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Abstract
Introduction: Patients with dementia show reduced adap-
tive, behavioral, and physiological responses to environ-
mental threats. Physical exercise is expected to delay brain 
aging, maintain cognitive function and, consequently, help 
dementia patients face threats and protect themselves skill-
fully. Methods: To confirm this, we aimed to investigate the 
effects of the shaking exercise on the avoidance function in 
the senescence-accelerated mouse-prone strain-10 (SAMP-
10) model at the behavioral and tissue levels. SAMP-10 mice 
were randomized into 2 groups: a control group and a shak-
ing group. The avoidance response (latency) of the mice was 
evaluated using a passive avoidance task. The degree of 
amygdala and hippocampal aging was evaluated based on 
the brain morphology. Subsequently, the association be-
tween avoidance response and the degree of amygdala-hip-
pocampal aging was evaluated. Results: Regarding the pas-
sive avoidance task, the shaking group showed a longer la-
tency period than the control group (p < 0.05), even and low 
intensity staining of ubiquitinated protein, and had a higher 
number of and larger neurons than those of the control 

group. The difference between the groups was more signifi-
cant in the BA region of the amygdala and the CA1 region of 
the hippocampus (staining degree: p < 0.05, neuron size: p < 
0.01, neuron counts: p < 0.01) than in other regions. Conclu-
sions: The shaking exercise prevents nonfunctional protein 
(NFP) accumulation, neuron atrophy, and neuron loss; de-
lays the aging of the amygdala and hippocampus; and main-
tains the function of the amygdala-hippocampal circuit. It 
thus enhances emotional processing and cognition func-
tions, the memory of threats, the skillful confrontation of 
threats, and proper self-protection from danger.

© 2021 The Author(s)
Published by S. Karger AG, Basel

Introduction

Elderly individuals show reduced neurophysiological 
activity patterns, sensitivity to threat perception, and re-
flex recognition when compared to younger individuals 
[1]. The rate of exposure of patients with dementia to dai-
ly-life threats, such as falling [2] and traffic accidents [3] 
is high. These facts are very worrying. There is an urgent 
need to improve the sensitivity to threat perception and 
reflex recognition among elderly individuals to help them 
protect themselves.
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Attribution-NonCommercial-4.0 International License (CC BY-NC) 
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the online version of the article only. Usage and distribution for com-
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It is well known that the ability of animals to be aware 
of a threat, take measures to avoid it, and protect them-
selves is aided by disparate neural systems, which act in-
dependently and interactively to influence behavioral re-
sponses [4]. This involves a series of processes, such as 
fear generation, contextual learning, emotional memory, 
and defense response, which are mainly completed by the 
amygdala-hippocampal circuit [4]. The neuronal activity 
of the amygdala is very important for the prediction and 
perception of harmful threats [5]. However, the activa-
tion of the amygdala decreases with the advancement of 
age [6]. The amygdala frequently undergoes significant 
degeneration early in the course of Alzheimer’s disease 
(AD) [6]. In addition, patients with AD display altera-
tions in emotional expression [7]. Furthermore, func-
tional brain imaging studies have confirmed the involve-
ment of the hippocampus in both the formation (encod-
ing) of new episodic memories and their subsequent 
retrieval [8]. It is considered to be the most age-sensitive 
system, with an average age of decline onset of approxi-
mately 60 years [8]. A previous study showed that fear 
conditioning gradually decays from healthy elderly indi-
viduals to patients with AD, with patients with amnestic 
mild cognitive impairment (aMCI) showing an interme-
diate level decay [9]. However, methods to overcome this 
age-related defect remain unknown. We are devoted to 
exploring effective methods for overcoming age-related 
defects, increasing sensitivity to threat perception, and 
recognizing the reflexes in elderly individuals, to enable 
them to maintain their self-protection ability and reduce 
the associated social burden.

Physical exercise sensitizes the nervous system by pro-
moting many processes, e.g., synaptic plasticity, neuro-
genesis, angiogenesis, and autophagy, as well as protec-
tive and preventive activities, e.g., improvements in 
memory, cognition, and mood [10]. Furthermore, 10 
weeks of treadmill training was found to increase the den-
dritic arbor of the amygdala and hippocampus and en-
hance amygdala- and hippocampus-associated neuronal 
function in mice [11]. Taking into account the physiolog-
ical characteristics of elderly individuals, a laboratory-de-
signed shaking exercise has been developed and shown to 
be a safe and convenient method of physical exercise [12–
14]. The shaking exercise focuses on increasing physical 
activity by increasing muscle contraction. It is applied by 
using a rotating device with a horizontal panel for the 
subject to stand on. When the subject stands on a rocking 
surface, the rocking affects their balance. To avoid falling, 
the body will unconsciously reflex to maintain its balance, 
and the muscles begin to contract. When the shaking ex-

ercise is applied in a mouse model, we can ensure that all 
mice in the experiment are exposed to the same external 
force from a 360° stimulation, thereby ensuring the ob-
jectivity of the experiment. Through experiments on 
mice, previous studies have proven that the shaking exer-
cise can prevent a decline in lumbar [12] and thigh-bone 
mineral density [14], delaying the onset of arthritis [13] 
and slowing its progress.

A previous study provided preliminary evidence sug-
gesting that the shaking exercise protects the learning and 
memory function of the hippocampus [15]. However, 
none of the previous studies have explored the effect of 
the shaking exercise on the amygdala-hippocampal cir-
cuit.

Based on the findings of previous studies, we hypoth-
esized that the shaking exercise would delay the aging of 
the amygdala and hippocampus and help to maintain the 
function of the amygdala-hippocampal circuit, thereby 
maintaining the emotional processing function, cogni-
tion function, and the memory of threats, enhancing 
skillful confrontation of threats and enabling proper self-
protection from danger.

Materials and Methods

Animals
Eight-week-old male SAMP-10 mice (SAMP10/TaSlc, SLC, 

Shizuoka) were used. The mice were randomly assigned to 2 
groups (shaking group, n = 12; control group, n = 12). The timing 
of the passive avoidance task and sample collection was set based 
on senescence and health. 

Shaking Exercise
Twelve mice were placed in 12 separate spaces on the shaking 

machine. During the exercise, they remained isolated and did not 
interfere with each other. Shaking stimulation involved a horizon-
tal rotation movement with a variable axis of rotation that was 
uniformly applied in all directions (NR-3; TAITEC Co. Ltd., Saita-
ma). Stimulation parameters were: movement distance, 50 mm; 
shaking speed, 150 times/min. The stimulation was applied for 30 
min/day 3 times/week for 25 continuous weeks. The intervention 
was initiated when the mice were aged 9 weeks and terminated 
when they were aged 33 weeks (Fig. 1).

Passive Avoidance Task
According to the results of senescence and health, the passive 

avoidance task (STC-001M and SGS-003DX, Muromachi Kikai 
Co. Ltd., Tokyo) was carried out at the age of 33 weeks. On the first 
day (memory acquisition), each mouse was placed in an illumi-
nated space. After 1 min, a sliding door was opened, and the mouse 
was given access via a narrow hole into a closed dark compartment. 
After the mouse had encountered the open door for the first time, 
their latency to enter the dark compartment was measured. When 
all 4 paws of the mouse had entered the dark room, the door was 
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closed, and a foot shock (3 s, 0.25 mA) was delivered. The next day 
(memory regeneration), each mouse was again placed in the illu-
minated room. The latency before entering the darkroom (up to 
300 s) was measured.

Histomorphology Analysis
Brain samples were immediately stored in formalin and em-

bedded in paraffin wax. Coronal sections (20-µm-thick) of brain 
slices containing the central zone of the hippocampus (approx. 3 
mm posterior to the bregma) were made using a microtome. These 
sections were immunostained according to the standard method.

The amygdala was divided into 3 parts (lateral amygdala [LA], 
basal amygdala [BA], and central nucleus [CE]) and the hippocam-
pus was divided into 3 parts (dentate gyrus [DG], cornu ammonis 
field 3 [CA3], and cornu ammonis field 1 [CA1]) (Fig. 2). The in-
tensity of ubiquitin-positive staining, the neuron size, and the neu-
ron count in all 6 regions was measured using ImageJ software.

Statistical Analysis
SPSS v24.0 (SPSS, Chicago, IL, USA) was used. p < 0.05 was 

considered significant. Student’s t test was used to compare the 
results of the passive avoidance task and the histomorphometry 
analyses between the groups.

Results

During the passive avoidance task, on the first day 
(memory acquisition), there were no differences in laten-
cy between the 2 groups (24.50 ± 6.43 vs. 23.08 ± 3.20 s, 
t[16.14] = 0.68, ns). However, on the next day (memory 
regeneration), the shaking group showed a significantly 
longer latency (249.09 ± 57.73 vs. 150.90 ± 90.91 s,  
t[14.9] = 2.92, p < 0.05) (Fig. 3).

With regard to histomorphology, the shaking group 
showed even and low-intensity staining, which indicated 
low ubiquitinated protein accumulation. Additionally, 
the shaking group had larger neurons and a higher num-
ber of neurons. Neuronal loss was higher in the control 
group than in the shaking group, especially in the BA and 
CA1 regions (Fig. 4, 5).

The amygdala and hippocampus are shown in the 
whole image of the immunostained photomicrographs 
(Fig. 4a, e). The levels of ubiquitinated proteins were ana-
lyzed according to the intensity of the staining.

Acclimatization
Shaking group: shaking exercise

Control group: standard conditions
Passive avoidance task

Sampling

8 wk 9 wk 25 weeks 33 wk

Fig. 1. Shaking exercise schedule. Before the shaking exercise, the shaking group was habituated for 1 week, and 
the shaking stimulation was started when the mice were 9 weeks (wk) old. The shaking exercise lasted for 25 
weeks. We conducted the passive avoidance task analysis and sampling when the mice were 33 weeks old.

CA1

DG

CA3

CE LA

BA

Fig. 2. The amygdala was divided into the lateral amygdala (LA), 
basal amygdala (BA), and central nucleus (CE). The hippocampus 
was divided into the dentate gyrus (DG), cornu ammonis field 3 
(CA3), and cornu ammonis field 1 (CA1). The degree of ubiquitin-
positive staining, the neuron size, and the number of neurons were 
measured using 6 different regions of each tissue block.
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The degree of staining in the shaking group was sig-
nificantly lower than that in the control group in the LA 
(163.77 ± 5.26 vs. 154.90 ± 5.70, t[10] = 2.80, p < 0.05), BA 
(160.99 ± 7.74 vs. 144.52 ± 11.07, t[10] = 2.99, p < 0.05), 
CE (163.43 ± 6.54 vs. 153.49 ± 7.77, t[10] = 2.40, p < 0.05), 
and CA1 (169.07 ± 1.49 vs. 160.26 ± 7.72, t[5.37] = 2.75, 
p < 0.05; Fig. 4b–d, h; 5a). There were no differences be-
tween the groups in the degree of staining in the DG 
(166.35 ± 3.80 vs. 160.58 ± 6.61, t[10] = 1.85, ns) or CA3 
(159.57 ± 6.33 vs. 158.21 ± 7.71, t[10] = 0.33, ns) (Fig.  
4f, g; 5a).

The neuronal area was significantly larger in the shak-
ing group than in the control group in the BA (80.94 ± 
5.45 vs. 65.36 ± 9.75 µm2, t[10] = 3.41, p < 0.01), CE  
(73.48 ± 8.09 vs. 53.91 ± 7.51 µm2, t[10] = 4.34, p < 0.01), 
DG (53.73 ± 2.65 vs. 38.97 ± 5.69 µm2, t[7.08] = 5.76, p < 
0.01), CA3 (92.84 ± 6.13 vs. 81.16 ± 7.93 µm2, t[10] = 2.85, 
p < 0.05), and CA1 (88.37 ± 6.02 vs. 61.31 ± 3.52 µm2, 
t[10] = 2.75, p < 0.01; Fig. 4c, d, f–h; 5b). There were no 
significant differences between the groups in the LA 
(66.75 ± 4.47 vs. 64.34 ± 5.65, t[10] = 0.82, ns; Fig. 4b; 5b).

The number of neurons was significantly higher in  
the shaking group than in the control group in the BA 
(41.75 ± 4.28 vs. 16.75 ± 6.63, t[10] = 7.76, p < 0.01), CE 
(50.17 ± 9.44 vs. 33.92 ± 8.17, t[10] = 3.19, p < 0.05), DG 
(157.89 ± 23.1 vs. 112.50 ± 26.71, t[10] = 3.15, p < 0.05), 
CA3 (46.54 ± 4.14 vs. 39.08 ± 6.15, t[10] = 2.47, p < 0.05), 
and CA1 (67.08 ± 4.7 vs. 39.42 ± 11.31, t[10] = 5.53, p < 

0.01; Fig. 4c, d, f–h; 5c). There were no significant differ-
ences between the groups in the number of neurons in the 
LA (46.78 ± 4.53 vs. 40.72 ± 5.76, t[10] = 2.02, ns; Fig. 4b; 
5c).

Discussion

The amygdala is essential for emotional association 
and response, while it has been suggested that the hippo-
campus is involved in the unconditioned stimulus-condi-
tioned stimulus (US-CS) learning of both the factual in-
formation regarding the stimuli and the links between 
contextual cues [16]. The interaction of these 2 regions 
transforms fear into darkroom avoidance behavior.

SAMP-10 mice in the shaking group showed a long 
latency period before entering the darkroom, which 
proved that the mice had maintained their avoidance 
function and protected themselves from the threat of foot 
shock after the shaking exercise. With regard to the avoid-
ance behavior, mice are believed to experience 2 forms of 
fear. The first is the learning of fear, which involves expo-
sure to the real threat caused by the foot shock threat 
when entering the darkroom. The second is the regenera-
tion of fear, which is caused by brain association. The 
mice connected the learned darkroom contextual CS to 
the foot shock US when they hovered at the threshold. 
The shaking group showed low-intensity ubiquitin-posi-
tive staining in the BA and CE regions as well as a high 
number of and large neurons. In the shaking group, fear 
was processed in the BA area through healthy neurons 
and the corresponding signal was transmitted completely 
and smoothly through the CE; it entered the hippocam-
pus through the olfactory cortex [17]. In the DG-CA3-
CA1 trisynaptic pathway of the hippocampus, the DG re-
ceived the contextual information of the darkroom and 
the fear of the foot shock from the amygdala [18]. The 
information was processed rapidly in the autoassociative 
CA3 network, sent to the CA1, and then stored [19]. At 
this moment, the hippocampus completed the learning 
and creation of the memory of entering the darkroom.

In addition, the nonfunctional protein (NFP) deposi-
tion level was low in the CA1 region of the shaking group. 
We can imagine that the hippocampal neurons in the rel-
atively healthy shaking group obtained a more reliable 
memory of the darkroom context and fear of the foot 
shock than did the control group. After 24 h, when the 
mice were close to the dangerous border, i.e., the entrance 
to the darkroom, the shaking group lingered in the light 
room for a longer time and showed the expected avoid-
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ance response. The darkroom context as a retrieval cue, 
when the mice return to the familiar context, led to the 
activation of the relevant memory. The hippocampal 
neurons of the shaking group maintained the ensemble 
function of each region of the hippocampus, which made 
it easier to retrieve the right responses to the environ-
ment.

Specifically, the DG also plays a key role in the disam-
biguation of memory. The DG in the shaking group eas-
ily eliminated unnecessary memory interference [20], 
thereby helping the hippocampal CA3 and CA1 regions 
to support the fear memory and recognize the darkroom 
context. The key to the avoidance reaction is the coupling 
of the CS-US. CS-US processing takes place in the CA1 
region. In addition, the CA1 region helps recognition of 
the novelty or familiarity of the object or context [19]. In 
the shaking group, the intact CA1 managed the combina-
tion of darkroom memory and fear perfectly. At this 

stage, the shaking group successfully completed the en-
semble of the DG-CA3-CA1 region in the hippocampus 
and became a coherent system which carried the neces-
sary information of the avoidance reaction, linked the 
memory with the right context, and provided a mecha-
nism to trigger an appropriate avoidance response [21]. 
The regulation of emotional arousal on the consolidation 
of avoidance response occurs in the BA [22]. After the BA 
received information from the hippocampus, fear was 
again aroused in the BA. Because the shaking group had 
more healthy neurons, it could activate the BA more 
smoothly than the control group could, to arouse fear and 
lay the foundation for a fear-avoidance response. As a re-
sult, fear flowed through the amygdala to the hypothala-
mus, causing fear responses controlled by the central nu-
cleus [23].

In this study, in contrast to the difference in the accu-
mulation of NFP and the neuron counts, the difference in 
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Fig. 5. Histomorphology analysis of the amygdala and hippocampus. a The degree of ubiquitin-positive staining 
in the amygdala and hippocampus. b The neuron size in the amygdala and hippocampus. c The number of neu-
rons in the amygdala and hippocampus. * p < 0.05, ** p < 0.01.
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size between the 2 groups was more significant (Fig. 4, 5). 
We infer that the aging of the amygdala and hippocampus 
in 33-week-old SAMP mice was mainly manifested by the 
accumulation of NFP and the gradual atrophy of neurons, 
but not by the initiation of complete neuron loss. By 
means of the shaking exercise, the accumulation of NFP 
was reduced and progression of neuronal senescence into 
the neuron atrophy stage was prevented. In addition, in 
the 2 circuits of avoidance behavior, the BA and CA1 play 
a more decisive role. The health of the BA and CA1 in the 
shaking group was more significant than in the control 
group (Fig. 5). This could indicate that the BA and CA1 
are more easily affected by shaking exercise.

It has been reported that, after 6 months of physical 
exercise, the volume of the hippocampus of patients with 
aMCI increased and their performance in the episodic 
memory test improved [24]. Exercise can affect hippo-
campal growth, synaptic plasticity, and cue-extraction in-
duced by exercise [25]. These studies support our results 
that physical exercise has a positive impact on amygdala-
hippocampal activation and emotional memory process-
ing.

We believe that the shaking exercise can delay the ag-
ing of the amygdala and hippocampus; maintain the 
function of the amygdala-hippocampal circuit to pro-
mote the maintenance of emotional sensitivity; improve 
the cognition of potential threats; enhance skillful avoid-
ance behavior; and improve proper self-protection from 
danger. We recommend that elderly individuals maintain 
a healthy lifestyle through physical exercise, to maintain 
their emotional sensitivity and improve their awareness 
of potential risks, and thus protect themselves from dan-
ger.
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