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Abstract— One of the important organ damage of 

hypertension is cognitive decline. Cognitive function is 

determined by the function of hippocampus, and previous 

studies have suggested that the decrease in brain-derived 

neurotrophic factor (BDNF) in the hippocampus causes 

cognitive decline. Protection against cognitive decline is 

reported not only in pharmacological therapy but also in 

exercise training or calorie restriction. The aim of the present 

study was to determine whether exercise training plus calorie 

restriction cause synergistic protection against cognitive decline 

via BDNF in the hippocampus or not. Exercise training for 28 

days improved cognitive decline determined by Morris water 

maze test via up-regulation of BDNF in the hippocampus of 

stroke-prone spontaneously hypertensive rats, whereas calorie 

restriction for 28 days did not. However, exercise training plus 

calorie restriction causes the protection against cognitive decline 

to a greater extent than exercise training alone. In conclusion, 

exercise training plus calorie restriction causes synergistic 

protection against cognitive decline via up-regulation of BDNF 

in the hippocampus of stroke-prone hypertensive rats.     

I. INTRODUCTION 

One of the important organ damages of hypertension and 

cardiovascular diseases is cognitive decline. Systemic 

oxidative stress and/or antioxidant deficiency cause cognitive 

decline
 
[1], and especially, oxidative stress in hippocampus 

impairs cognitive function [2]. In the brain, brain-derived 

neurotrophic factor (BDNF) is known to be involved in the 

protective mechanisms against stress and cell death as an 

antioxidant [3-5]. In the hippocampus, BDNF protects against 

ischemic cell damage [6]. 
 
   Not only the pharmacological therapy but also exercise 

training [7-9] or calorie restriction [10. 11] has been 

suggested to cause the protection against cognitive decline. 

Furthermore, calorie restriction improved cognitive function 

through the effects on hippocampus. However, in a previous 

clinical study, calorie restriction and/or exercise training did 

not protect against cognitive decline [12]. In hypertensive 

rats, it has not been determined whether calorie restriction 

protects against cognitive decline or not. The mechanisms in 

which exercise training and/or calorie restriction cause the 
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protection against cognitive decline should be discussed 

more.   

    The aim of the present study was to determine whether 

exercise training plus calorie restriction causes synergistic 

protection against cognitive decline via up-regulation of 

BDNF in the hippocampus of stroke-prone hypertensive rats. 

To do this aim, we used stroke-prone spontaneously 

hypertensive rats (SHRSP), as hypertensive and vascular 

dementia model rats [13]. We divided SHRSP into 4 groups, 

SHRSP with exercise training (EX), SHRSP with calorie 

restriction (CR), SHRSP with exercise training plus calorie 

restriction (E+C), and control SHRSP (Ctl). Exercise training 

and/or calorie restriction were done for 28 days. Cognitive 

function was determined by Morris water maze test.  

 

II. METHODS 

A. Animals 

This study was reviewed and approved by the committee 

on ethics of Animal Experiments, Kyushu University 

Graduate School of Medical Sciences, and conducted 

according to the Guidelines for Animal Experiments of 

Kyushu University. Male SHRSP (12 to 14 week old), 

weighing 350 to 425 g and fed standard feed were used (SLC 

Japan, Hamamatsu, Japan). They were housed individually in 

a temperature-controlled room (22° to 23°C) with a 

12-hour/12-hour light-dark cycle (lights on at 7:00 AM). We 

divided SHRSP into 4 groups, EX, CR, E+C, and Ctl (n=5 for 

each). Systolic blood pressure was measured dairy using
 
the 

tail-cuff method (BP-98A; Softron, Tokyo, Japan). 

B. Exercise Training 

      EX and E+C groups were submitted to a maximal 

exercise test on the treadmill (20 degree angle, 10 m/min for 

30 minutes) every day for 28 days, as previously described 

[14].  

C. Calorie Restriction 

      CR and E+C groups were given 70% of their mean 

24-hour food intake. Food was given dairy 2-3 hours before 

lights off. EX and control groups were free to have food, as 

previously described [15].   

D. Western Blotting Analysis 

      At the end of the protocol, to obtain the hippocampus 

tissues, the rats were deeply anesthetized with sodium
 

pentobarbital (100 mg/kg IP) and perfused transcardially with
 

PBS (150 mol/L NaCl, 3 mmol/L KCl, and 5 nmol/L 
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phosphate; pH
 
7.4, 4°C). The brains were removed quickly, 

and sections
 
1 mm thick were obtained with a cryostat at –

7±1°C.
 
The hippocampus defined according to a rat brain 

atlas and obtained by a punch-out technique, and the 

hippocampus tissues were homogenized and then sonicated in 

a lysing buffer containing 40 mmol/L HEPES, 1% Triton 

X-100, 10% glycerol, and 1 mmol/L phenylmethanesulfonyl 

fluoride. The tissue lysate was centrifuged at 6000 rpm for 5 

minutes at 4°C with a microcentrifuge. The lysate was 

collected, and protein concentration was determined with a 

BCA protein assay kit (Pierce). An aliquot of 20 µg of protein 

from each sample was separated on 12% 

SDS-polyacrylamide gel. Proteins were subsequently 

transferred onto polyvinylidene difluoride membranes 

(Immobilon-P membrane; Millipore). Membranes were 

incubated for 2 hours with a rabbit polyclonal antiserum 

against BDNF (1:1000; Abcam, Cambridge, UK) or 

-tubulin (1:1000; Cell Signaling). Membranes were then 

washed and incubated with a horseradish peroxidase–

conjugated horse anti-mouse IgG antibody (1:10000) for 40 

minutes. Immunoreactivity was detected by enhanced 

chemiluminescence autoradiography (plus Western blotting 

detection kit; Amersham), and was expressed as the ratio to 

β-tubulin protein. 

E. Morris Water Maze Test 

      Spatial leaning and memory function of the rats were 

investigated with the Morris water maze test in a circular pool 

filled with water at a temperature of 25.01C [16]. In the 

hidden platform test, a transparent platform was submerged 

1cm below the water level. Swimming paths were tracked 

with a camera fixed on the ceiling of the room and stored in a 

computer. All the procedures of the Morris water maze were 

performed for 7 days. A pre-training session was carried out 

at day 0, in which animals were given 60 seconds free 

swimming without the platform. In the hidden-platform test 

for 4 days, the rats were given 2 trials (1 session) on day 1 and 

4 trials (2 sessions) per day on day 2, 3, and 4. The initial trial 

interval was about 30 min and the inter-session interval was 2 

hours. During each trial, the rats were released from four 

pseudo-randomly assigned starting points and allowed to 

swim for 60 seconds. After mounting the platform, the rats 

were allowed to remain there for 15 seconds, and were then 

placed in the home cage until the start of the next trial. If a rat 

was unable to find the platform within 60 seconds, it was 

guided to the platform and allowed to rest on the platform for 

15 seconds. Probe trials were performed at day 5. In the probe 

trial, the hidden platform was removed and the rats was 

released from the right quadrant and allowed to swim freely 

for 60 seconds. The time spent in the target quadrant, where 

the platform has been located during training, and the time 

spent in the other quadrants were measured. In the 

visible-platform test was performed at day 6, the platform 

was elevated above the water surface and placed in a different 

position. The rats were given for trials with an inter-trial 

interval of 10 minutes.   

F. Statistical Analysis 

All values are expressed as mean ± SEM. Comparisons 

between any two mean values were performed using 

Bonferroni’s correction for multiple comparisons. ANOVA 

was used to compare all the parameters in all groups. 

Differences were considered to be statistically
 
significant at a 

P value of <0.05. 

III. RESULTS 

A.  Blood Pressure 

Systolic blood pressure was reduced to the similar levels in 

EX and E+C, and was significantly lower in EX and E+C than 

in Ctl (Fig. 1). Systolic blood pressure was not different 

between in CR and Ctl (Fig. 1). 

B.  BDNF in the Hippocampus 

The expression of BDNF in the hippocampus was 

significantly higher in E+C than in Ctl to a greater extent than 

in EX (Fig. 2). However, the expression of BDNF in the 

hippocampus was not different between in CR and Ctl (Fig. 2). 

C.  Morris Water Maze Test 

In the hidden platform test, escape latency was 

significantly lower in E+C than in Ctl to a greater extent than 

in EX (Fig. 3A). However, escape latency was not different in 

CR and Ctl (Fig. 3A). In the probe test, E+C resulted in 

significantly more time in the target quadrant as compared 

with EX, CR, and Ctl (Fig. 3B). In the visible platform test, 

there were no significant differences in escape latency among 

all of the groups. 

 

 

 

Figure 1.  Systolic blood pressure in each groups. *P<0.05 versus Ctl, n=5 

for each. Abbreviations; Ctl, control; E+C. exercise training+calorie 

restriction; CR, calorie restriction; EX, exercise training. 

 

IV. DISCUSSION 

   In the present study, we demonstrated that exercise 

training plus calorie restriction improves cognitive 

performance and increases BDNF in the hippocampus of 

SHRSP to a greater extent than exercise training alone. 

However, calorie restriction alone did not have such effects. 
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These results suggest that exercise training plus calorie 

restriction might cause synergistic protection against cognitive 

decline via up-regulation of BDNF in the hippocampus of 

SHRSP. 

It has already demonstrated that exercise training cause 

the protection against cognitive decline via up-regulation of 

BDNF in the hippocampus [7, 8]. The results obtained in the 

present study were compatible to these previous studies. A 

previous study indicates that superoxide induces 

down-regulation of BDNF via phosphorylation of cAMP 

response element binding protein [17]. We have demonstrated 

that angiotensin II type 1 receptor-induced superoxide is 

increased in the brain of SHRSP [18], and exercise training 

reduces superoxide in the brain of SHRSP [14]. Several 

previous studies have demonstrated that the exercise training 

inhibits the brain renin-angiotensin system including 

angiotensin converting enzyme (ACE), ACE2, angiotensin II, 

angiotensin- (1-7), and their receptors [19-21]. Furthermore, 

one of the important activating factors of brain 

renin-angiotensin system is the inflammatory cascade [22], 

and exercise training is known to lower the inflammatory 

substances in the brain of rats [23]. We consider that the 

exercise training-induced anti-inflammation, anti-oxidant, and 

inhibition of brain renin-angiotensin system cause the 

up-regulation of BDNF in the hippocampus, which contribute 

to the protection against cognitive decline. 

    Interestingly, in the present study, exercise training plus 

calorie restriction improved the cognitive performance and 

increases BDNF in the hippocampus to a greater extent than 

exercise training alone in spite of the similar depressor effects, 

whereas calorie restriction alone did not cause such effects. 

We consider that these results involve two findings. First, 

exercise training-induced protection against cognitive decline 

is independent of its depressor effect. Second, exercise 

training plus calorie restriction causes synergistic   

 

Figure 2.  Expression of BDNF in the hippocampus in each group. BDNF / 

-tubulin expression was expressed relative to that in Ctl, which was 

assingned a value of 1. *P<0.05 versus Ctl, +P<0.05 in E+C versus EX, n=5 

for each. Abbreviations; Ctl, control; E+C. exercise training+calorie 
restriction; CR, calorie restriction; EX, exercise training. 

protection effect against cognitive decline. Previously, we 

have demonstrated that exercise training inhibits sympathetic 

nervous system activation via reduction of oxidative stress in 

the brain of SHRSP [14]. Furthermore, we also have 

demonstrated that calorie restriction inhibits sympathetic 

nervous system activation via reduction of oxidative stress in 

the brain of dietary-induced obesity rats [15]. These previous 

results suggest that exercise training or calorie restriction 

could affect the brain. Although the mechanism in which 

calorie restriction inhibits oxidative stress in the brain could 

not been determined in the present study, we hypothesize that 

calorie restriction may improve adipocytes, inhibit central 

renin-angiotensin system, directly inhibit oxidative stress in 

the brain. Circulating angiotensin II acts at circumventricular 

organs to subsequently activate complex pathways, including 

those using central angiotensin II as a neurotransmitter, to 

increases sympathetic outflow [24]. We consider that calorie 

restriction also reduce oxidative stress in the hippocampus 

through these mechanisms, and causes the synergistic effect to 

exercise training. However, it is necessary to do further 

examination.    

        To determine the cognitive function, we performed 

Morris water maze test in the present study, instead of the 

shuttle avoidance test so that we could focus on hippocampus 

function. A spatial working memory task, such as Morris 

water maze test, depends on hippocampus function [25, 26]. 

Moreover, we used SHRSP as a hypertension and 

cerebrovascular disease model, and examined the cognitive 

function by only Morris water maze test. We must do further 

examination with regard to other cognitive functions in other 

models, such as Alzheimer, diabetic, and aging.   

 There are several study limitations in the present study. 

First, we did not determine the strength and the physiological 

benefits of the exercise training, such as body weights, 

lactate level and maximum O2 consumption. Second, we did 

not check the calorie restriction-induced changes in 

metabolism. We did not clarify the cause-and-effect between 

exercise training/calorie restriction and cognitive function 

due to these limitations. We have to perform the further 

studies. 

 
 

 

Figure 3.   (A) Escape latency time in each group, (B)Time in the target 

quadrant in each group. *P<0.05 versus Ctl, +P<0.05 in E+C versus EX, n=5 

for each. Abbreviations; Ctl, control; E+C. exercise training+calorie 
restriction; CR, calorie restriction; EX, exercise training. 

V. CONCLUSION 

         Exercise training plus calorie restriction causes 

synergistic protective effect against cognitive decline via 

up-regulation of BDNF in the hippocampus of SHRSP. These 

results indicate that both exercise training and calorie 

restriction should be done to the patients with hypertension 

for the protection against cognitive decline in addition to the 

pharmacological therapy. 

6766



  

APPENDIX 

None. 

ACKNOWLEDGMENT 

THIS WORK WAS SUPPORTED BY A GRANT-IN-AID 

FOR SCIENTIFIC RESEARCH FROM THE JAPAN 

SOCIETY FOR THE PROMOTION OF SCIENCE 

(22790709). 

REFERENCES 

[1] Berr C, Balansard B, Arnaud J, Roussel AM, Alperovitch A, “Cognitive 

decline is associated with systemic oxidative stress: the EVA study. Etude 
du Vieillissement Arterial,” J Am Geriatr Soc, 2000, vol. 48, pp. 

1285-1291. 

[2] Sato H, Takahashi T, Sumitani K, Takatsu H, Urano S, “Glucocorticoid 
generates ROS to induce oxidative injury in the hippocampus, leading to 

impairment of cognitive function of rats,” J Clin Biochem Nutr, 2010, vol. 

47, pp. 224-232. 

[3] Mancias M, Dwornik A, Ziemlinska E, Fehr S, Schachner M, 

Czarkowska-Bauch J, Skup M, “Locomotor exercise alters expression of 

pro-brain-derived neurotrophic factor, brain-derived neurotrophic factor 
and its receptor TrkB in the spinal cord of adult rats,” Eur J Neurosci, 2007, 

vol.  25, pp. 2425-2444. 

[4] Zacchigna S, Lambrechts D, Carmeliet P, “Neurovascular signaling defects 
in neurodegeneration. Nat Rev, 2008, vol. 9, pp. 169-181. 

[5] Lee TH, Yang JT, Kato H, Wu JH, “Hypertension downregulates the 

expression of brain-derived neurotrophic factor in the ischemic-vulnerable 
hippocampal CA1 and cortical areas after carotid artery occlusion,” Brain 

Res, 2006, vol. 1116, pp. 31-38. 

[6] Beck T, Lindholm D, Castren E, Wree A, “Brain-derived neurotrophic 
factor protects against ischemic cell damage in rat hippocampus,” J Cereb 

Blood Flow Metab, 1994, vol. 14, pp. 689-692. 

[7] Liu YF, Chen HI, Wu CL, Kuo YM, Yu L, Juang AM, Wu FS, Chuang JI, 
Jen CJ, “Differential effects of treadmill running and wheel running on 

spatial or aversive learning and memory: roles of amygdalar brain-derived 

neurotrophic factor and synaptotagmin I,” J Physiol, 2009, vol. 586, pp. 
3221-3231. 

[8] Kim H, Heo HI, Kim DH, Ko IG, Lee SS, Kim SE, Kim TW, Ji ES, Kim 

JD, Shin MS, Choi YW, Kim CJ, “Treadmill exercise and methylphenidate 
ameliorate symptoms of attention deficit/hyperactivity disorder through 

enhancing dopamine synthesis and brain-derived neurotrophic factor 

expression in spontaneously hypertensive rats,” Neurosci Lett, 2011, vol. 
504, pp. 35-39. 

[9] Gomez-Pinilla F, Vaynman S, Ying Z, “Brain-derived neurotrophic factor 

functions as a metabotrophin to mediate the effects of exercise on 
cognition,” Eur J Neurosci, 2008, vol. 28, pp. 2278-2287. 

[10] Wu P, Shen Q, Dong S, Xu Z, Tsien JZ, Hu Y, “Calorie restriction 
ameliorates neurodegenerative phenotypes in forebrain-specific 

presenilin-1 and presenilin-2 double knockout mice,” Neurobiol Aging, 

2008, vol. 29, pp.1502-1511. 

[11] Yilmaz N, Vural H, Yilmaz M, Sutcu R, Sirmali R, Hicyilmaz H, Delibas 

N, “Calorie restriction modulates hippocampal NMDA receptors in 

diet-induced obese rats,” J Recept Signal Transduct Res, 2011, vol. 31, pp. 
214-219. 

[12] Martin CK, Anton SD, han H, York-Crowe E, Redman LM, Ravussin E, 

Williamson DA, “Examination of cognitive function during six months of 
calorie restriction: results of a randomized controlled study,” Rejuvenation 

Res, 2007, vol. 10, pp. 179-190. 

[13] Kimura S, Saito H, Minami M, Togashi H, Nakamura N, Nemoto M, 
Parvez HS, “Pathogenesis of vascular dementia in stroke-prone 

spontaneously hypertensive rats,” Toxicology, 2000, vol. 153, pp. 167-178. 

[14] Kishi T, Hirooka Y, Katsuki M, Sunagawa K, “Exercise training inhibits 

sympathetic nerve activity via blockade of AT1 receptor in the rostral 
ventrolateral medulla of hypertensive rats,” Clin Exp Hypertens, to be 

published. 

[15] Kishi T, Hirooka Y, Ogawa K, Konno S, Sunagawa K, “Calorie restriction 
inhibits sympathetic nerve activity via anti-oxidant effect in the rostral 

ventrolateral medulla of obesity-induced hypertensive rats,” Clin Exp 

Hypertens, 2011, vol. 33, pp. 245-250. 

[16] Morris R, “Development of a water-maze procedure for studying spatial 

learning in the rat,” J Neurosci Methods, 1984, vol. 11, pp. 47-60. 

[17] Chan SH, Wu CW, Chang AY, Hsu KS, Chan JY, “Transcriptional 
upregulation of brain-derived neurotrophic factor in rostral ventrolateral 

medulla by angiotensin II: significant in superoxide homeostasis and 

neural regulation of arterial pressure,” Circ Res, 2010, vol. 107, pp. 
1127-1139. 

[18] Kishi T, Hirooka Y, Konno S, Ogawa K, Sunagawa K, “Angiotensin II type 

1 receptor-activated caspase-3 through ras/mitogen-activated protein 
kinase-extracellular signal-regulated kinase in the rostral ventrolateral 

medulla is involved in sympathoexcitation in stroke-prone spontaneously 

hypertensive rats,” Hypertension, 2010, vol. 55, pp. 291-297. 

[19] Mousa TM, Liu D, Cornish KG, Zucker IH, “Exercise training enhances 

baroreflex sensitivity by an angiotensin II-dependent mechanism in 

chronic heart failure,” J Appl Physiol, 2008, vol. 104, pp. 616-624. 

[20] Kar S, Gao L, Zucker IH, “Exercise training normalizes ACE and ACE2 in 

the brain of rabbits with pacing-induced heart failure,” J Appl Physiol, 

2010, vol. 108, pp. 923-932. 

[21] Felix JVC, Michelini LC, “Training-induced pressure fall in spontaneously 

hypertensive rats is associated with reduced angiotensinogen mRNA 
expression within the nucleus tractus solitarii,” Hypertension, 2007, vol. 

50, pp. 780-785. 

[22] Chennaoui M, Drogou C, Gomez-Merino D, “Effects of physical training 
on IL-1β, IL-6 and IL-1ra concentrations in various brain areas of the rat,” 

Eur Cytokine Netw, 2008, vol. 19, pp. 8-14. 

[23] Francis J, Chu Y, Johnson AK, Weiss RM, Felder RB, “Acute myocardial 
infarction induces hypothalamic cytokine synthesis,” Am J Physiol, 2004, 

vol. 286, pp. H2264-H2271. 

[24] Ferguson AV, Washburn DL, “Angiotensin II: a peptidergic 
neurotransmitter in central autonomic pathways,” Prog Neurobiol, 1998, 

vol. 54, pp. 169-192. 

[25] Moser MB, Trommald M, Andersen P, “An Increase in dendritic spine 
density on hippocampal CA1 pyramidal cells following spatial learning in 

adult rats suggests the formation of new synapses,” Proc Natl Acad Sci U S 

A, 1994, vol. 91, pp. 12673-12675. 

[26] McHugh TJ, Blum KI, Tsien JZ, Tonegawa S, Wilson MA, “Impaired 

hippocampal representation of space in CA1-specific NMDAR1 knockout 

mice,” Cell, 1996, vol. 87, pp. 1339-1349.  

6767


	MAIN MENU
	Help
	Search CD/DVD
	Search Results
	Print
	Author Index
	Keyword Index
	Program in Chronological Order

