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ABSTRACT 

Background. We assessed the hypothesis whether behavioral stress may affect the 

development of atherosclerosis and whether regular exercise training may influence the 

composition of atherosclerotic plaques in apolipoprotein (apo) E-deficient mice. Methods. 

Atherosclerosis was induced in apo E-deficient mice fed a high fat diet. Exercise training (45 

min swimming, 3 times/week) was conducted, and behavioral stress was provoked by glass 

marble-burying procedure. Mice were treated with marble-burying, marble-burying behavior 

plus swimming training, and swimming alone over 8 weeks. Results. Exercise training 

decreased the atherosclerotic lesions, but marble-burying behavior increased the lesions. The 

plaques containing macrophage accumulation with intercellular adhesion molecule-1 

(ICAM-1) expression associated with reduced collagen contents were induced in the mice 

treated with marble-burying. However, ICAM-1 expression was suppressed and collagen 

contents were reversed in the mice that received marble-burying behavior plus exercise 

training. In addition, exercise alone and concomitant exercise training reduced the superoxide 

production in aortic walls, shown by dihydroethidium staining, compared with that in mice 

with marble-burying behavior alone. There were no significant differences in the serum lipids 

profiles among the groups. Conclusions. Behavioral stress increased the atherosclerotic 

lesions and induced the adhesion molecule expression with superoxide production on the 

lesions in apo E-deficient mice. Exercise training may stabilize plaque lesions induced by 

marble-burying behavior in this animal model. 

 

Keywords: atherosclerosis; exercise; behavioral stress; atherosclerotic plaques; 
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INTRODUCTION 

 Various stresses, inducing psychological stress, are now recognized to be an important 

contributor to cardiovascular diseases. Both clinical and experimental evidence supports the 

hypothesis that behavioral stress is linked to hypertension, cardiac arrhythmias, and sudden, 

unexpected death [1-5]. However, the specific sites of action and mechanisms involved in the 

development of atherosclerosis are not well known. Inflammation, cytokine overproduction, 

oxidative stress, and free radicals may be considered to be key mechanisms for the 

development of atherosclerosis [6]. On the other hand, exercise is a deterrent of 

cardiovascular disease, and its antiatherogenetic effects have been described [7-9].
 

 Defensive burying is a behavior that can be elicited in rodents in response to aversive 

stimuli. The term is used to describe the behavior when rats or mice bury a shock prod, 

noxious food or dead conspecifics under a layer of bedding material [10, 11]. In recent years, 

many investigators have used the marble-burying assay as a tool for assessing axiety-like 

behaviors in mice [12]. 

 In the present study, using apolipoprotein E-deficient mice, we have provided evidence 

for the induction of intercellular adhesion molecule-1 expression on atherosclerotic plaques 

by defensive burying behavior and for the suppression of the expression by exercise with the 

analysis of tissue superoxide production. 

MATERIALS AND METHODS 

Experimental Atherosclerosis 

 The apolipoprotein E (apo E)-deficient 129ola×C57BL/6 hybrid mice were generous 

gifts of Dr. Edward M. Rubin (University of California, Berkeley, CA). These mice were 

mated with C57BL/6 mice to produce F1 hybrids. The F1 apo E
+/-

 mice were then backcrossed 

to C57BL/6 mice for 10 generations. Mice homogeneous for the apo E-null allele on a 

C57BL/6 background were subsequently generated. Male mice were subjected to the 
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subsequent experiments. The mice were kept in a temperature-controlled facility on a 

14:10-hour light-dark cycle with free access to food and water. 

 After being weaned at 4 weeks of age, mice were fed a normal chow diet (Oriental 

Yeast) until 6 weeks of age, when the animals were switched to a high fat diet containing 20% 

fat and 0.3% cholesterol as previously described [13, 14]. 

 The experimental protocols were approved by the institutional ethics committee for 

animal experiments of Kyoto University. 

Procedure of Marble-Burying (Figure 1) 

The groups of 3 to 6 mice were placed in 23  17  14 cm cages for 30 min. Thereafter, 

mice were placed individually in a 23  17  14 cm cage with 20 glass marbles, 1.5 cm in 

diameter. The glass marbles were placed in close contact in the middle of the cage on a 5 cm 

layer of sawdust. The ceiling was smooth with a few-holes so that the mice could not cling to 

the cage ceiling. The mice were left in the cage with marbles for 30 min. After this, the test 

was terminated by removing the mice and counting the number of marbles that were more 

than two thirds covered by sawdust. The test was done 24 times during 8 weeks. The average 

value was calculated. 

Experimental Protocol 

 At 6 weeks of age, mice were divided into 4 groups and subjected to the study protocol. 

They were forced to marble-burying as mentioned before and to swim a hot water bath at 

37C for 45min per day 3 times on alternate days per week during 8 weeks as previously 

described [9]; control group (n=14), marble-burying group (n=20), marble-burying plus 

exercise group (n=15), and exercise group (n=7). It was already reported by us that this 

protocol of forced swimming exercise was not stressful for rodents [9]. The number of 

burying marbles was recorded at each time. The measurement was repeated three times at 

each time. At 14 weeks the mice were killed by puncture of the ventricle under ether 
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anesthesia. The organs were weighed, and the ratios of organ weight to body weight were 

calculated. 

Tissue Processing 

 Mice were killed by bleeding with puncture of the ventricle. The vasculature was 

perfused with sterile phosphate buffered saline and 6.8% sucrose. The root of the aorta was 

dissected under a microscope and frozen in OCT embedding medium for serial cryosectioning 

covering 1.0 mm of the root. The first section was harvested when the first cusp became 

visible in the lumen of the aorta. Four sections of 6 m thickness were harvested per slide, 

and thus 8 slides per mouse were prepared. All sections were immersed for 15 sec in 60% 

isopropanol, stained for 30 min in a saturated oil-red-O solution at room temperature, 

counterstained with hematoxylin, and then mounted under coverslips with glycerol gelatin [13, 

14].
 
Also, collagen contents were detected by Sirius red staining. The oil-red O and Sirius red 

stained sections were analyzed, blinded to group, as previously described [13-15].  

Immunohistochemistry 

 Anti-macrophage (anti-M, M 3184, 1:400, PharMigen) and anti-intercellular adhesion 

molecule-1(ICAM-1) (M-19, 1:100, Santa Cruz Biotechnology) antibodies were applied to 

acetone-fixed cryosections of aortic roots. After being washed, the sections were then exposed 

to second antibodies (horseradish peroxidase-conjugated antibodies), and the horseradish 

peroxidase-conjugated antibody binding was visualized with diaminobenzidine. Sections were 

counterstained with methyl green or Mayer’s hemotoxylin. Macrophages in the lesions were 

quantitatively evaluated as previously described [15, 16].
 
Data were obtained by dividing the 

number of positively stained cells by all counterstained cells inside the internal elastic lamina. 

Three to five random microscopic field were analyzed at  200. ICAM-1 expression was 

qualitatively evaluated. 
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In Situ Defection of Superoxide Production 

To evaluate in situ superoxide production from aorta, unfixed frozen cross sections of 

the specimens were stained with dihydroethidium (DHE; Molecular Probe, OR) according to 

the previously validated method [17-19]. In the presence of superoxide, DHE is converted to 

the fluorescent molecule ethidium, which can then label nuclei by intercalating with DNA.  

Briefly, the unfixed frozen tissues were cut into 10-m thick sections, and incubated with 

10M DHE at 37C for 30 min in a light-protected humidified chamber. The images were 

obtained with a laser scanning confocal microscope. Superoxide production was demonstrated 

by red fluorescence labeling. For quantification of ethidium fluorescence from aortas, 

fluorescence (intensity  area) was measured using a high-power image. The validity of DHE 

staining for the evaluation of superoxide production from the atherosclerotic lesions was 

already reported by us [19]. 

Lipid Measurement 

 Serum was separated by centrifugation and stored at 80℃. Serum total cholesterol 

(TC) and triglyceride (TG) levels were measured with assay kits (Wako) according to the 

manufacturer’s instructions. 

Statistical Analysis 

 Values were expressed as meansSD. One-way ANOVA with subsequent Fisher 

protected least-significant difference tests was performed. A value of P<0.05 was considered 

statistically significant. 

RESULTS 

Organ Weights (Table 1) 

 There were no significant differences in body weight, heart weight, or heart weight to 

body weight among the groups. 
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Atherosclerotic Lesions (Figures 2 and 3) 

 The surface areas of aortic roots covered by fatty streak lesions were quantified in oil 

red-O-stained samples, and specimens among the groups were compared. Controls (105.30 

39.0  10
3 
m

2
, n=14) and the marble-burying behavior group (138.06  25.74  10

3 
m

2
, 

n=20) developed extensive lesions in the root of the aorta (Fig.2). Exercise group (61.62  

15.60
 
 10

3
m

2
, n=7) showed the minimal lesions among the groups. The marble-burying 

behavior increased the severity of atherosclerosis significantly (P<0.05) compared with 

controls. In mice treated with marble-burying plus exercise (69.42  19.50  10
3 
m

2
, n=15), 

the fractional area of lesions was reduced (P<0.01) compared with the marble-burying group 

as shown in Figure 2. 

 Compared with the control (38.22  10.14  10
3 
m

2
), collagen contents were 

decreased (P < 0.05) by marble-burying behavior (21.06  7.8  10
3 
m

2
) and were returned 

to the control levels by the treatment of marble-burying plus exercise (39.78  17.94  10
3 

m
2
) (Fig. 3). In exercise group (46.80  10.92  10

3 
m

2
), collagen contents were highest 

among the groups.  

Inflammatory Cell Surface Markers (Figures 2 and 4) 

The degree of macrophage-positive cells was decreased in the exercise-treated group 

and the marble-burying behavior-treated plus concomitant exercise-treated group compared 

with the other two groups (Fig.2). The expression of ICAM-1 was increased by 

marble-burying behavior and was decreased by the concomitant exercise. The expression of 

ICAM-1 in exercise group was minimal (Fig. 4). 

In Situ Superoxide Production (Figure 5) 

 To analyze the in situ superoxide production in the aortic wall, DHE staining was 

performed. Ethidium fluorescence was detected in the plaques. The intensity of DHE staining 

was increased by the marble-burying behavior, and was suppressed by the marble-burying 
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plus swimming training group. The intensity of DHE staining in exercise group was lowest 

among the groups. 

Lipid Profiles (Table 1) 

 There were no significant differences in the serum lipids profiles among the groups. 

Numbers of Marbles Buried (Figure 6) 

Figure 4 shows the numbers of marbles buried and the effects of exercise upon marble 

burying. The numbers in mice treated with exercise alone and concomitant exercise were 

significantly less compared with those in mice treated with marble-burying alone, which may 

reflect the less psychological stress-state in the exercise-treated group and the concomitant 

exercise-treated group. 

DISCUSSION 

 In the current study, it was shown that (i) apo E-deficient mice fed a high fat diet over 8 

weeks developed severe fatty streak lesions of aortic roots, (ii) behavioral stress increased the 

severity of atherosclerosis, and induced the atherosclerotic plaques with the increased 

ICAM-1 expression and superoxide production in aortic walls, and (iii) the propensity of the 

plaque unstability was reduced by the concomitant exercise treatment. 

 Chronic inflammation is thought to be of central importance in atherosclerosis [6, 20]. 

It was shown that regular and chronic exercise could suppress overt and subclinical 

inflammation [21, 22], based on the fact that atherosclerosis can be considered as generalized 

manifestations of an inflammatory disease [6]. We and other investigators had already 

reported that experimental atherosclerosis in apo E-deficient mice was markedly suppressed 

by Fc portion of immunoglobulin administration, possibly by an antiinflammatory action via 

inhibitory Fc receptor IIB [15, 16, 23]. 

 As mentioned previously, the so-called negative emotions, such as depression and 

anxiety, have been associated with the development of atherosclerosis and coronary artery 
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disease [1-5].
 
Also, psychosocial distress and anxiety disorders are a significant risk factor for 

atherosclerosis [24-26]. Although the exact mechanisms are not yet clear, burying behavior in 

the mouse is provoked by glass marble, which is considered to be a kind of defensive burying 

[10-12]. 

 In the present study, using the animal model of behavior stress induced by 

glass-burying procedure, we clearly demonstrated that behavioral stress increased the 

expression of adhesion molecule and superoxide production on atherosclerotic plaques, and 

that chronic and regular swimming training suppressed the expression of ICAM-1 and the 

overload of superoxide in aortic walls. It has already been established that the intensity of 

exercise training used in this study ameliorated the development of atherosclerosis in apo 

E-deficient mice [9], and that the degree of tissue DHE staining correlates with the superoxide 

production [17-19]. Thus, the decrease of the intensity of ethidium fluorescence expression in 

aortic walls may reflect the decrease of superoxide by exercise treatment. 

 The mechanisms by which exercise might benefit cardiovascular diseases are still 

unknown [7, 8]. It is reported that exercise suppresses inflammation, hypertension, and 

atherosclerosis [7, 8], and may reverse some cardiomyopathic conditions [27, 28]. We already 

reported that chronic and regular exercise reduced the experimental atherosclerosis by the 

antioxidant effects [9]. Indeed, in the current study, exercise reduced the lesions and might 

stabilize atherosclerotic plaques by reducing the expression of macrophages and ICAM-1 as 

well as decreased intensity of DHE. Accordingly, regular exercise might be recommended for 

the clinical therapy for atherosclerotic patients. 

 The present study also demonstrated that exposure to behavioral stress induces the 

overexpression of ICAM-1 and the overproduction of superoxide in the aortic walls with 

relatively less amount of collagen contents in apoE-deficient mice, although it did not 

increase the severity of atherosclerosis significantly. This phenomenon may be of significant 
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clinical relevance to humans. However, it should be noted that behavioral stress has been 

shown to have different effects in other strains of mice [10, 11]. 

 Behavioral stress is now recognized to be an important contributor to cardiovascular 

diseases, as mentioned before [1-5]. From the current study, however, appropriate and regular 

exercise may be recommended for the secondary prevention of atherosclerotic patients, 

especially having sustained psychological stress. 

 Several limitations of the present study should be mentioned. First, the present study 

lacked the precise evaluation of hemodynamic study. Recently, it was reported that high heart 

rate and vigorous shear stress may affect the development of atherosclerosis [29]. However, it 

was already reported that the severity of atherosclerosis was reduced by the appropriate 

exercise protocol [9, 30]. Second, the present study did not demonstrate the precise and 

molecular mechanisms why exercise might reduce the severity of experimental 

atherosclerosis. Third, the present experimental findings cannot be applied to the clinical 

settings directly because of the species differences of sensitivity for stress or anxiety. 

 In conclusion, behavioral stress may induce the overexpression of ICAM-1 and 

superoxide overproduction in the lesions in apo E-deficient mice, and concomitant exercise 

training may downregulate ICAM-1 expression and superoxide production, and reversed the 

collagen contents, resulting in the reduction of atherosclerosis. In view of the propensity of 

atherosclerotic plaques having adhesion molecule overexpression and superoxide 

overproduction, it may be concluded that exercise training may be useful for stabilizing the 

atherosclerotic plaques in clinical settings. Exploration of clinical usefulness of the results 

might be warranted. 
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FIGURE LEGENDS 

Figure 1. Marble-burying behavior 

(A) The 20 glass marbles were placed in a cage. 

(B) Mice were placed individually in a cage with for 30 min. After this, the test 

was terminated by removing the mice and counting the number of marbles that 

were covered by sawdust more than two thirds. 

(C) Number of marbles buried was calculated. 

Figure 2. Atherosclerotic lesions and, macrophage infiltration 

The lesions (white arrows) in the marble-burying procedure plus exercise-treated 

mouse (C) and the exercise-treated mouse (D) were smaller and covered less of the 

inner circumference of the aortic root than those (black arrows) of the control mouse 

(A) and marble-burying procedure-treated mouse (B). Insets boxes show magnified 

samples for macrophages (M) (arrow-heads). 

Oil-red-O stain (A, B, C, D  60) 

*P<0.05, ** P<0.01 vs Control group. # P<0.01 vs Marble-burying group. 

Figure 3. Collagen contents 

Compared with the control (A), collagen contents (red area, surrounded by dashed 

line) were decreased by marble-burying behavior (B), and were returned to the 

control levels by the treatment of marble-burying plus exercise (C). In exercise 

group (D), collagen contents were highest. P indicates plaques. 

Sirius red stain (A, B, C, D  120) 

*P<0.05, vs Control group. # P<0.01 vs Marble-burying group. 

Figure 4. Intercellular adhesion molecule -1(ICAM-1) expression 

The expression of ICAM-1 in the lesion (arrows) of the marble-burying plus 

exercise-treated mouse (C) were decreased compared with those of the control 

mouse (A) and marble-burying procedure-treated mouse (B). The expression of 
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ICAM-1 in exercise group was minimal (D). 

ICAM-1 stain (A, B, C, D  100) 

Figure 5. Dihydroethidium (DHE) staining 

Ethidium fluorescence was detected in the plaques (A). The intensity of DHE 

staining was increased by the marble-burying behavior (B), and was suppressed by 

the marble-burying plus swimming training group (C). The intensity of DHE 

staining in exercise group (D) was lowest among the group. P indicates plaques. 

DHE stain (A, B, C, D  120) 

*P<0.05, ** P<0.01 vs Control group. # P<0.01 vs Marble-burying group. 

Figure 6. Numbers of marbles buried 

The numbers in mice treated with exercise alone and concomitant exercise were 

significantly less compared with those in mice treated with marble-burying alone. 

*P < 0.05, ** P<0.01 vs Marble burying group. 
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(C) Marble-burying + Exercise (D) Exercise 
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Figure 3. 
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Figure 4.

(A) Control (B) Marble-burying (C) Marble-burying + Exercise (D) Exercise 
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Figure 6.
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Table 1  Organ weights and lipid profiles 

 

 (n) BW(g) HW(g) HW/BW(mg/g)    (n) TC(mg/dl)  TG (mg/dl) 

 Control 14 31.55.5 0.190.04 6.030.65 
 

6 1307273 54.528.4 

 Marble-burying 20 30.76.2 0.210.04 6.840.63 
 

6 1187283 68.048.3 

 Marble-burying + 

Exercise 
15 31.74.9 0.200.04 6.310.60 

 
6 1586304   52.523.1 

Exercise  7 31.76.0 0.190.05 5.990.71 
 

5 1233249   60.434.4 

(MnSD) 

BW=body weight, HW=heart weight, TC=total cholesterol, TG=triglyceride.  
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Table 2 Lesion area 

 

 (n) Lesion area, m
2
 (%) Collagen contents, m

2 
(%) M-positive cells (%)  Ethidium fluorescence (units) 

Control 14 105.3039.010
3
(13.5  5.0) 38.2210.1410

3
 (4.91.3) 9.32.7 

 
1.000.07 (n=7) 

Marble-burying 20 138.0625.7410
3
(17.7  3.3)* 21.067.810

3 
(2.71.0)* 10.43.0 

 
1.120.05* (n=10) 

Marble-burying 

+ Exercise 
15 69.4219.50 10

3
(8.9  2.5)*# 39.7817.9410

3 
(5.12.3)# 3.52.3**# 

 
0.790.07**# (n=7) 

Exercise 7 61.6215.60 10
3
(7.9  2.0)* 46.8010.9210

3
(6.01.4)* 3.23.0** 

 
0.680.10**(n=7) 

      (MnSD) 

M=macrophage. 

*P<0.05, ** P<0.01 vs Control group. # P<0.01 vs Marble-burying group. 
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Table 3  Lipid profiles 

 

 (n) TC (mg/dl) TG (mg/dl) 

Control 6 1307  273 54.5  28.4 

Marble-burying 6 1187  283 68.0  48.3 

Marble-burying + Exercise 6 1586  304 52.5  23.1 

Exercise 5 1233  249 60.4  34.4 

   (Mn±SD) 

TC=total cholesterol, TG=triglyceride. 
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