seconds. The trial ended if the animal fell off the cylinder. Each 

animal was given 3 trials. The best latency to fall for each animal (in seconds) was used for analysis. 

Sensorimotor dysfunction was assessed by the adhesive sticky tape removal test, as described 

previously (Otsuka et al., 2016). Square sticky labels (169 mm²) were used as bilateral tactile stimuli 

occupying the palmar surface of each forepaw. The time to remove the label from the forelimbs was 

recorded in 2 trials for each forepaw. The better-recorded time in 2 trials was used for analysis. The 

maximum time allowed to remove the labels was 120 seconds. 

Histology and immunohistochemistry 
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After TTC staining, brains were immersed in 4% paraformaldehyde in 0.1 M phosphate 

buffer (pH 7.4) at 4 ℃  overnight. After fixation, the tissue was processed for histology and 

immunohistochemistry. The paraffin-embedded coronal brain sections (4-µm thick) were stained with 

hematoxylin and eosin for the histological evaluation after MCAO.  

The coronal brain sections were stained with the following antibodies: rabbit anti-HIF-1α 

antibody (Abcam plc, Cambridge, UK; ab216842), mouse anti-HIF-1α (Novus Biologicals, USA; 

NB100-131SS), rabbit anti-14-3-3γ antibody (ThermoFisher Scientific, USA; PA5-29690), mouse 

anti-glial fibrillary acidic protein (GFAP; a marker of activated astrocytes) antibody (Chemicon Int; 

MAB360), rabbit anti-P2RX7 (a maker of P2X7 receptor which is ATP acts as a ligand-gated ion 

channel) antibody (Abcam plc, Cambridge, UK; ab109054), mouse anti-neuronal nuclei (NeuN; a 

marker of neurons) antibody (Abcam plc, Cambridge, UK; ab104224), rabbit anti-activated caspase 

3 (a marker of apoptotic activity) antibody (Santa Cruz CA, USA; sc-7148) or rabbit anti-activated 

caspase 3 (Proteintech, USA; 19677-1-Ap), and rabbit anti-Bax (a maker of pro-apoptotic protein) 

antibody (Abcam plc, Cambridge, UK; ab32503). 

After deparaffinization and rehydration, the endogenous peroxidase was blocked with 

methanol containing 0.9% hydrogen peroxide for 15 min. The sections were rinsed with phosphate-

buffered saline (PBS, pH 7.6) 3 times for 10 min each and were then blocked with 10% skim milk in 

PBS for 20 min. These sections were individually incubated at 4 ℃ overnight with the following 

antibodies: rabbit anti-HIF-1α antibody (1: 100), rabbit anti-14-3-3γ antibody (1: 3000), rabbit anti-
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Bax antibody (1:50), and rabbit anti-caspase 3 antibody (1: 100). Subsequently, the sections were 

washed in PBS 3 times for 10 min each and then incubated with goat anti-rabbit IgG conjugated to a 

peroxidase-labeled dextran polymer (EnVision; Dako, CA, USA) for 60 min. After the sections were 

rinsed with PBS, the immunoreactivity was visualized with a diaminobenzidine staining.  

The co-localization of mouse anti-GFAP (1: 1000) or mouse anti-NeuN (1: 200) with rabbit 

anti-14-3-3γ (1: 3000), rabbit anti-HIF-1α (1: 100), rabbit anti-P2RX7 antibody (1: 500), and rabbit  

anti-caspase 3 (1: 100, Proteintech, USA, 19677-1-Ap) immunoreactivities were examined with 

immunofluorescence staining. In addition, the co-localization of mouse anti-HIF1α (1:100) with 

rabbit anti-P2RX7 antibody (1: 500) immunoreactivities were examined with immunofluorescence 

staining. After incubation with 2 primary antibodies followed by washing with PBS, the sections were 

incubated with both Alexa Fluor 488-conjugated goat anti-rabbit IgG antibody (1: 100) and Alexa 

Fluor 546-conjugated goat anti-mouse IgG antibody (1: 100) for 60 min. After washing with PBS, 

sections were counterstained with 4', 6-diamino-2-phenylindole for 10 min and mounted with an 

aqueous mounting media. Immunofluorescent staining was observed with a fluorescence microscope 

(EVOS f1; AMG, Mill Creek, WA, USA). 

Quantitative analysis of immunolabeled areas 

Two areas in the motor cortex of the ischemic penumbra area of each immunostained section 

were imaged at 20× magnification using a microscope and with a camera without visual field overlap. 

The areas containing positive cells of HIF-1α, 14-3-3γ, activated caspase 3, and Bax were 
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quantitatively measured in coronal sections (3 out of the 7 consecutive sections from the cranial to 

caudate region) using Scion Image software 4.0.3 (Scion Corp, Frederick, MD, USA). In additions, 

the motor cortex of the ischemic penumbra area of the caspase 3 and NeuN immunofluorescent 

staining section was imaged at 10× magnification using a fluorescence microscope and with a camera. 

The number of the NeuN positive neurons and survival neurons (NeuN positive cells which do not 

merge caspase 3) were counted in the motor cortex (0.74 mm2) of the ischemic penumbra area. We 

calculated the ratios of the survival neurons (survival neurons/ total NeuN positive neurons). The 

quantitative analysis of each immunolabeled area was performed by 2 individuals, who were blind to 

the treatment group.  

Western blotting  

Immunoblotting was performed to detect protein expressions. HIF-1α, P2X7 receptor, and 

14-3-3γ were evaluated in the intact brain in the Ex-only (n = 5) and control (n = 4) rats. In addition, 

HIF-1α, 14-3-3γ, p-β-catenin Ser37, Bax, P2X7 receptor, and caspase 3 were also examined in the 

ipsilateral brain, including ischemic regions, in the Ex and No-Ex rats (n = 4 for each group). In brief, 

the cerebral cortex was dissected on ice and homogenized in T-Per reagent (Pierce Protein Research 

Products, 78510). Approximately 10 µg of protein in each sample was loaded in a 4–20% mini-

protean precast gel (Bio-Rad, USA) and was subsequently transferred to a nitrocellulose membrane. 

After blocking with Tris-buffered saline/Tween 20 buffer (0.01 M TRIS–HCl, pH 7.5, 0.15 M NaCl, 

and 0.05% Tween 20) containing 3% skim milk for 1 hour at 25 ℃, the membrane was incubated 
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with a primary antibody overnight at 4 ℃ and followed by a secondary horseradish peroxidase-

labeled anti-body. Detection was performed using the EzWestlumi plus detection system (ATTO, 

Tokyo, Japan). The following antibodies were used: rabbit anti-HIF-1α antibody (1: 1200; Abcam 

plc, Cambridge, UK; ab216842); rabbit anti-14-3-3γ antibody (1: 10000; ThermoFisher Scientific, 

USA; PA5-29690); rabbit anti-P2RX7 antibody (1: 1000; Abcam plc, Cambridge, UK; ab109054); 

rabbit anti-p-β-catenin Ser37 antibody (1: 500; Bioss Inc, USA; bs-12854R); rabbit anti-Bax antibody 

(1: 5000; Abcam plc, Cambridge, UK; ab32503); rabbit anti-caspase 3 antibody (1:1000; Santa Cruz 

CA, USA; sc-7148); and mouse anti-α-tubulin antibody (1:2000; Proteintech, USA; 66031-1g). 

Protein bands were visualized with chemical luminescence (WSE-6100 LuminoGraph I, ATTO, 

Tokyo Japan) and measured using Image J 1.46r software (National Institutes of Health). In addition, 

the α-tubulin was used as an internal loading control. 

Statistical analysis  

Statistical analyses were performed with parametric or non-parametric tests. Mann–Whitney 

U test was used to analyze the neurological and beam walking scores. An independent student’s t-test 

was applied for between-group analysis. A p value of < 0.05 was considered statistically significant. 

Data are expressed as mean ± standard error (SE). All data were analyzed using SPSS version 24 

(IBM, Chicago, IL, USA). 

 

Results 
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Preconditioning exercise enhanced the expressions of HIF-1α and 14-3-3γ in neurons and 

astrocytes in the cortex 

We investigated whether intrinsic protective factors were upregulated by preconditioning 

exercise in the intact brain cortex (Fig. 1A). The immunoreactivity of HIF-1α significantly increased 

by preconditioning exercise (p < 0.05; Fig. 1B, C), and the protein level of HIF-1α also significantly 

increased in the Ex-only group compared to the control group (p < 0.05; Fig. 1D, E). The HIF-1α 

positive cells were co-localized with NeuN (the neuronal marker) or GFAP (the astrocytic marker) 

positive cells (Fig. 1G). Additionally, because HIF-1α is involved in P2X7 receptor-mediated 

ischemic tolerance in astrocytes (Hirayama et al., 2015), we investigated the location of P2X7 

receptor positive cells by immunofluorescence staining. The protein level of P2X7 receptor 

significantly increased in the Ex-only group compared to the control group (p < 0.05; Fig. 1D, F). 

Some P2X7 receptor positive cells were co-localized with the HIF-1α or GFAP positive cells in the 

Ex-only group, suggesting induction of ischemic tolerance in astrocytes by preconditioning exercise 

(Fig. 1G). 

Similarly, the immunoreactivity of 14-3-3γ significantly increased by preconditioning 

exercise (p < 0.05; Fig. 2A, B), and the protein level of 14-3-3γ also significantly increased in the Ex-

only group compared to the control group (p < 0.05; Fig. 2C, D). The 14-3-3γ positive cells were co-

localized with NeuN or GFAP positive cells, however, it was largely observed in the NeuN positive 

cells (Fig. 2E).  
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Preconditioning exercise reduced the infarct volume, improved sensorimotor function, and 

attenuated neurological impairment after MCAO 

A significant difference in infarct volumes was identified between the Ex (205.8 ± 50.9 mm³) 

and the No-Ex (411.1 ± 57.0 mm³) groups (p < 0.05; Fig. 3A, B). 

Compared with those in the control group, the rats in the Ex and No-Ex groups showed 

significantly worse neurological and beam walking scores and increased sticky tape removal time 

after MCAO (p < 0.01). Walking time in the rotarod task significantly decreased in the No-Ex group 

(17.6 ± 4.4 seconds) than in the intact control group (51.3 ± 5.7 seconds); however, no significant 

differences were observed between the intact control and the Ex groups (41.7 ± 6.2 seconds). The 

sticky tape removal task was performed on both the left and the right (affected side) limbs. The 

remove latency was similar in the left and right limbs in the intact control group (12.5 ± 3.6 seconds, 

11.9 ± 3.2 seconds, respectively). 

Neurological deficits were ameliorated in the Ex group compared with the No-Ex group. 

However, no significant differences in the neurological scores were observed between the Ex and the 

No-Ex groups (Fig. 4A). Beam walking scores and walking times were significantly ameliorated in 

the Ex group compared to the No-Ex group (p < 0.05 or p < 0.01; Fig. 4B, C). The sticky tape removal 

task showed significantly longer latencies in the right limbs than in the left limbs in both the Ex and 

the No-Ex groups. However, the right limbs had significantly better latencies in the Ex group than in 

the No-Ex group (p < 0.05; Fig. 4D).  



17 

 

Preconditioning exercise increased the expressions of HIF-1α and 14-3-3γ in neurons and 

astrocytes after MCAO 

 After MCAO, the HIF-1α and 14-3-3γ immunoreactivity surrounding the lesions 

significantly increased in the Ex group compared to that in the No-Ex group after MCAO (p < 0.05; 

Fig. 5A, B, and C). The HIF-1α and 14-3-3γ positive cells were co-localized with NeuN or GFAP 

positive cells (Fig. 5D, E). Similarly, the protein levels of HIF-1α and 14-3-3γ in the ipsilateral brain 

were significantly higher in the Ex group than in the No-Ex group (p < 0.05; Fig. 6A, B, and C).  

In addition, the P2X7 receptor positive cells were co-localized with GFAP positive cells in 

the Ex group (Fig. 5E).the protein levels of P2X7 receptor in the ipsilateral brain were significantly 

higher in the Ex group than in the No-Ex group (p < 0.05; Fig. 6A, D). These findings suggested that 

preconditioning exercise enhanced intrinsic protective factors in neurons and astrocytes after brain 

ischemia.  

 

Preconditioning exercise reduced neuronal apoptosis via the 14-3-3γ/p-β-catenin 

Ser37/Bax/caspase 3 pathway after MCAO  

The protein level of p-β-catenin Ser37 significantly increased in the Ex group compared to 

the No-Ex group after MCAO following increased14-3-3γ (p < 0.05; Fig. 6A, E). In contrast, the 

protein level of Bax, which is a pro-apoptotic protein, was significantly reduced in the Ex group 

compared to the No-Ex group after MCAO (p < 0.05; Fig. 6A, F). The caspase 3 protein levels, 
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associated with the Bax protein levels, significantly decreased in the Ex group compared to those in 

the No-Ex group (p < 0.05; Fig. 6A, G). Similarly, the caspase 3 and Bax immunoreactivity 

surrounding the lesions were significantly reduced in the Ex group compared to that in the No-Ex 

group (p < 0.05; Fig. 7A, B, and C). Caspase 3 immunopositive cells were co-localized with the 

neuronal marker (NeuN) and astrocyte marker (GFAP), largely observed with the neuronal marker, 

indicating neuronal apoptosis surrounding the lesion (Fig. 7D). Therefore, we investigated the ratios 

of NeuN positive survival neurons surrounding the lesion area in the Ex and No-Ex groups. The ratios 

of survival neurons were significantly increased in the Ex group compared to that in the No-Ex group 

(p < 0.05; Fig. 7E). 

 

Discussion 

Many studies have demonstrated that various intrinsic factors have protective roles against 

ischemic insults. Numerous endogenous protective mechanisms are activated during the early phase 

of ischemic injury (Dong et al., 2010). In this study, we focused on neuroprotective mechanisms of 

HIF-1α and 14-3-3γ in the early phase after stroke. The results showed that HIF-1α and 14-3-3γ were 

activated in the neurons and astrocytes after preconditioning exercise, suggesting the presence of an 

ischemic tolerance in neurons and astrocytes. HIF-1α and 14-3-3 proteins are important intrinsic 

protective factors and play key roles in neuroprotection against ischemic brain injury (Dong et al., 

2010; Yang et al., 2018). Our findings indicate that preconditioning exercise reduce the infarct volume, 
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ameliorates sensorimotor function, and decreases neuronal apoptosis through enhanced expression of 

HIF-1α and 14-3-3γ and the activated 14-3-3γ/p-β-catenin Ser37/Bax/caspase 3 anti-apoptotic 

pathway, one of the underlying neuroprotective mechanisms, after ischemic stroke. 

The HIF-1α protein level increases following preconditioning exercise and plays key roles 

in neuroprotection against ischemic brain injury (Dornobs et al., 2013). HIF-1-regulated genes 

include vascular endothelial growth factor (VEGF), endothelial nitric oxide synthase, and 

erythropoietin (Ogle et al., 2012). HIF-1 binds to hypoxic elements that activate the transcription of 

many genes, which promote angiogenesis and cell survival (Cao et al., 2014). Our previous study 

demonstrated that preconditioning exercise increased angiogenesis, enhanced expression of brain-

derived neurotrophic factor (BDNF), and reduced neuronal apoptosis after stroke (Otsuka et al., 

2016); these findings suggest that increased HIF-1α by preconditioning exercise is associated with 

angiogenesis or cell survival after stroke. In addition, HIF-1α is a known mediator of ischemic 

tolerance and is involved in P2X7 receptor-mediated ischemic tolerance in astrocytes (Hirayama et 

al., 2015). The P2X7 receptor play a dual role in cell survival and cell death depending on the 

intracellular pathways activated by the receptor (Monif et al., 2009). Therefore, in this study, we 

examined whether the P2X7 receptor is a key molecule in astrocyte-mediated ischemic tolerance. Our 

results showed that HIF-1α was co-expressed with P2X7 receptor- and GFAP-positive astrocytes, 

suggesting that preconditioning exercise might induce astrocyte-mediated ischemic tolerance. Li et 

al. (2005) reported that 3-week treadmill running induced astroglial proliferation in the frontoparietal 
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cortex in rats. However, our previous study showed that astrocyte proliferation did not occur in the 

rat intact cerebral cortex following preconditioning exercise (Otsuka et al., 2016). Hirayama et al. 

(2015) demonstrated that GFAP immunoreactivity increased at 3 and 6 days after preconditioning 

respectively in the striatum and cortex of rats, suggesting that the astrocyte activation pattern was 

different between the striatum and the cortex. Because we examined the brain at 3 days after 

preconditioning exercise, astrocyte proliferation might not significantly increase in the cortex 

following preconditioning exercise. However, preconditioning animals had significantly increased 

astrocyte proliferation surrounding the lesion in the cortex after stroke in our previous study (Otsuka 

et al., 2016). Astrocytes have enhanced expression of numerous protective proteins and factors, such 

as BDNF (Pang et al., 2015; Otsuka et al., 2016), and astrocytes could impart ischemic tolerance to 

neurons (Narayanan and Perez-Pinzon, 2017). Astrocytes with ischemic tolerance induced by 

preconditioning exercise might be transformed qualitatively in the cerebral cortex. In fact, astrocytes 

with ischemic tolerance induced by preconditioning exercise proliferated markedly during ischemic 

stroke, and increased astrocytes may have neuroprotective functions, through enhanced neurotrophic 

factors.  

14-3-3γ is an early ischemia responsive gene and regulates cell death in the early stage of 

ischemic brain injury (Lai et al., 2014; Zhou et al., 2017). Our results showed that 14-3-3γ was 

upregulated by preconditioning exercise and protected against neuronal cell death after stroke. The 

14-3-3γ expression is identified in neurons and astrocytes, and astrocytes may impart ischemic 
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tolerance to neurons. In vitro study, 14-3-3γ is upregulated by ischemic preconditioning and protects 

astrocytes from ischemic injury (Pang et al., 2015). However, Chen et al. (2007) found that voluntary 

exercise decreased the protein level of 14-3-3γ in the hippocampus in aging rats. Our findings showed 

that both 14-3-3γ and HIF-1α were increased by preconditioning exercise. HIF-1α is implicated in 

the hypoxic or ischemic brain. The enhancement of 14-3-3γ may be associated with tissue hypoxia or 

ischemia. A positive correlation is found between 14-3-3ζ, HIF-1α, and VEGF in brain glioma (Cao 

et al., 2014). Therefore, preconditioning exercise may be associated with the expression of HIF-1α 

and 14-3-3 proteins. 

14-3-3 proteins may be important in regulating other molecules to promote neuronal cell 

survival in vivo under stress conditions, including ischemia (Jang et al., 2009). 14-3-3γ is a selective 

ischemia-inducible survival factor in cerebral cortical neurons and reduces cell death by regulating 

the 14-3-3γ/p-β-catenin Ser37/Bax interaction in the nucleus (Lai et al., 2014). Our findings indicated 

that preconditioning exercise increased 14-3-3γ and p-β-catenin Ser37 and reduced Bax and caspase 

3 after stroke, suggesting that upregulated HIF-1α and 14-3-3γ reduce ischemic neuronal cell death 

through the HIF-1α/14-3-3γ/p-β-catenin Ser37/Bax/caspase 3 anti-apoptotic pathway, one of the 

underlying neuroprotective mechanisms of preconditioning exercise. 

A limitation of our study is that we did not examine other isotypes of 14-3-3 proteins. 14-3-

3σ or 14-3-3η was upregulated in neurons or astrocytes in ischemic conditions, and 14-3-3ε and 14-

3-3γ play a similar role in enhancing the sequestration of phosphorylated Bad and in suppressing 
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apoptosis (Dong et al., 2010). In addition, no correlation has been assessed between the expression 

of HIF-1α, 14-3-3γ and p-β catenin Ser 37 after stroke, because of small sample size. However, this 

study focused on endogenous neuroprotective mechanisms of 14-3-3γ by preconditioning exercise-

induced brain ischemic tolerance in the early phase after stroke. The intrinsic protection induced by 

preconditioning exercise may be a promising target for the development of an alternative strategy of 

protection against ischemic damage. 

 

Conclusion 

Our findings indicate that preconditioning exercise induces ischemic tolerance through 

upregulation of HIF-1α and 14-3-3γ in the cortical neurons and astrocyte; preconditioning exercise 

reduces infarct volume and sensorimotor deficits after stroke. Additionally, our findings suggest that 

upregulated 14-3-3γ by preconditioning exercise reduce ischemic neuronal cell death via the 14-3-

3γ/p-β-catenin Ser37/Bax/caspase 3 anti-apoptotic pathway, one of the underlying neuroprotective 

mechanisms after ischemic stroke.  
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Figure Captions 

Figure 1. Preconditioning exercise enhanced the expression of HIF-1α in neurons and astrocytes. 

Representative TTC stained intact brain sections in the motor cortex (A), and two rectangle areas in 

the Ex-only and control groups (#3 out of 7 consecutive TTC sections from the cranial to caudate 

region) were used for immunohistochemical analysis. HIF-1α immunoreactivity significantly 

increased in the Ex-only group compared to that in the control group (B, C, n = 6). Representative 

western blotting and semi-quantitative analysis showed that protein levels of HIF-1α and P2X7 

receptor (P2X7R) were significantly higher in the Ex-only group than in the control group (D, E, and 

F, n = 5 and 4 respectively). The HIF-1α positive cells were co-localized with the neuronal marker 

(NeuN) or astrocytic marker (GFAP) positive cells, and some P2X7R positive cells were co-localized 

with the HIF-1α or GFAP positive cells in the Ex-only group (G). Date are presented as mean ± SE. 

*p < 0.05, **p < 0.01. Scale bar = 50 μm (B) or 20 μm (G). 

 

Figure 2. Preconditioning exercise enhanced the expression of 14-3-3γ in neurons and astrocytes. 14-

3-3γ immunoreactivity surrounding the lesion significantly increased in the Ex-only group than in the 

control group (A, B, n = 6). Representative western blotting and semi-quantitative analysis showed 

that protein levels of 14-3-3γ significantly increased in the Ex-only group than in the control group 

(C, D, n = 5 and 4 respectively). The 14-3-3γ positive cells were co-localized with NeuN or GFAP 

positive cells (E). Date are presented as mean ± SE. *p < 0.05. Scale bar = 50 μm (A) or 20 μm (E). 
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Figure 3. Preconditioning exercise reduced the infarct volume at 48 hours after MCAO. 

Representative TTC stained sections in the Ex and No-exercise groups (A), and two rectal areas (A) 

in the motor cortex of the ischemic penumbra (#3 out of 7 consecutive TTC sections from the cranial 

to the caudate region) were used for immunohistochemical analysis. The infraction volume 

significantly decreased in the Ex group than in the No-Ex group (B). Date are presented as mean ± 

SE (n = 7). *p < 0.05. 

 

Figure 4. Preconditioning exercise reduced sensorimotor function and neurological impairment after 

MCAO. The neurological scores (A), the beam walking scores (B), the rotarod walking time (C), and 

the sticky tape removal task (D) are shown in this Figure. The rats had significantly improved 

performance in the beam walking score, the sticky tape removal task, and rotarod walking time in the 

Ex group than in the No-Ex group. However, the neurological score was not significantly different 

between the Ex and the No-Ex groups. Date are presented as mean ± SE (n = 7). *p < 0.05, **p < 

0.01 (compared with the No-Ex group). #p < 0.05 (compared with the left side) 

 

Figure 5. The expression of HIF-1α and 14-3-3γ in neurons and astrocytes after MCAO. The left side 

of each photomicrograph (A) shows an ischemic regions, and the right side shows a surrounding the 

lesion (penumbral area). HIF-1α and 14-3-3γ immunoreactivity surrounding the lesion significantly 
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increased in the Ex group (A - C). The HIF-1α and 14-3-3γ positive cells were co-localized with 

NeuN or GFAP positive cells in the Ex group (D, E). The P2X7 receptor (P2X7R) positive cells were 

co-localized with GFAP positive cells in the Ex group (E). Date are presented as mean ± SE (n =7). 

*p < 0.05. Scale bar = 50 μm (A) or 20 μm (D, E) 

 

Figure 6. Preconditioning exercise reduced neuronal apoptosis through the 14-3-3γ/p-β-catenin 

Ser37/Bax/caspase 3 pathway after MCAO. Representative western blotting and semi-quantitative 

analysis showed that protein levels of HIF-1α, 14-3-3γ, and P2X7 receptor (P2X7R) significantly 

increased in the Ex group than in the No-Ex group (A - D). The protein level of p-β-catenin Ser37 

significantly increased in the Ex group following increased 14-3-3γ (A, E). In contrast, the protein 

levels of Bax and caspase 3 significantly decreased in the Ex group than in the No-Ex group (A, F, 

G). Date are presented as mean ± SE (n = 4). *p < 0.05. 

 

Figure 7. The expression of caspase 3 and Bax surrounding the lesion after MCAO. The left side of 

each photomicrograph (A) shows an ischemic regions, and the right side shows a surrounding the 

lesion (penumbral area). The caspase 3 and Bax immunoreactivities surrounding the lesion were 

significantly reduced in the Ex group (A - C). The caspase 3 immunopositive cells were co-localized 

with the neuronal marker (NeuN) and astrocyte marker (GFAP) in the Ex group (D), largely observed 

with the neuronal marker surrounding the lesion. The ratios of survival neurons (arrow) were 
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significantly increased in the Ex group compared to that in the No-Ex group (E). Date are presented 

as mean ± SE (n = 7). *P < 0.05. Scale bar = 50 μm (A) or 20 μm (D) 
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