
1

Vol.:(0123456789)

Scientific Reports |         (2022) 12:9020  | https://doi.org/10.1038/s41598-022-13178-1

www.nature.com/scientificreports

Chronic whole body vibration 
ameliorates hippocampal 
neuroinflammation, anxiety‑like 
behavior, memory functions 
and motor performance in aged 
male rats dose dependently
Tamás Oroszi1,2*, Sietse F. de Boer1, Csaba Nyakas2,3, Regien G. Schoemaker1,4 & 
Eddy A. van der Zee1

Whole body vibration (WBV) is a form of passive exercise by the stimulation of mechanical vibration 
platform. WBV has been extensively investigated through clinical studies with main focus on the 
musculoskeletal system. However, pre‑clinical data in the context of behavior, memory and motor 
functions with aged rodents are limited. The aim of this experiment was to investigate the dose 
dependent effects of a five weeks long WBV intervention with an aged animal model including 
anxiety‑related behavior, memory and motor functions, as well as markers of (neuro)inflammation. 
Male Wistar rats (18 months) underwent 5 or 20 min daily vibration exposure or pseudo‑treatment 
(i.e.: being subjected to the same environmental stimuli for 5 or 20 min, but without exposure to 
vibrations) 5 times per week. After 5 weeks treatment, cognitive functions, anxiety‑like behavior 
and motor performance were evaluated. Finally, brain tissue was collected for immunohistological 
purposes to evaluate hippocampal (neuro)inflammation. Animals with 20 min daily session of WBV 
showed a decrease in their anxiety‑like behavior and improvement in their spatial memory. Muscle 
strength in the grip hanging test was only significantly improved by 5 min daily WBV treatments, 
whereas motor coordination in the balance beam test was not significantly altered. Microglia 
activation showed a significant decrease in the CA1 and Dentate gyrus subregions by both dose of 
WBV. In contrast, these effects were less pronounced in the CA3 and Hilus subregions, where only 
5 min dose showed a significant effect on microglia activation. Our results indicate, that WBV seems 
to be a comparable strategy on age‑related anxiety, cognitive and motor decline, as well as alleviating 
age‑related (neuro)inflammation.

Aging is one of the major risk factors for various pathological conditions which entails the general decline of body 
functions, as well a number of structural and functional changes including loss of muscle mass and  strength1, 
bone  composition2, and change of cardiovascular and metabolic  homeostatic3. In addition, aging impacts the 
central nervous system (CNS) and contributes to broad pathological changes such as decreased brain  volume4, 
mitochondrial  dysfunctions5 and increased  neurodegeneration6. Age-related neurodegeneration is associated 
not only with age-related loss of neural structures, but with the progressive development of so called (neuro)
inflammation7. During central and/or peripheral inflammatory processes, microglia, the primary immune cells 
of CNS become activated and produce further level of pro-inflammatory cytokines, thereby influencing and 
interfering with its cellular  vicinity8,9. In addition, it has been reported that microglia show age-related increase 
of its threshold sensitivity for  activation10–12. More importantly, (neuro)inflammation associated with aging has 
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been demonstrated in preclinical literature to contribute to the progression of cognitive  impairments12–14. It has 
been widely reported that aging in rodents is accompanied by impaired memory and learning  functions15–17, 
increased level of anxiety-like behavioral  patterns18–20, as well by the general decline of muscular  functions21–23.

Physical activity has been widely acknowledged as a significant, easily available and low-cost intervention 
to promote body fitness at multiple levels and prevent age-related progression of neurodegenerative and other 
 diseases24,25. In preclinical studies, active exercise interventions have been demonstrated to activate various pro-
tective and repair systems by releasing wide range of neurotrophic and other  factors26–28. These factors contribute 
to the optimal brain homeostatic and protect the brain from pathological events including (neuro)inflamma-
tion28–30. Furthermore, it has been well documented in rodents that active exercise interventions improve dif-
ferent aspects of memory functions and domains of anxiety-like  behavior31–35. However, certain populations for 
instance elderly people are not always capable to perform sufficient active exercise trainings. Thereby, there is a 
growing need for developing and integrating new approaches to offer alternative lifestyle and exercise interven-
tions to enhance motor, as well cognitive abilities of these populations. Whole body vibration (WBV), type of 
passive stimulation by mechanical vibration platforms, may offer an alternative for active exercise trainings. In 
the last three decades, WBV has been demonstrated as an effective intervention to improve different domain 
of physical fitness, especially in the musculoskeletal system such as increased muscle strength and bone min-
eral  density36,37, hormonal  responses38, and enhanced mobility and balance have been  reported39–41. However, 
other studies have shown, that similarly to active exercise, WBV may beneficially stimulate the release of vari-
ous  neurotransmitters42–44, neurotrophic factors and neurogenesis related  markers45,46. In addition, beneficial 
effects of WBV on anxiety-like behavior, memory and motor functions have been reported in  rodents47,48. More 
importantly, recent studies have shown that brain damage, degeneration of neurons and activation of microglia 
cells induced by chronic restrain test and stroke model were alleviated in adult mice after long-term vibration 
 exposure46,47. However neurobiological data with aged rodents are limited, although vibration has been con-
sidered as an alternative exercise intervention for elderly populations, especially for top aged  individuals40,41.

Therefore, the current study was designed to obtain more insight into the influence of long-term WBV on 
aged male rats (18–20 months). The age of 18–20 months was chosen, because rats at this age are supposed to 
have an early and detectable age-related progression of (neuro)inflammation, as well as deficits in learning, 
memory and motor  performance15–21.

We investigated whether WBV can affect hippocampal functioning associated with neuroinflammation, anx-
iety-like behavioral patterns and motor performance. It has been reported that WBV can show dose-dependent 
 effects48. We therefore examined the dose-dependent effects of WBV by using sessions of different duration.

Material and methods
Animals. Thirty male Wistar rats were used from our own breeding colony. Age of these animals were 
18 months at the start of the intervention, respectively. Animals were randomly divided into two treated groups 
(sessions of 5- and 20-min vibration) and into a control group (n = 10 per group). Animals were housed together 
(2 rats per cage) under 12/12 dark–light cycle (light on at 7:00 a.m.) and the following laboratory conditions: 
temperature of 22 ± 2° Celsius and humidity of 50 ± 10%. Food and water were available ad libitum. One animal 
from the 20 min WBV treated group died before the end of the intervention. All methods were performed in 
accordance with the ARRIVE guidelines. Experiment was peformed in accordance with the relevant guidlines 
and regulations and were approved by the animal ethical commite of the University of Physical Education (TE-
KEB/No3/2020).

Whole body vibration procedure. A low intensity vibration platform (MarodyneLiV—Low Intensity 
Vibration; BTT Health GmbH; Germany) was utilized for vibration treatments. Animals underwent a vibra-
tion sessions of 5 or 20 min per day, five times per week for five consecutive weeks (Fig. 1). This platform offers 
a constant and low intensity vibration (frequency of 30 Hz and amplitude of 50–200 micron) with sinusoidal 
nature for an object weighted in the range of 20–120 kg. Thereby it was necessary to adjust the vibration platform 
for rats by placing a metal dumbbell (25 kg) on the top of the vibration platform. The parameters of oscillation 
with the experimental settings were tested and verified by additional measurements using a accelerometer (fre-
quency: 29.6 Hz; amplitude: 0.01–0.03 mm). Animals did not receive prior habituation to the treatment proce-
dure. Furthermore, animals were not constraint during the treatments , however, they showed slightly exited 
unprompted motor activity during the first 3–5 days of the intervention, but from the second week onward, they 
mainly remained in sitting and/or lying position. During the treatments, animals were in an empty cage with 

Figure 1.  Experimental Design: Animals underwent five weeks of whole body vibration (WBV) intervention 
with either 5 or 20 min daily sessions, five times per week. After five weeks, a test battery was performed to 
evaluate anxiety-like behavior, memory functions and motor performance. Animals were terminated on week 8 
and brain tissue was collected for immunohistological purposes.
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identical parameter as the home cage (36 × 18 × 23 cm) and were placed on the top of the vibration platform 
(i.e.: directly on the top of the metal dumbbell). The 5 and 20 min sessions were combined in the pseudo treated 
group and were rotated during the intervention by the same way but without actual vibration exposure. In addi-
tion, animals of two cages were treated parallel (i.e.: two cage was placed on the top of the platform) however the 
animals of these different cages had no social interactions with each other during the treatments. All treatment 
sessions were performed in the morning between 10 and 11 a.m. in a seperated experimental room. We adhered 
to the new reporting guidelines for WBV studies in animals 49.

Test procedure. After 5 weeks of vibration treatment, two weeks long test battery was conducted including 
open field, novel and spatial object recognition, grip strength test and balance beam to evaluate cognitive and 
motor functions, as well emotionality (Fig. 1). All of these tests were conducted between 10 am and 2 pm, in a 
quite test room under dimmed light conditions. During the test procedures WBV treatment was given at the end 
of the day. In addition, animals performed two days of vibration treatment on week 8.

Open field. Standard open field test was used to evaluate emotionality, anxiety-like behavior and unprompted 
motor performance induced by novel  environment50. The dimensions of the open field test box used in this study 
were the followings: circular shape with the diameter of 80 cm and surrounded by a 45 cm tall wall. The test area 
was divided into 20 sectors by black circular and radial lines. Rats were placed in the center of the test area and 
were allowed to explore freely the novel environment for five minutes. Video records were taken about the proce-
dures. The unfamiliar environment induced horizontal mobility and vertical activity (i.e.: rearing) were assessed 
by video analysis of the video records by ELINE  software51. The test box was cleaned out with 70% ethanol solu-
tion and dry paper tissue between all animals. The following final outcome variables were determined: frequency 
of line crossings, the cumulative time spent in the center and wall sectors of area and the frequency of rearing.

Novel and spatial object recognition. Novel and spatial object recognition test series were used to eval-
uate the spatial and object domains of memory functions described earlier by  others52. This test series consists 
of four separated phases, all of them with the duration of 3 min and with 1 min time gap between all phases. 
In the first phase, the rat was placed into the test box and was allowed to explore it freely for 3 min. In the sec-
ond phase, two identical objects were placed into the test box in parallel position and the rat was familiarized 
to these objects for 3 min. In the third phase (NLR—novel location recognition test), the two same object was 
placed back in diagonal position (i.e.: the original position of one of these objects was changed). In the last 
phase (NOR—novel object recognition), one of the familiar objects was replaced by a novel object. Two sets of 
objects were used and their role was randomly rotated during the procedures. Between all phases, the objects 
were removed from the test box and were cleaned by 70% ethanol and dry paper tissue. Animals who had no 
interactions with the objects (i.e.: the total exploration time was zero) were excluded at the final statistical analy-
sis (NOR phase: 2 rats from the pseudo group and 1 rat from the 5 min session group; NLR phase: 1 rat from 
the pseudo treated group). Video records were taken and were analyzed by visual observation by the ELINE 
software. Frequency of exploration and preference time were determined as final outcome measures. Preference 
time was calculated by the following formula:

Balance beam. A wood beam (150 cm long and 4 cm wide) fixed in horizontal position 1 m above the 
surface was used to assess motor coordination by balance beam  test53. The test procedure consisted of one famil-
iarization day and two testing days. The home cage of animals was placed to the end of the beam and served as 
motivation factor. A photo cell was used to measure the walking time on the beam (i.e.: one sensor was placed to 
the start point while another one to the end point). Between each animal, the beam was cleaned by 70% ethanol 
solution and dry paper tissue.

Rats were habituated to the test environment on the first day by 3 progressive trials (from 50 cm, 100 cm and 
150 cm walking distance). Rats performed two familiarization trials (from 50 and 100 cm) and three complete 
trials (from 150 cm) on the second and third days. The mean of the three best results from second and/or third 
days served as final outcome variable.

Grip hanging test. As in case of balance beam, grip strength test was measured on three consecutive days 
to assess muscle performance of the fore  limbs54. All days consisted of 3 test trials, however the first day only 
served as habituation day. At the start of the procedure, animals were gently picked up and supported by their 
trunk and allowed to try to grasp a suspended steel wire (2 mm diameter, 35 cm long, 50 cm above the surface) 
with their forepaws. The time until falling down was measured manually by a second researcher. Animals were 
rotated thought the three trials to ensure enough recovery time and avoid potential injuries induced by muscle 
fatigue. The test apparatus was cleaned with 70% ethanol solution and dry paper tissue after each trial. The mean 
of the three best results from the second and/or third days were used as final outcome measure.

Sacrifice. Animals were terminated on week 8 (24 h after their last vibration treatment) under pentobarbital 
anesthesia (60 mg/kg, ip) by transcardial perfusion with saline (containing 500 u/ml heparin). Brain tissue was 
collected and postfixed in 4% Paraformaldehyde (PFA) solution for 4 days and stored in phosphate-buffered 
solution containing 0.2% sodium azide (PBSA) until the freezing procedure. Brains were cryoprotected by 30% 

Time spent at the novel object or relocated object

Total object exploration time
∗ 100
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sucrose solution and frozen by liquid nitrogen. Brains were sectionized into 25 um thick sections and stored in 
PBSA solution on 4 ◦C in cold room.

Immunohistochemistry. To visualize microglia, free floating dorsal hippocampal sections were incubated 
for 3 days with 1:2500 rabbit anti-IBA1 primary antibody (Wako, Neuss, Germany—Rabbit anti IBA-1) in 2% 
bovine serum albumin (BSA) and 0.1% Triton-X at 4 °C followed with 1:500 goat-anti rabbit secondary antibody 
(Jackson, Wet Grove, USA—Goat Anti Rabbit) at room temperature. Sections were incubated for 2 h with avi-
din–biotin peroxidase complex (Vestastain ABC kit, Vector, Burlingame, USA) and visualized with 0.075 mg/ml 
DAB solution. All solutions were prepared in 0.01 M phosphate-buffered solution (PBS). Through the staining 
procedure 0.01 PBS was used to rinse the sections between the incubation steps. Sections were mounted on glass 
slides and dehydrated through ethanol and xylol solutions.

Microglia analysis. Images were taken about the subregions of the dorsal hippocampus including cornu 
ammonis 1 (CA1), cornu ammonis 3 (CA3), Dentate gyrus inner blade and Hilus regions by Olympus system 
(200 × magnification). Images were analyzed with Image-pro Plus 6.0. software (Media Cybernetics, Rockville, 
MD, USA). Microglia activation was calculated as described earlier by Hovens et al.55.

Statistical analysis. Statistical analysis was performed by Statistica 13.2 Software. One-way ANOVA fol-
lowed by Tuckey post-hoc test was used in case of all outcome variables to reveal significant interaction between 
the experimental groups. In addition, preference time of each individual groups was compared to the chance 
level by an independent sample T-test. Statistical significance was set at p < 0.05. Graphs were made by using 
GraphPad Prism 8.0. Software. Data are expressed as mean ± SEM.

Results
Open field. Open field test was performed to evaluate unprompted exploratory and anxiety-like behavior. 
Ona-way ANOVA did not show significant difference in the non-wall time/wall time (Fig. 2A)  (F(2.26) = 0.91; 
p = 0.411) as well as in the number of crossings (Fig. 2B)  (F(2.26) = 1.00; p = 0.37). Although a trend of decreased 
wall time (and increased non-wall time) and increased crossings was visible in the 20 min vibration treated 
groups compared to pseudo control animals.

Regarding vertical activity, significant increase  (F(2.26); = 3.99; p = 0.030;  p(5 min vs. pseudo) = 0.032) was only found 
in the total number of rearing in the 5 min vibrated group compared to the control group (Fig. 2C). In addition, 
a similar tendency of increased rearing  (F(2.26) = 3.99;  p(20 min vs. pseudo) = 0.112) was visible in the 20 min vibration 
group.

Novel and spatial object recognition. Novel location (NLR) and novel object recognition (NOR) 
tests were used to assess the spatial and object aspects of memory functions. During the NLR test, one-
way ANOVA revealed a significant increase of novel object’s exploration frequency  (F(2.25) = 5.02; p = 0.014; 
 p(20 min vs. pseudo) = 0.011) (i.e.: number of bouts) in the 20 min vibration treated group compared to the pseudo con-
trols (Fig. 3B). In addition, 20 min daily sessions of vibration also significantly increased the ability (p = 0.002) in 
the NLR test to discriminate between the familiar and novel locations of the objects compared to the chance level 
(Fig. 3A) (i.e.: * it reflects the significant difference compared to the chance level of 50%). This discrimination 
parameter was not affected in the 5 min vibration and pseudo treated groups (p = 0.772 and 0.353).

During the NOR task, no difference was found in the preference time  (F(2.23) = 0.071; p = 0.931) and in the 
frequency of exploration  (F(2.23) = 0.133; p = 0.875) between all groups (Fig. 4A and B). In addition, no increased 
preference time and frequency of exploration were explored during the familiarization phase (i.e.: familiarization 
phase before the NLR and NOR phases).

Figure 2.  The effects of 5 and 20 min daily sessions of WBV on exploratory and anxiety-related behavior in the 
open field in aged male rats. The time spent at wall (panel A), number of crossings (panel B) and frequency of 
rearings (panel C). One-way ANOVA was used to reveal statistical difference between the experimental groups. 
Data are depicted as mean ± SEM. * indicates P < .05.
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Balance beam and grip hanging tests. Balance beam and grip hanging tests were performed for the 
assessment of motor coordination and muscle strength. One-way ANOVA revealed that grip strength was sig-
nificantly increased by the 5 min sessions of vibration  (F(2.26) = 5.104; p = 0.013;  p(5 min vs. pseudo) = 0.010), but only 
a tendency was detected in the 20 min sessions of vibration group (p = 0.160) (Fig. 5A). Balance beam perfor-
mance was not significantly altered  (F(2.26) = 0.118; p = 0.888) but a trend of decreased walking time was visible in 
the 5 min vibrated group (Fig. 5B).

Microglia activation. Percentage of microglia activation was determined in the subregions of the hip-
pocampus including the CA1 (Fig. 6A), CA3 (Fig. 6B), Dentate gyrus inner blade (Fig. 6C) and Hilus (Fig. 6D) 
areas. A significant effect of both 5 and 20 min WBV sessions on microglia activation was only observed in the 
CA1  (F(2.24) = 5.97; p = 0.007) and Hilus  (F(2.24) = 11.09; p = 0.000) regions (Fig. 6A and D). The 20 min vibration 
session decreased the microglia activation significantly in the Dentate gyrus inner blade  (F(2.24) = 3.50; p = 0.046; 
 p(20 min vs. pseudo) = 0.056), while only a same tendency  (p(5 min vs. pseudo) = 0.125) was visible in the 5 min vibration 
treated group (Fig.  6C). Microglia activation was not significantly altered in the CA3 region  (F(2.24) = 2.318; 
p = 0.120) (Fig. 6B). Total number of microglia cells did not show difference between the experimental groups 
(data not shown).

Discussion
The current study investigated the dose-dependent effects of long-term vibration training with low intensity and 
of a sinusoidal nature on cognitive parameters, anxiety-like behavior, motor performance and neuroinflamma-
tion. The results of this experiment indicate that WBV successfully improved the motor domain of anxiety-like 

Figure 3.  Effects of 5 and 20 min daily sessions of WBV on spatial memory in spatial object relocation test 
(NLR). Preference time in % (panel A) and frequency of novel object exploration (panel B). One-way ANOVA 
was used for reveiling the difference between the experimental groups. Further, independent T-test was used for 
comparing preference time to the 50% chance level (dashed line). Data are depicted as mean ± SEM. * indicates 
P < .05.

Figure 4.  Effects of 5 and 20 min daily sessions of WBV on object memory in the novel object recognition test 
(NOR). Preference time in % (panel A) and frequency of novel object exploration (panel B). One-way ANOVA 
was used for reveiling the difference between the experimental groups. Further, independent T-test for single 
sample was used for comparing preference time to the 50% chance level (dashed line). Data are depicted as 
mean ± SEM. * indicates P < .05.
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behavior in the open field test, spatial memory in the novel location recognition test and motor performance in 
the grip hanging and balance beam tests. Our data also revealed that vibration alleviates age-related markers of 
neuroinflammation. Overall, our results demonstrate that both daily 5 and 20 min vibration sessions for 5 weeks 
using the Marodyne vibration platform is able to improve motor performance, as well as brain functions and 
neuroinflammation in aged rats.

Clinical studies using the Marodyne platform with human patients demonstrated that it can be beneficial for 
musculoskeletal  functions56. Furthermore, preclinical data with rodents suggest that WBV interventions using 
the Marodyne platform with low amplitude improved neuromuscular  adaptation57, as well as contributed to 
enhanced glucose metabolism and accelerated muscle  healing58,59. Taken together, low intensity vibration has 
successfully demonstrated, both in  clinical60,61 and preclinical  literature62,63, to be an alternative and low-cost 
treatment to mimic the beneficial effect of active exercise, especially in the musculoskeletal system. Our results 
corroborated these findings, and in addition show dose-dependent effects on motor functions and a positive 
impact of WBV on the neuroinflammatory state of the aged brain.

Figure 5.  Effects of 5 and 20 min daily sessions of WBV on muscle strength in grip hanging test (panel A) and 
motor coordination in balance beam test (panel B). Data are depicted as mean ± SEM. * indicates P < .05.

Figure 6.  Effects of 5 and 20 min daily sessions of WBV on microglia activity in the subregions of dorsal 
hippocampus including CA1 (panel A), CA3 (panel B), Dentate gyrus innerblade (Panel C) and Hilus regions 
(Panel D). Data are depicted as mean ± SEM. * indicates P < .05; ** P < .001; *** P < .0001.
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Open field test was conducted to evaluate emotional and anxiety-like behavior, as well as unprompted motor 
activity. Our results revealed that both 5 and 20 min daily sessions of WBV increased the frequency of rearing 
behavior, however only the 20 min daily sessions of WBV suppressed anxiety-like behavior in the open field 
task. Our results indicate that vibration may be beneficial to slow down the progression of age-related anxiety 
and motor decline. It has been well investigated that aging is accompanied by an increase of anxiety-like indices 
(decreased locomotion and rearing behavior, increased immobility time, more spent time in the outer zone) 
and the decrease of anti-anxiety indices (less spent time in the inner zone) in the open field  test18–20. In addition, 
indices like horizontal mobility and especially vertical activity (rearing behavior) represent a high level of motor 
coordination, as well as muscle strength of the hind limbs; the age-dependent overall decline of these motor 
domains have also been  reported18,20.

In general, these findings are comparable with our previous study that reported that 10 min daily sessions of 
WBV in rats at the age of 18–20 months is able to alleviate anxiety-like behavior and improve motor activity in 
the open field  test64. Interestingly, another  study47 showed that vibration with the frequency of 30 Hz, amplitude 
4.5 mm and duration of 30 min per day has been demonstrated to alleviate anxiety-like behavior induced by 
restrain stress model. Taken together these results, it seems that frequency instead of amplitude may be a crucial 
factor to obtain the beneficial effects on rodent’s behavior with the notion that the efficiency of WBV on the 
different domains measured in the open field such as anxiety-related markers or unprompted motor activity 
seems dose-dependent.

It has been widely reported that aging in rodents is accompanied by learning and memory  impairments15–17. 
Spatial memory seems to show a more pronounced and accelerated age-related decline compared to object dis-
crimination  memory65,66. Regarding the NLR test, the 20 min sessions of WBV group showed increased capability 
to distinguish the position of the relocated object in contrast to the 5 min sessions of WBV and pseudo treated 
animals, while the novel object discrimination index was not affected by vibration treatment. In addition, in 
previous study of our research group, the 10 min daily sessions of WBV was also able to improve this type of 
memory in aged  rats64. Another study with young-adult mice with a similar methodical approach showed that 
vibration improved the performance in NOR test whereas the NLR test was not  influenced48. These differences 
make clear that although WBV affects the brain positively, additional research is needed to understand whether 
we encountered species-specific or age-specific differences. Also, the method of WBV application (frequency 
and/or amplitude and/or duration) might be a critical component.

The hippocampus has been considered as a very specific brain region with a high degree of neuroplasticity, 
but also with a high level of vulnerability to detrimental conditions such as brain damage, chronic stress and 
aging leading to neuroinflammation and/or cognitive  deficits67,68. Increasing evidence suggests that alterations 
in neuroimmune signaling and neuroinflammatory pathways such as increased microglia activation in the hip-
pocampus tend to be a hallmark of the normal, non-pathological aging  process69. The used IBA1 staining was 
performed to assess microglia activation in subregions of hippocampus. Both 5 and 20 min sessions of WBV 
decreased microglia activation, and this effect was more pronounced in the CA1, Hilus and Dentate gyrus inner 
blade regions. The CA3 area was less affected, but seems to be affected in the same direction, indicating that 
microglial activation is reduced by WBV in the entire hippocampus. This seems to be in line with the way vibra-
tional signals reach the hippocampus. Activation of vibration-sensitive muscle and skin receptors are critical 
in transferring the stimuli to the cerebral cortical regions including the motor and sensory  areas70,71. The hip-
pocampus receives inputs from these cortical, as well other subcortical areas; these inputs reach the hippocampus 
through the entorhinal cortex which directly projects via the perforant paths to the cells of Dentate gyrus and 
CA1 areas, and more indirectly from the Dentate gyrus to the CA3 area via the mossy  fibers72. Hippocampal 
responses to WBV have been reported before. One study in young adult Sprague–Dawley rats showed that WBV 
(30 Hz and 4.5 mm amplitude, 30 min/day, 6 days/week for 8 weeks) was able to alleviate the level of microglia-
activation induced by severe immobility  stress47. Furthermore, vibration protocols characterized by variable 
terms of exposure time, frequency and recovery time (multiple series of 2–3 min long vibration exposure with 
1–3 min recovery time and 45 or 90 Hz of frequency) revealed beneficial electrophysiological properties of the 
mouse hippocampus and muscle plasticity in the early onset of aging  process73.

Traditionally, the motor component of WBV is one of its most investigated domains. WBV has been broadly 
considered as an effective alternative to stimulate muscle tissue and to improve motor performance in  humans71. 
In young and old rodents, WBV also improves neuromuscular functions and contributes to accelerated muscle 
 healing57 and enhanced ex-vivo isometric muscle force  production59. Likewise, WBV improves motor coordina-
tion in the balance beam test in young  mice48. To the best of our knowledge, the beneficial effects of WBV on 
direct assessment of muscle strength with the grip hanging test has been reported only in middle-aged mice 
(15 months)74. We have conducted a study with the same methodical  approach64, but with 10 min daily sessions 
of WBV and found increased muscle strength in the grip hanging test in 18 months old male and female rats. The 
decline of motor performance in aging rodents is well known. An early onset of a decline in motor tasks such as 
the balance beam in rats was described at the age of 15–20 months, and the decline becomes even more evident 
at more advanced  age75. In the current experiment, muscle strength and motor coordination were improved in 
the aged rats by both 5 and 20 min sessions of WBV. However, the shorter, 5 min long session, seems to be more 
effective in this context. Hence, our results confirmed the efficiency of WBV in case of motor performance and 
data suggest that only a short time exposure of WBV may already be suitable to improve muscle performance.

It is important to emphasize that active exercise has been widely reported to improve spatial memory and 
learning functions in various task such as the Morris Water  Maze31, as well the spatial object relocation  test76. In 
addition, beneficial effects on various active exercise interventions have also been reported to alleviate anxiety-
like behavior and improve unprompted motor activity in open field  task32–34. Also, the protective and repair 
effects of active exercise interventions on the molecular and cellular level along the aging process are known, 
including release of growth  factors26–28 and the alleviation of  neuroinflammation28–30.
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In general, in consideration with the literature related to active exercise interventions, our findings suggest 
that WBV seems to mimic the beneficial effects of active exercise interventions and could be an alternative type 
of exercise to improve memory functions, anxiety-like behavior and to alleviate neuroinflammation associated 
with aging.

Conclusion
In conclusion, our research demonstrated that low intensity vibration with 5 and 20 min daily sessions can 
(1) prevent anxiety-like behavior and memory decline, (2) inhibit pathological changes in microglia related to 
memory decline and (neuro)inflammation, and (3) improve motor performance in 18 months old rats. Data 
suggest that vibration shows dose-dependent effects and acts differently in motor and cognitive domains. This 
is important to know as it indicates that depending on the aim of a WBV intervention, the session duration 
is an important variable. Although more specific and detailed mechanisms, such as molecular pathways and 
treatment parameters of WBV need to be further investigated, several other key aspects of the WBV protocol 
may also contribute to its beneficial effects during aging, as outlined in Oroszi et al.,  202177. Our current work 
provides new insights for optimally applying WBV in both preclinical and clinical studies. We hope that in the 
future WBV can be used as a passive exercise therapy to diminish the burden of age-related health issues and 
other diseases, including brain-related disorders.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files].

Received: 14 February 2022; Accepted: 13 May 2022

References
 1. Distefano, G. & Goodpaster, B. H. Effects of exercise and aging on skeletal muscle. Cold Spring Harb. Perspect. Med. 8, a029785. 

https:// doi. org/ 10. 1101/ cshpe rspect. a0297 85 (2018).
 2. Curtis, E., Litwic, A., Cooper, C. & Dennison, E. Determinants of muscle and bone aging. J. Cell. Physiol. 230, 2618–2625. https:// 

doi. org/ 10. 1002/ jcp. 25001 (2015).
 3. Costantino, S., Paneni, F. & Cosentino, F. Ageing, metabolism and cardiovascular disease. J. Physiol. 594, 2061–2073. https:// doi. 

org/ 10. 1113/ JP270 538 (2016).
 4. Taubert, M. et al. Converging patterns of aging-associated brain volume loss and tissue microstructure differences. Neurobiol. 

Aging 88, 108–118. https:// doi. org/ 10. 1016/j. neuro biola ging. 2020. 01. 006 (2020).
 5. Trifunovic, A. & Larsson, N.-G. Mitochondrial dysfunction as a cause of ageing. J. Intern. Med. 263, 167–178. https:// doi. org/ 10. 

1111/j. 1365- 2796. 2007. 01905.x (2008).
 6. Walhovd, K. B. et al. Consistent neuroanatomical age-related volume differences across multiple samples. Neurobiol. Aging 32, 

916–932. https:// doi. org/ 10. 1016/j. neuro biola ging. 2009. 05. 013 (2011).
 7. DeLegge, M. H. & Smoke, A. Neurodegeneration and Inflammation. Nutr. Clin. Pract. 23, 35–41. https:// doi. org/ 10. 1177/ 01154 

26508 02300 135 (2008).
 8. Chapman, T. R., Barrientos, R. M., Ahrendsen, J. T., Maier, S. F. & Patterson, S. L. Synaptic correlates of increased cognitive vul-

nerability with aging: Peripheral immune challenge and aging interact to disrupt theta-burst late-phase long-term potentiation in 
hippocampal area CA1. J. Neurosci. 30, 7598–7603. https:// doi. org/ 10. 1523/ JNEUR OSCI. 5172- 09. 2010 (2010).

 9. Chapman, T. R. et al. Aging and infection reduce expression of specific brain-derived neurotrophic factor mRNAs in hippocampus. 
Neurobiol. Aging 33(832), e1-832.e14. https:// doi. org/ 10. 1016/j. neuro biola ging. 2011. 07. 015 (2012).

 10. Frank, M. G., Barrientos, R. M., Watkins, L. R. & Maier, S. F. Aging sensitizes rapidly isolated hippocampal microglia to LPS ex vivo. 
J. Neuroimmunol. 226, 181–184. https:// doi. org/ 10. 1016/j. jneur oim. 2010. 05. 022 (2010).

 11. Childs, R., Gamage, R., Münch, G. & Gyengesi, E. The effect of aging and chronic microglia activation on the morphology and 
numbers of the cerebellar Purkinje cells. Neurosci. Lett. 751, 135807. https:// doi. org/ 10. 1016/j. neulet. 2021. 135807 (2021).

 12. Hefendehl, J. K. et al. Homeostatic and injury-induced microglia behavior in the aging brain. Aging Cell 13, 60–69. https:// doi. 
org/ 10. 1111/ acel. 12149 (2014).

 13. Corona, A. W., Fenn, A. M. & Godbout, J. P. Cognitive and behavioral consequences of impaired immunoregulation in aging. J. 
Neuroimmune Pharmacol. 7, 7–23. https:// doi. org/ 10. 1007/ s11481- 011- 9313-4 (2012).

 14. Cunningham, C. et al. Systemic inflammation induces acute behavioral and cognitive changes and accelerates neurodegenerative 
disease. Biol. Psychiatry 65, 304–312. https:// doi. org/ 10. 1016/j. biops ych. 2008. 07. 024 (2009).

 15. Gallagher, M., Burwell, R. & Burchinal, M. Severity of spatial learning impairment in aging: Development of a learning index for 
performance in the Morris water maze. Behav. Neurosci. 129, 540–548. https:// doi. org/ 10. 1037/ bne00 00080 (2015).

 16. Gocmez, S. S. et al. Protective effects of resveratrol on aging-induced cognitive impairment in rats. Neurobiol. Learn. Mem. 131, 
131–136. https:// doi. org/ 10. 1016/j. nlm. 2016. 03. 022 (2016).

 17. Arias-Cavieres, A., Adasme, T., Sánchez, G., Muñoz, P. & Hidalgo, C. Aging impairs hippocampal- dependent recognition memory 
and LTP and prevents the associated RyR up-regulation. Front. Aging Neurosci. 9, 111. https:// doi. org/ 10. 3389/ fnagi. 2017. 00111 
(2017).

 18. Altun, M., Bergman, E., Edström, E., Johnson, H. & Ulfhake, B. Behavioral impairments of the aging rat. Physiol. Behav. 92, 
911–923. https:// doi. org/ 10. 1016/j. physb eh. 2007. 06. 017 (2007).

 19. Küçük, A., Gölgeli, A., Saraymen, R. & Koç, N. Effects of age and anxiety on learning and memory. Behav. Brain Res. 195, 147–152. 
https:// doi. org/ 10. 1016/j. bbr. 2008. 05. 023 (2008).

 20. Domonkos, E. et al. Sex differences and sex hormones in anxiety-like behavior of aging rats. Horm. Behav. 93, 159–165. https:// 
doi. org/ 10. 1016/j. yhbeh. 2017. 05. 019 (2017).

 21. Ballak, S. B., Degens, H., de Haan, A. & Jaspers, R. T. Aging related changes in determinants of muscle force generating capacity: 
A comparison of muscle aging in men and male rodents. Ageing Res. Rev. 14, 43–55. https:// doi. org/ 10. 1016/j. arr. 2014. 01. 005 
(2014).

 22. Larsson, L. et al. Effects of aging on regulation of muscle contraction at the motor unit, muscle cell, and molecular levels. Int. J. 
Sport Nutr. Exerc. Metab. 11, S28–S43. https:// doi. org/ 10. 1123/ ijsnem. 11. s1. s28 (2001).

 23. Cho, S. H., Kim, J. H. & Song, W. In vivo rodent models of skeletal muscle adaptation to decreased use. Endocrinol. Metab. 31, 31. 
https:// doi. org/ 10. 3803/ EnM. 2016. 31.1. 31 (2016).

https://doi.org/10.1101/cshperspect.a029785
https://doi.org/10.1002/jcp.25001
https://doi.org/10.1002/jcp.25001
https://doi.org/10.1113/JP270538
https://doi.org/10.1113/JP270538
https://doi.org/10.1016/j.neurobiolaging.2020.01.006
https://doi.org/10.1111/j.1365-2796.2007.01905.x
https://doi.org/10.1111/j.1365-2796.2007.01905.x
https://doi.org/10.1016/j.neurobiolaging.2009.05.013
https://doi.org/10.1177/011542650802300135
https://doi.org/10.1177/011542650802300135
https://doi.org/10.1523/JNEUROSCI.5172-09.2010
https://doi.org/10.1016/j.neurobiolaging.2011.07.015
https://doi.org/10.1016/j.jneuroim.2010.05.022
https://doi.org/10.1016/j.neulet.2021.135807
https://doi.org/10.1111/acel.12149
https://doi.org/10.1111/acel.12149
https://doi.org/10.1007/s11481-011-9313-4
https://doi.org/10.1016/j.biopsych.2008.07.024
https://doi.org/10.1037/bne0000080
https://doi.org/10.1016/j.nlm.2016.03.022
https://doi.org/10.3389/fnagi.2017.00111
https://doi.org/10.1016/j.physbeh.2007.06.017
https://doi.org/10.1016/j.bbr.2008.05.023
https://doi.org/10.1016/j.yhbeh.2017.05.019
https://doi.org/10.1016/j.yhbeh.2017.05.019
https://doi.org/10.1016/j.arr.2014.01.005
https://doi.org/10.1123/ijsnem.11.s1.s28
https://doi.org/10.3803/EnM.2016.31.1.31


9

Vol.:(0123456789)

Scientific Reports |         (2022) 12:9020  | https://doi.org/10.1038/s41598-022-13178-1

www.nature.com/scientificreports/

 24. Kramer, A. F. & Erickson, K. I. Capitalizing on cortical plasticity: Influence of physical activity on cognition and brain function. 
Trends Cogn. Sci. 11, 342–348. https:// doi. org/ 10. 1016/j. tics. 2007. 06. 009 (2007).

 25. De la Rosa, A. et al. Physical exercise in the prevention and treatment of Alzheimer’s disease. J. Sport Heal. Sci. 9, 394–404. https:// 
doi. org/ 10. 1016/j. jshs. 2020. 01. 004 (2020).

 26. Nagamatsu, L. S. et al. Exercise is medicine, for the body and the brain. Br. J. Sports Med. 48, 943–944. https:// doi. org/ 10. 1136/ 
bjspo rts- 2013- 093224 (2014).

 27. Lin, T.-W. et al. Different types of exercise induce differential effects on neuronal adaptations and memory performance. Neurobiol. 
Learn. Mem. 97, 140–147. https:// doi. org/ 10. 1016/j. nlm. 2011. 10. 006 (2012).

 28. Tsai, S.-F. et al. Long-term moderate exercise rescues age-related decline in hippocampal neuronal complexity and memory. 
Gerontology 64, 551–561. https:// doi. org/ 10. 1159/ 00048 8589 (2018).

 29. Sung, Y.-H. et al. Treadmill exercise ameliorates dopaminergic neuronal loss through suppressing microglial activation in Parkin-
son’s disease mice. Life Sci. 91, 1309–1316. https:// doi. org/ 10. 1016/j. lfs. 2012. 10. 003 (2012).

 30. Jensen, C. S. et al. Exercise as a potential modulator of inflammation in patients with Alzheimer’s disease measured in cerebrospinal 
fluid and plasma. Exp. Gerontol. 121, 91–98. https:// doi. org/ 10. 1016/j. exger. 2019. 04. 003 (2019).

 31. van Praag, H. Exercise enhances learning and hippocampal neurogenesis in aged mice. J. Neurosci. 25, 8680–8685. https:// doi. org/ 
10. 1523/ JNEUR OSCI. 1731- 05. 2005 (2005).

 32. Fulk, L. J. et al. Chronic physical exercise reduces anxiety-like behavior in rats. Int. J. Sports Med. 25, 78–82. https:// doi. org/ 10. 
1055/s- 2003- 45235 (2004).

 33. Uysal, N. et al. Regular aerobic exercise correlates with reduced anxiety and incresed levels of irisin in brain and white adipose 
tissue. Neurosci. Lett. 676, 92–97. https:// doi. org/ 10. 1016/j. neulet. 2018. 04. 023 (2018).

 34. Binder, E., Droste, S. K., Ohl, F. & Reul, J. M. H. M. Regular voluntary exercise reduces anxiety-related behaviour and impulsive-
ness in mice. Behav. Brain Res. 155, 197–206. https:// doi. org/ 10. 1016/j. bbr. 2004. 04. 017 (2004).

 35. Pietrelli, A., Lopez-Costa, J., Goñi, R., Brusco, A. & Basso, N. Aerobic exercise prevents age-dependent cognitive decline and 
reduces anxiety-related behaviors in middle-aged and old rats. Neuroscience 202, 252–266. https:// doi. org/ 10. 1016/j. neuro scien 
ce. 2011. 11. 054 (2012).

 36. Annino, G. et al. Effect of whole body vibration training on lower limb performance in selected high-level ballet students. J. Strength 
Cond. Res. 21, 1072. https:// doi. org/ 10. 1519/R- 18595.1 (2007).

 37. Slatkovska, L., Alibhai, S. M. H., Beyene, J. & Cheung, A. M. Effect of whole-body vibration on BMD: A systematic review and 
meta-analysis. Osteoporos. Int. 21, 1969–1980. https:// doi. org/ 10. 1007/ s00198- 010- 1228-z (2010).

 38. Bosco, C. et al. Hormonal responses to whole-body vibration in men. Eur. J. Appl. Physiol. 81, 449–454. https:// doi. org/ 10. 1007/ 
s0042 10050 067 (2000).

 39. Annino, G. et al. Acute changes in neuromuscular activity in vertical jump and flexibility after exposure to whole body vibration. 
Medicine 96, e7629. https:// doi. org/ 10. 1097/ MD. 00000 00000 007629 (2017).

 40. Runge, M., Rehfeld, G. & Resnicek, E. Balance training and exercise in geriatric patients. J. Musculoskelet. Neuronal Interact. 1, 
61–65 (2000).

 41. Zhang, L. et al. Effect of whole-body vibration exercise on mobility, balance ability and general health status in frail elderly patients: 
A pilot randomized controlled trial. Clin. Rehabil. 28, 59–68. https:// doi. org/ 10. 1177/ 02692 15513 492162 (2014).

 42. Heesterbeek, M. et al. Whole body vibration enhances choline acetyltransferase-immunoreactivity in cortex and amygdala. J. 
Neurol. Transl. Neuroci. 26, 1079 (2017).

 43. Wei, Q.-S. et al. Effect of whole body vibration therapy on circulating serotonin levels in an ovariectomized rat model of osteopo-
rosis. Iran. J. Basic Med. Sci. 17, 62–68 (2014).

 44. Zhao, L. et al. Protection of dopamine neurons by vibration training and up-regulation of brain-derived neurotrophic factor in a 
MPTP mouse model of Parkinson’s disease. Physiol. Res. 10, 649–657. https:// doi. org/ 10. 33549/ physi olres. 932743 (2014).

 45. Huang, D., Yang, Z., Wang, Z., Wang, P. & Qu, Y. The macroscopic and microscopic effect of low-frequency whole-body vibration 
after cerebral ischemia in rats. Metab. Brain Dis. 33, 15–25. https:// doi. org/ 10. 1007/ s11011- 017- 0113-2 (2018).

 46. Raval, A. et al. Whole body vibration therapy after ischemia reduces brain damage in reproductively senescent female rats. Int. J. 
Mol. Sci. 19, 2749. https:// doi. org/ 10. 3390/ ijms1 90927 49 (2018).

 47. Peng, G. et al. Whole body vibration training improves depression-like behaviors in a rat chronic restraint stress model. Neurochem. 
Int. 142, 104926. https:// doi. org/ 10. 1016/j. neuint. 2020. 104926 (2021).

 48. Keijser, J. N. et al. Whole body vibration improves attention and motor performance in mice depending on the duration of the 
whole body vibration session. Afr. J. Tradit. Complement. Altern. Med. 14, 128–134. https:// doi. org/ 10. 21010/ ajtcam. v14i4. 15 
(2017).

 49. van Heuvelen, M. J. G. et al. Reporting guidelines for whole-body vibration studies in humans, animals and cell cultures: A con-
sensus statement from an international group of experts. Biology. 10, 965. https:// doi. org/ 10. 3390/ biolo gy101 00965 (2021).

 50. Wang, X. et al. Aerobic exercise improves motor function and striatal MSNs-Erk/MAPK signaling in mice with 6-OHDA-induced 
Parkinson’s disease. Exp. Brain Res. https:// doi. org/ 10. 1007/ s00221- 022- 06360-4 (2022).

 51. Nyakas, C., Markel, É., Schuurman, T. & Luiten, P. G. M. Impaired learning and abnormal open-field behaviours of rats after early 
postnatal anoxia and the beneficial effect of the calcium antagonist nimodipine. Eur. J. Neurosci. 3, 168–174. https:// doi. org/ 10. 
1111/j. 1460- 9568. 1991. tb000 77.x (1991).

 52. Aldhahri, R. S. et al. Biochanin A improves memory decline and brain pathology in cuprizone-induced mouse model of multiple 
sclerosis. Behav. Sci. 12, 70. https:// doi. org/ 10. 3390/ bs120 30070 (2022).

 53. Song, Y.-N., Li, H.-Z., Zhu, J.-N., Guo, C.-L. & Wang, J.-J. Histamine improves rat rota-rod and balance beam performances through 
H2 receptors in the cerebellar interpositus nucleus. Neuroscience 140, 33–43. https:// doi. org/ 10. 1016/j. neuro scien ce. 2006. 01. 045 
(2006).

 54. Tian, J. et al. Skeletal muscle mitoribosomal defects are linked to low bone mass caused by bone marrow inflammation in male 
mice. J. Cachexia. Sarcopenia Muscle https:// doi. org/ 10. 1002/ jcsm. 12975 (2022).

 55. Hovens, I., Nyakas, C. & Schoemaker, R. A novel method for evaluating microglial activation using ionized calcium-binding adap-
tor protein-1 staining: Cell body to cell size ratio. Neuroimmunol. Neuroinflammation 1, 82. https:// doi. org/ 10. 4103/ 2347- 8659. 
139719 (2014).

 56. Petryk, A. et al. Feasibility and tolerability of whole-body, low-intensity vibration and its effects on muscle function and bone in 
patients with dystrophinopathies: A pilot study. Muscle Nerve 55, 875–883. https:// doi. org/ 10. 1002/ mus. 25431 (2017).

 57. Mettlach, G. et al. Enhancement of neuromuscular dynamics and strength behavior using extremely low magnitude mechanical 
signals in mice. J. Biomech. 47, 162–167. https:// doi. org/ 10. 1016/j. jbiom ech. 2013. 09. 024 (2014).

 58. Patel, V. S. et al. Incorporating refractory period in mechanical stimulation mitigates obesity-induced adipose tissue dysfunction 
in adult mice. Obesity 25, 1745–1753. https:// doi. org/ 10. 1002/ oby. 21958 (2017).

 59. Corbiere, T., Weinheimer-Haus, E., Judex, S. & Koh, T. Low-intensity vibration improves muscle healing in a mouse model of 
laceration injury. J. Funct. Morphol. Kinesiol. 3, 1. https:// doi. org/ 10. 3390/ jfmk3 010001 (2017).

 60. Gilsanz, V. et al. Low-level, high-frequency mechanical signals enhance musculoskeletal development of young women with low 
BMD. J. Bone Miner. Res. 21, 1464–1474. https:// doi. org/ 10. 1359/ jbmr. 060612 (2006).

 61. Muir, J., Judex, S., Qin, Y.-X. & Rubin, C. Postural instability caused by extended bed rest is alleviated by brief daily exposure to 
low magnitude mechanical signals. Gait Posture 33, 429–435. https:// doi. org/ 10. 1016/j. gaitp ost. 2010. 12. 019 (2011).

https://doi.org/10.1016/j.tics.2007.06.009
https://doi.org/10.1016/j.jshs.2020.01.004
https://doi.org/10.1016/j.jshs.2020.01.004
https://doi.org/10.1136/bjsports-2013-093224
https://doi.org/10.1136/bjsports-2013-093224
https://doi.org/10.1016/j.nlm.2011.10.006
https://doi.org/10.1159/000488589
https://doi.org/10.1016/j.lfs.2012.10.003
https://doi.org/10.1016/j.exger.2019.04.003
https://doi.org/10.1523/JNEUROSCI.1731-05.2005
https://doi.org/10.1523/JNEUROSCI.1731-05.2005
https://doi.org/10.1055/s-2003-45235
https://doi.org/10.1055/s-2003-45235
https://doi.org/10.1016/j.neulet.2018.04.023
https://doi.org/10.1016/j.bbr.2004.04.017
https://doi.org/10.1016/j.neuroscience.2011.11.054
https://doi.org/10.1016/j.neuroscience.2011.11.054
https://doi.org/10.1519/R-18595.1
https://doi.org/10.1007/s00198-010-1228-z
https://doi.org/10.1007/s004210050067
https://doi.org/10.1007/s004210050067
https://doi.org/10.1097/MD.0000000000007629
https://doi.org/10.1177/0269215513492162
https://doi.org/10.33549/physiolres.932743
https://doi.org/10.1007/s11011-017-0113-2
https://doi.org/10.3390/ijms19092749
https://doi.org/10.1016/j.neuint.2020.104926
https://doi.org/10.21010/ajtcam.v14i4.15
https://doi.org/10.3390/biology10100965
https://doi.org/10.1007/s00221-022-06360-4
https://doi.org/10.1111/j.1460-9568.1991.tb00077.x
https://doi.org/10.1111/j.1460-9568.1991.tb00077.x
https://doi.org/10.3390/bs12030070
https://doi.org/10.1016/j.neuroscience.2006.01.045
https://doi.org/10.1002/jcsm.12975
https://doi.org/10.4103/2347-8659.139719
https://doi.org/10.4103/2347-8659.139719
https://doi.org/10.1002/mus.25431
https://doi.org/10.1016/j.jbiomech.2013.09.024
https://doi.org/10.1002/oby.21958
https://doi.org/10.3390/jfmk3010001
https://doi.org/10.1359/jbmr.060612
https://doi.org/10.1016/j.gaitpost.2010.12.019


10

Vol:.(1234567890)

Scientific Reports |         (2022) 12:9020  | https://doi.org/10.1038/s41598-022-13178-1

www.nature.com/scientificreports/

 62. Xie, L., Rubin, C. & Judex, S. Enhancement of the adolescent murine musculoskeletal system using low-level mechanical vibrations. 
J. Appl. Physiol. 104, 1056–1062. https:// doi. org/ 10. 1152/ jappl physi ol. 00764. 2007 (2008).

 63. Mckeehen, J. N. et al. Adaptations of mouse skeletal muscle to low-intensity vibration training. Med. Sci. Sport. Exerc. 45, 1051–
1059. https:// doi. org/ 10. 1249/ MSS. 0b013 e3182 811947 (2013).

 64. Oroszi, T. et al. Whole body vibration improves spatial memory, anxiety-like behavior, and motor performance in aged male and 
female rats. Front. Aging Neurosci. 13, 801828. https:// doi. org/ 10. 3389/ fnagi. 2021. 801828 (2022).

 65. Cavoy, A. & Delacour, J. Spatial but not object recognition is impaired by aging in rats. Physiol. Behav. 53, 527–530. https:// doi. 
org/ 10. 1016/ 0031- 9384(93) 90148-9 (1993).

 66. Wimmer, M. E., Hernandez, P. J., Blackwell, J. & Abel, T. Aging impairs hippocampus-dependent long-term memory for object 
location in mice. Neurobiol. Aging 33, 2220–2224. https:// doi. org/ 10. 1016/j. neuro biola ging. 2011. 07. 007 (2012).

 67. Bartsch, T. & Wulff, P. The hippocampus in aging and disease: From plasticity to vulnerability. Neuroscience 309, 1–16. https:// doi. 
org/ 10. 1016/j. neuro scien ce. 2015. 07. 084 (2015).

 68. Bettio, L. E. B., Rajendran, L. & Gil-Mohapel, J. The effects of aging in the hippocampus and cognitive decline. Neurosci. Biobehav. 
Rev. 79, 66–86. https:// doi. org/ 10. 1016/j. neubi orev. 2017. 04. 030 (2017).

 69. Gamage, R. et al. Cholinergic modulation of glial function during aging and chronic neuroinflammation. Front. Cell. Neurosci. 
14, 577912. https:// doi. org/ 10. 3389/ fncel. 2020. 577912 (2020).

 70. Hagbarth, K. E. & Eklund, G. Motor effects of muscle vibration in spasticity, rigidity and cerebellar disorders. Electroencephalogr. 
Clin. Neurophysiol. 25, 407 (1968).

 71. Mileva, K. N., Bowtell, J. L. & Kossev, A. R. Effects of low-frequency whole-body vibration on motor-evoked potentials in healthy 
men. Exp. Physiol. 94, 103–116. https:// doi. org/ 10. 1113/ expph ysiol. 2008. 042689 (2009).

 72. van Strien, N. M., Cappaert, N. L. M. & Witter, M. P. The anatomy of memory: An interactive overview of the parahippocampal–
hippocampal network. Nat. Rev. Neurosci. 10, 272–282. https:// doi. org/ 10. 1038/ nrn26 14 (2009).

 73. Cariati, I. et al. Dose–response effect of vibratory stimulus on synaptic and muscle plasticity in a middle-aged murine model. Front. 
Physiol. 12, 678449. https:// doi. org/ 10. 3389/ fphys. 2021. 678449 (2021).

 74. Lin, C.-I. et al. Effect of whole-body vibration training on body composition, exercise performance and biochemical responses in 
middle-aged mice. Metabolism 64, 1146–1156. https:// doi. org/ 10. 1016/j. metab ol. 2015. 05. 007 (2015).

 75. Silveira, E. M. S. et al. Age-related changes and effects of regular low-intensity exercise on gait, balance, and oxidative biomarkers 
in the spinal cord of Wistar rats. Braz. J. Med. Biol. Res. https:// doi. org/ 10. 1590/ 1414- 431x2 01984 29 (2019).

 76. Cechella, J. L. et al. Caffeine suppresses exercise-enhanced long-term and location memory in middle-aged rats: Involvement of 
hippocampal Akt and CREB signaling. Chem. Biol. Interact. 223, 95–101. https:// doi. org/ 10. 1016/j. cbi. 2014. 09. 001 (2014).

 77. Oroszi, T., van Heuvelen, M. J. G., Nyakas, C. & van der Zee, E. A. Vibration detection: its function and recent advances in medical 
applications. F1000Research 9, 619. https:// doi. org/ 10. 12688/ f1000 resea rch. 22649.1 (2020).

Acknowledgements
This work was partly supported by the Higher Education Institutional Excellence Program at Semmelweis Uni-
versity, Hungary. We also would like to thank Kunja Slopsema and Jan Keijser for their technical support in this 
study.

Author contributions
T.O. performed the animal experiment, analyzed and organized the data, did the statistical analysis and wrote 
the first draft of manuscript. All authors contributed to conception and design of the study and approved the 
final version of manuscript.

Funding
Open access funding provided by University of Physical Education.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 13178-1.

Correspondence and requests for materials should be addressed to T.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1152/japplphysiol.00764.2007
https://doi.org/10.1249/MSS.0b013e3182811947
https://doi.org/10.3389/fnagi.2021.801828
https://doi.org/10.1016/0031-9384(93)90148-9
https://doi.org/10.1016/0031-9384(93)90148-9
https://doi.org/10.1016/j.neurobiolaging.2011.07.007
https://doi.org/10.1016/j.neuroscience.2015.07.084
https://doi.org/10.1016/j.neuroscience.2015.07.084
https://doi.org/10.1016/j.neubiorev.2017.04.030
https://doi.org/10.3389/fncel.2020.577912
https://doi.org/10.1113/expphysiol.2008.042689
https://doi.org/10.1038/nrn2614
https://doi.org/10.3389/fphys.2021.678449
https://doi.org/10.1016/j.metabol.2015.05.007
https://doi.org/10.1590/1414-431x20198429
https://doi.org/10.1016/j.cbi.2014.09.001
https://doi.org/10.12688/f1000research.22649.1
https://doi.org/10.1038/s41598-022-13178-1
https://doi.org/10.1038/s41598-022-13178-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Chronic whole body vibration ameliorates hippocampal neuroinflammation, anxiety-like behavior, memory functions and motor performance in aged male rats dose dependently
	Material and methods
	Animals. 
	Whole body vibration procedure. 
	Test procedure. 
	Open field. 
	Novel and spatial object recognition. 
	Balance beam. 
	Grip hanging test. 
	Sacrifice. 
	Immunohistochemistry. 
	Microglia analysis. 
	Statistical analysis. 

	Results
	Open field. 
	Novel and spatial object recognition. 
	Balance beam and grip hanging tests. 
	Microglia activation. 

	Discussion
	Conclusion
	References
	Acknowledgements


