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1 | INTRODUCTION

Translational research is commonly referred to as the combining of
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Abstract

Sound pressure waves surround individuals in everyday life and are perceived by
animals and humans primarily through sound or vibration. When sound pressure
waves traverse through a solid medium, vibration will result. Vibration has long been
considered an unwanted variable in animal research and may confound scientific
endeavors using animals. Understanding the characteristics of vibration is required
to determine whether effects in animals are likely to be therapeutic or result in
adverse biological effects. The eighth edition of the “Guide for the Care and Use of
Laboratory Animals” highlights the importance of considering vibration and its
effects on animals in the research setting, but knowledge of the level of vibration
for eliciting these effects was unknown. The literature provides information regard-
ing therapeutic use of vibration in humans, but the range of conditions to be of
therapeutic benefit is varied and without clarity. Understanding the characteristics
of vibration (eg, frequency and magnitude) necessary to cause various effects will
ultimately assist in the evaluation of this environmental factor and its role on a num-
ber of potential therapeutic regimens for use in humans. This paper will review the
principles of vibration, sources within a research setting, comparative physiological
effects in various species, and the relative potential use of vibration in the mouse as

a translational research model.
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systems, and many therapeutics and procedural regimens are compa-
rable as well. These similarities lead to the use of animals as transla-
tional models of human disease. The animal model is selected

various scientific disciplines and using the expertise of individuals
working within those disciplines to accelerate basic scientific findings
into advances for novel therapeutics, medical devices, and treatment
regimens for human patients.> Basic scientific endeavors may use
various in vitro methodologies, but prior to clinical use in humans,
studies in animals are imperative to fully assess diagnostic or thera-

peutic modalities. Animals and humans share the same organ

because it is predictive of the specific disease in humans and in
whole or part, the animal model will respond to medical intervention
similar to humans.

Novel therapeutics require assessment of efficacy in animals, but
the lack of validation of the animal model can result in erroneous
interpretation of data from the model and lead to lack of predictabil-

ity during extrapolation to humans.? Success rates of novel
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therapeutics in humans during clinical development remain low due
to the lack of relative levels of efficacy in preclinical testing, includ-
ing animal models and in humans during clinical trials.>® Careful
attention to the assessment of a proposed animal model is critical to
ensure species differences are identified and considered in the pro-
cess. Similarly, reproducibility and transparency of published research
using animals is imperative to ensure characterization of a model
that will be predictive of human biology and disease.*® Thus, it is
critical to define the criteria being assessed within the animal model
to ensure translational success in humans.

This paper reviews the current understanding of vibration in the
research setting. The most recent revision of the “Guide for the Care
and Use of Laboratory Animals™ highlights the importance of consid-
ering vibration and its effects on animals in research.® Vibration
likely elicits stress-mediated effects, as reported in the literature, but
scant information is available on the level of vibration (threshold)
that will cause effects or on the nature of the effects in animals.
Understanding the threshold effects of vibration ultimately will assist
in the evaluation of this environmental factor and its potential role
in a number of therapeutic regimens in humans. This paper summa-
rizes the basic principles of vibration, sources within a research set-
ting, comparative physiological effects in various species and the
potential use of vibration in the mouse, relative to other species, as

a translational research model.

2 | PRINCIPLES OF VIBRATION

Sound and vibration are forms of energy that travel in waves with
sound being perceived by what we hear and vibration by what we
feel. In fact, sound is comprised of pressure waves caused by move-
ment of air particles that can be detected by either a human or ani-
mal. These waves are oscillatory in nature and have both an
amplitude and frequency. The amplitude contributes to the intensity
of the sound or vibration and is represented by how far the peak of
the wave moves past the position of equilibrium. Frequency is the
amount of time that it takes to complete one cycle from a point on
one wave to the same point on the next wave. The term “Hertz” is
used as a unit of measure for frequency and is the number of cycles
per second. One Hertz (Hz) is one cycle per second.” The magnitude
or loudness of sound is measured in decibels, whereas the magni-
tude of vibration can be measured in relation to the amplitude by
displacement from the point of equilibrium (often measured in mil-
limeters), the velocity of wave movement (quantified in meters per
second) or acceleration past the neutral point measured in meters
per second squared (m/s%).8?

Both the magnitude and frequency of sound and vibration are
important in the perception and potential adverse or therapeutic
effects in humans and animals. For example, the human hearing
range is from 20 Hz to 20 kHz and the mouse hearing range is from
about 1 kHz to 100 kHz.'° Likewise, an object will vibrate differen-
tially based on its physical composition and will also tend to vibrate
at some frequencies more than others. The frequency where

vibration occurs most readily and can amplify the vibration is called
the resonance frequency. The resonance frequency is located within
the resonance frequency range (RFR), where the vibration would
become greater at frequencies closer to the resonance frequency
and somewhat less at the ends of the range. These frequency ranges
are unique to an animal, a body region, or any other object and are
dependent on that subject's physical composition with regard to
“stiffness” and mass. Any object or part of an animal's body has a
resonance frequency (Fn), which is calculated by the formula Fn =
1/(27) x \/(k/m), where k is the stiffness constant, and m is the
mass.} 212 Knowledge of resonance frequencies is important because
vibration near these frequencies, compared with other frequencies,
will be perceived more strongly and ultimately will induce more
physiological effects, including those considered harmful.X® There-
fore, different species or size of animals may perceive vibration to a
lesser or greater degree depending on the frequency of the vibra-
tion. In addition to the frequency of vibration, other factors that will
determine the effects on animals include magnitude, duration,
whether the vibration is directed at the whole body or is localized,
and potentially individual variation in perception across species or
within the same species.

Because both frequency and magnitude impact the exposure
level of vibration, the interpretation of the literature with regard to
both beneficial and adverse effects of vibration can be difficult. Until
recently, only the resonance frequency of the liver had been deter-
mined in mice, which is 2-7 Hz.'* The predicted resonance fre-
quency for the mouse was calculated**®>> and then studied by
performing measurements in both rats and mice.*®> Importantly, the
resonance frequency for a single organ is quite different than the
vibrating frequency of the entire body in cumulative. Similarly, differ-
ent body regions of a human or animal will have different RFRs. For
example, the human abdomen has a resonance frequency of 4-8 Hz,
the thorax of 5-10 Hz, and the head from 20 to 30 Hz.'® In rats, the
RFR was 27-29 Hz for the abdomen, 225-230 Hz for the thorax,
and 75-80 Hz for the head.!” Although resonance frequencies had
not been reported for mouse anatomical regions, the predicted RFRs
for mice were 85-92 Hz for the abdomen, 711-727 Hz for the tho-
rax, and 237 to 253 Hz for the head when assuming equivalent
inherent stiffness of tissue is similar in mice and humans. P45
Anesthetized mice that were exposed to vibration generally attenu-
ated vibration that would have been detected by a mounted
accelerometer on their back, except for vibration in the ranges of
30-100 Hz. Instead, the magnitude of the vibration in these ranges
was either equal to or greater than the applied vibration, indicating
that the RFR for these animals lie within these ranges.**®*7¢%® Mice
that were exposed to vibration at 80 and 90 Hz showed increases in
blood pressure and/or heart rate, whereas no increases were
observed with frequencies 70 Hz or less or with 100 Hz or
greater.’® A recent study has demonstrated that mice show more
behavioral alterations due to whole- body vibration (WBV) predomi-
nantly between the frequencies of 70-100 Hz.*® Therefore, mice
appear to be the most sensitive to vibration between frequencies of
70-100 Hz. Within this RFR, mice should be most susceptible to low
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level vibration, which would likely most affect an animal's normal

physiological and behavioral functions.

3 | SOURCES OF VIBRATION IN RESEARCH
SETTING

Because the care of animals requires the use of mechanical systems
and equipment, vibration will be present in the animal facility to
some degree. There are three general sources of vibration: vibration
produced from mechanical systems or procedures within the animal
facility; vibration produced outside, but near the animal facility; and
vibration resulting from the transportation of animals from the ven-
dor or to locations within an animal program. Sources of vibration
that occur within the animal facility include ventilation systems,
husbandry-associated cleaning and sterilizing equipment, ventilated
racks, and cage change stations.*'P65920 There are several studies
regarding the numerous effects of construction noise and vibration
on rodents that have detailed effects such as increases in corticos-
terone levels and other alterations in biochemical parameters or
reproductive efficiency.?12® Recently, studies have begun to sepa-
rate the effects of construction noise vs vibration. In one study,
dams of two strains of mice were exposed to vibration levels com-
parable to that produced in an animal facility from proximal con-

3P3) While no changes in overall fertility were noted,

struction.?
nursing dams did show some alterations in normal maternal behav-
jor. The study raised several important points to consider with
regard to construction-induced vibration. Specifically, vibration from
outside sources (ie, construction, trains) is often produced in sud-
den, intermittent bursts in contrast to vibration produced over long
continuous time periods. Intermittent vibration is thought to pro-
duce more adverse effects than continuous vibration due to its
unpredictability.22®® While no changes in fertility were detected in
this study, other research has demonstrated increased rates of
abortion, cannibalism, and resorptions following construction
procedures in proximity to animal facilities.?’ High rates of canni-
balism were also observed in a mouse housing room located near
an active railroad.???73”) Measurements were taken to adequately
characterize the frequency and magnitude of both the sound and
vibration produced by the passing train. While most sound that
was produced was outside the range of mouse hearing, significant
vibration of up to 0.25 m/s?> was generated. In addition, the
exposed female mice exhibited higher corticosterone levels relative
to female mice that were not vibrated.?2?737) Lastly, the transporta-
tion of animals by vehicle, by a hand-pushed cart, or by hand has
been shown to produce a relatively high degree of vibration expo-
sure.3%3! Using an accelerometer placed inside a standard polycar-
bonate mouse cage, vibration was measured during transportation
by either hand-carrying or with several types of carts. With trans-
port of the cage along a set pathway, vibration within the cage var-
ied by as much as 35 m/s? between the transportation methods,
suggesting that movement of animals even between rooms and

buildings, which is common in many research environments, can

subject animals to considerable vibration.3*P>*4 For this reason,
animals should be provided with an opportunity to recover from
vibration exposure before being used in scientific experiments. Mice
that were transferred from their housing room to another room
across the hall and placed on a shaker apparatus, with no vibration
administered, took between 1.5 hours to approximately 24 hours
for their active behaviors (eg, locomotion, rearing, sniffing) and
inactive/maintenance behaviors (eg, sleeping, grooming, eating) to
return to pre-transport levels.*

While it is not always possible to completely mitigate vibration
from sources such as trains, subways or proximal construction, these
factors should be taken into consideration during the design and
location site planning for animal facilities. In addition, care should be
taken to reduce vibration from cage movement and disturbances
within the animal room or between locations within an institution.
Even when rodents are exposed to movement from opening cages
for routine experiments or normal husbandry activities, animals may
be stressed. For example, rats have been shown to have higher corti-
coid metabolites in their feces following husbandry procedures.®2
Appropriate training of research personnel and staff can help miti-
gate some of these effects with proper handling. Even simple mea-
sures and policies, such as limiting cell phone use in animal facilities
can have an effect. In a study with rats, exposure to intermittent
noise and vibration from cell phones increased anxiety-like behavior
during plus maze testing.>® Vibration-induced effects should also be
considered when obtaining materials and equipment for animal facili-
ties. For instance, most modern individually ventilated racks have a
heavy construction with clips to hold cages in place. Such racks may
be better at dampening short bursts of vibration compared to other
types of racks. In addition, in one study that looked at vibration pro-
duced by common transport carts used in a facility, metal carts with
large wheels helped to decrease vibration at the cage level. Using
padding on the carts also helped to further dampen vibration's

accelerative forces.31P>49)

4 | ADVERSE VIBRATION EFFECTS AND
POTENTIAL BENEFITS IN ANIMALS AND
HUMANS

In humans excessive vibration can cause effects on bone, joints,
nerves, muscles, and blood vessels that can be profound and debili-
tating.3*%° Because of these effects, regulations and standards have
been employed to limit vibration exposure in humans.®®%” Similarly,
animal studies have shown that vibration can have a myriad of
adverse effects in many different species, including altering the nor-
mal physiology and even cell structure. Information regarding the
adverse effects of vibration in animals and humans is summarized in
Table 1.

Stress as a result of vibration, not unexpectedly, causes increases
in heart rate in mice and humans. Conscious mice exposed to vibra-
tion can exhibit increases in heart rate (HR) and mean arterial blood
pressure (MAP). When mice were anesthetized and unconscious,
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TABLE 1 Adverse effects of vibration in various species

ZFL\A Wi LEY—27

Species Adverse effect References
Mouse Decreased the number of litters born relative the number bred 22(p787)
Mouse Nursing dams exhibited noticeable agitation and disruption in nursing 2E(EHID)
Mouse Increased both heart rate and mean arterial blood pressure 18(p374,875)
Mouse Decreased the number of blood vessels per muscle fiber in the soleus muscle @
Mouse Startle response and fear-related behaviors 19
Mouse Increased blood levels of corticosterone 22(p787)
Mouse, Pig Changes in reproduction associated with hormonal changes with an increase in stress hormones Mouse 22P737) pjg¢7
Rat Disrupted myelin in axons, decreased the arterial lumen size, and an increased arterial e

smooth muscle vacuolization in the tail
Rat Altered serotonin levels in the brain 70(p15)
Rat, Dog Caused stress leukograms Rat”%, Dog”?
Dog Increased aortic flow rate and pulse pressure during anesthesia 40
Rabbit Alterated neuropeptides in the dorsal root ganglion associated with ultrastructural S

changes in cellular structure

neither HR nor MAP were elevated under the same vibratory condi-
tions, suggesting that consciousness is a requisite for these cardio-
vascular effects in mice.'8P374375) Tg assess the effect of noise and
vibration on heart rate in humans, study participants were exposed
to experimentally induced vibration, equivalent to that produced
from a train, during sleep. In 79% of participants subjected to the
high-vibration condition, an average increase of at least 3 beats per
minute per train was observed and cardiac responses were generally
higher in the high-vibration condition than in the low vibration con-
dition.®® The increased HR in humans was characterized by an initial
and then a delayed response, indicating that a startle response was
associated with awakening and a more conscious response ensued
as the vibration continued. Similarly, the HR of participants receiving
vibration during squat training had higher HR than individuals not
receiving vibration. The HR of individuals that received vibration was
increased on the initial training day and declined during subsequent
training days, showing a rapid cardiovascular adaptation to the vibra-
tion stimulus.®? Therefore, both humans and mice may perceive
vibration as a psychological stressor and subsequently undergo
increases in HR. However, vibration may have other cardiovascular
effects that do not require consciousness since vibration at very high
magnitudes (9.8-29.4 m/s?) caused an increase in aortic blood flow
and pressure during anesthesia in dogs and pigs.*°°38%)

In larger species, vibration associated with transportation is con-
sidered one of the factors involved in transportation stress.** Expo-
sure of swine to WBYV, to mimic transportation stress, caused
behavioral avoidance of the vibration produced.*? Transportation-
induced vibration in poultry causes stressed-induced behaviors and
the stress-related effects of increased heart rate and blood circula-
tion.*® Vibration levels during transport can become high, which may
contribute to observed behavioral alterations. The vibration levels
produced from routine animal facility transport methods such as

31(p544)

carts and hand carrying have been measured. In some

instances, vibration magnitudes reached as high as 17.31 m/s? for

some of the carts tested.®'?>#) These levels are much higher than
ambient vibration levels of approximately 0.024 m/s?> measured in
animal rooms, 1655

Some studies have shown potential benefits of vibration on
bone, muscle, fat accumulation, metabolism, and in wound healing
(Table 2). The studies demonstrating the positive effects of vibration
point to exciting potential for vibration to be used in the therapy for
conditions that affect humans as well as areas for future translational
studies using animal models. Because of the potential positive
effects, vibration has been used to treat musculoskeletal diseases as
well as to increase athletic performance in humans. Work still needs
to be done, however, to determine the accelerations and frequencies
that are most beneficial.***> As discussed below, because the fre-
guency, magnitude, and duration of exposure can determine if vibra-
tion will have negative, positive or no effects, animal models will be
important in developing these therapeutic uses.

5 | CHALLENGES IN ANIMAL STUDY
DESIGN

Because of the varied nature of experimental design applied to WBV
studies reported in the literature, it is challenging to determine which
vibration protocol is likely to have the greatest benefit, adverse
effects, or no effects at all. For example, in studies to use vibration
exposure for promoting bone growth or maintenance, there were
acceleration ranges between 2.94 and 29.43 m/s?, frequency ranges
between 8 and 90 Hz, varied durations of exposure, as well as ani-
mal age and species6(P1059).47(p349),44-464849  yighar magnitude
WBV of 19.62 and 29.43 m/s®> was only osteogenic in ovariec-

tomized rats, 20316

whereas low magnitude vibration applied to
osteoporotic (ovariectomized) rats at approximately 2 m/s? reversed
some of the negative effects of osteoporosis and accelerated early

peri-implant osseointegration.>* An evaluation of WBV effects on
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TABLE 2 Potentially beneficial effects of vibration in various species

Species Potentially beneficial effects
Bone
Mouse Increased bone formation on the endocortical surface of the metapaphysis during skeletal growth
Mouse Increased cortical bone area and cortical thickness in the femur and tibia diaphysis
Mouse Increased trabecular metaphyseal bone formation and percentage of mineralizing surfaces
Mouse Increased trabecular bone volume of the proximal tibial metaphysis
Rat Mitigated negative effects of bone repair and bone callus formation due to ovariectomy
Rat Improved fracture callus density, enlarged callus area and width, accelerated osteotomy bridging, upregulated
osteocalcin expression and suppressed osteoclast activity after ovarectomy
Rat Improved stiffness and increased endosteal and trabecular bone densities during fracture repair after
pharmacological induction of osteoporosis and ovariectomy
Rat Attenuated the loss of bone mass and trabecular bone microstructure after spinal cord injury
Rat Promoted migration of mesenchymal stem cells and fracture healing, upregulation of several osteogenic proteins,
up-regulation of the expression of chondrogenesis-, osteogenesis-, and remodeling-related genes
Sheep Increased femoral trabecular bone formation
Muscle
Humans Prevented a shift in myofiber type during extended bed rest
Humans Increased isometric muscle strength, explosive muscle strength, and muscle mass in men older than 60 y of age
Human Caused muscle relaxation in the neck and back

References

74
75
76
77
78

79

80

81

82-84

47,85

86
87

88

Other effects
Mouse (diabetic)

Attenuated hyperglycemia and insulin resistance, reduced body weight, normalized muscle fiber diameter, mitigated

89

adipocyte hypertrophy in visceral adipose tissue, and reduced hepatic lipid content

Mouse (diabetic)

Decreased skin wound healing time, increased wound —associated angiogenesis and granulation tissue formation,

48

accelerated wound closure and re-epithelialization, and increased expression of insulin-like growth factor-1,
vascular endothelial growth factor and monocyte chemotactic protein-1 in the wounds

Humans

bone formation in healthy rats using a constant acceleration and 45
or 90 Hz demonstrated that only a frequency of 90 Hz stimulated
bone formation,* indicating that studies performed only at the low
frequencies would have yielded a different conclusion regarding the
effects of vibration. Although there have been varied experimental
regimens used in vibration research, some consistency in findings is
starting to emerge. For example, a second study has demonstrated
that WBV at 90 Hz stimulates trabecular bone cellular activity, accel-
erates cortical bone growth, and increases bone mineral density in
mice.>?> The WBV of 90 Hz is consistent with our established RFR
for mice.r>P1963) Pprevious studies have been conducted without
regard to the RFR of the animal and thus, the results may have been
different if a frequency within the RFR had been used. Therefore,
when designing vibration studies in animals careful consideration
should be given to the frequency used as well as the magnitude.
There are also species considerations in animal study design. For
example, techniques to study the effects of vibration at the molecular
level are more available in mice than non-rodent species. Rats, how-
ever, may be a more appropriate rodent model for some studies, such
as the study of vibration effects on the tail blood vessels and nerves,
since they are larger in size. Rats share the same advantage as mice in
that larger numbers can generally be used due to lower cost, reduced

space requirements, rapid generation time, and increased availability.

Increased the oxygen carrying capacity of the blood during exercise

49

6 | USE OF VIBRATION IN ANIMAL
MODELS

The effects of vibration in animals is varied and can be either destruc-
tive or beneficial, likely depending on magnitude, duration, whole-
body or localized, and presumably the sensitivity to the vibration for
the species. The use of the mouse as a model to study human condi-
tions has the advantage that transgenic, knock-out and knock-in
strains are available to delineate the function of various genes in con-
tributing to the harmful or beneficial effects of vibration in humans.

Vibration- induced effects in people include hand-arm vibration
syndrome (Raynaud's phenomenon) consisting of vasospasm in hands
and fingers,”® lower back pain,®* motion sickness, bone damage, vari-
cose veins/heart conditions, stomach and digestive conditions, respi-
ratory effects, endocrine and metabolic changes, impairment of
vision/balance, and reproductive organ damage.>® In mice, vibration-
induced effects have been demonstrated in bone, muscle, hormones,
metabolism, and reproduction as well as altering cardiovascular
parameters, causing weight loss and increasing stress.**°¢ The
mouse, therefore, is a valuable model to study many of the adverse
conditions caused by vibration in humans.

In both humans and animals, diminishment of skeletal strength

and muscle atrophy can lead to decreased mobility and function.
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However, the musculoskeletal system responds to dynamic load in
an anabolic manner and vibration therapy may serve to augment
pharmacological therapy to strengthen bone and muscle.>® The mus-
culoskeletal system is able to tolerate a high level of vibration with-
out damage due to its inherent elasticity and plasticity of the
system, including the natural shock absorbers of the articulating
joints. As previously noted, vibration has shown positive effects on
both muscle and bone in mice, and therefore, the mouse model
would be useful in the study of muscle and bone health.

Osteoporosis or bone fracture repair is another area where
vibration may be beneficial and rodents may serve as a translational
model. However, in humans, both osteoblastic and chondroblastic
osseous repair occurs, while endochondral bone formation predomi-
nates in rodents. Fracture repair of the long bones in animal models
has been well described, but vibration was not assessed as an
adjunct to traditional intervention.** Considerable variation in bone
morphology and healing processes exist among animal species; thus,
characterization of each model is critical to appropriately correlate
experimental outcomes to a skeletal condition in human. The bones
in larger species (eg, canine, caprine, ovine swine, and nonhuman
primates) do not undergo the continuous growth or modeling
observed in rodents, while fracture fixation methods and biome-
chanics of fractures in these larger species mimic those used in
humans.>® Thus, preclinical research is commonly performed in these
larger species instead of rodents. Despite this difference in bone
healing, 53% of animals used in fracture studies over a 10-year per-
iod were either rats or mice and the large percentage of rodents
used correlates to their applicability to molecular biology techniques,
the ability to use a larger number of animals, and faster healing
rates.>®

Experimentally induced vibration has been used commonly in
various behavioral, physiological, and psychological research models
for decades as a source of stress.’’ In these studies, stress is
defined as a physical, chemical, or emotional factor that causes phys-
ical or mental tension.>® Often stress is a chronic condition and ani-
mal studies utilizing vibration are an important part of modeling the
pathological effects of stress. Depending on the model, use of vibra-
tion or shaker stress often may prove advantageous over other mod-
els of induced stress such as physical restraint, foot shocks, or
forced-swim testing in rodents. Use of shaker stress in animal studies
provides a mild form of stress that has been used reliably to induce
a form of stress that results in changes in blood pressure, heart rate,
and stress hormones. Since shaker stress can be delivered remotely
to an animal's home cage, it reduces the potential for artificial
enhancement of the stress response from factors such as handling,
restraint, noise, or pain.

Some of the most common models that utilize shaker stress are
those used to study conditions such as depression and post-trau-
matic stress disorder (PTSD).°®°?P329) pTSD affects nearly 10% of
Americans, but finding appropriate animal models is difficult due to
the co-morbidities PTSD shares with other conditions such as anxi-
ety and depressive disorders.’? It is important for animal models to
exhibit similar underlying characteristics or components of the

corresponding disorder being studied. This allows for adequate study
of the various factors that may contribute to disease processes, such
as genetic or environmental factors. It also ensures that more reliable
predictions are made about treatment effects. A study of rats
exposed to intermittent shaker stress as part of a chronic stress
schedule assessed the effects of the chronic unpredictable stress on
anxiety-like behavior and cognitive deficits.”?®329 |n conditions such
as depression, human patients can also display cognitive
changes.®%%* Rats exposed to chronic unpredictable stress displayed
cognitive deficits and increased anxiety similar to effects seen in the
human condition. Rats also showed improvement in cognitive defi-
cits when common treatments were tested, such as selective sero-
tonin reuptake inhibitors and other drugs, indicating the
appropriateness of the model.>?®"329) Because shaker stress has also
been shown to cause stress in mice and induce behavioral
changes,? vibration in mice may also provide an appropriate stressor
for the study of anxiety and depression.

The availability and current use of many genetically altered
strains of mice offer a wide array of potential mouse models of
human disease. For example, shaker stress has been used to study
how early development factors affect the stress response in later
life. In one study, progeny from NOS-3 knock-out mice were
exposed to shaker stress to determine how the intrauterine environ-
ment affects the cardiovascular response to stress. NOS-3 is an
enzyme responsible for the generation of nitric oxide in endothelial
cells. Nitric oxide is a smooth muscle relaxant that plays a vital role
in maintaining uteroplacental perfusion via vasodilation. NOS-3 defi-
cient knock-out mice are susceptible to hypertension and reduced
fetal growth during gestation. In the study, mature mice born to
NOS-3 knock-out dams had greater changes in blood pressure in
response to intermittent two-minute shaker sessions that were
repeated over 24 hours relative to wild type mice.®? Other studies
have used shaker stress to study the interplay between circadian
patterns and cardiovascular responses to stress.®3P768) Al of these
animal models are valuable tools in advancing the knowledge of the
numerous factors that determine how stress affects various disease
processes in humans.

Mice may also serve as a good model to study the potential of
vibration as a therapy for wound treatment. Because local vibration
has been shown increase blood flow in the skin of humans, it has been
proposed as a treatment for pressure ulcers or other skin wounds.®*
Pressure wounds and other skin injuries may be more prevalent or of
concern in diabetics. Because wound healing time in diabetic mice
decreases when vibration exposure occurs,*® the mouse model needs
to be explored further with regard to wound healing.

There is evidence that vibration therapy may be beneficial in
many age-related conditions.®>®3!?) WBV has been suggested to
attenuate muscle atrophy resulting from bed rest, and may increase
postural balance and gait. Similarly, exercise supplemented with
WBYV increases muscle strength and speed in older women following
24 weeks of treatment. Mice could play a very valuable role in
studying the effects of vibration to prevent or treat conditions

related to age.
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7 |

SUMMARY

Vibration experienced by animals can elicit stress-mediated effects
and increased emphasis is being placed on vibration with regard to
the welfare of animals and as a research variable. To understand the
threshold for these effects, the sensitivity of a species to vibration is
crucial to determine the utility of the animal as a translational model
that is predictive in humans for a therapeutic effect. The mouse is a
commonly used model in biomedical research, particularly when
investigating molecular and cellular effects. This species, through
genetic engineering and humanization, is appropriate for investigat-
ing the effects of vibration in a number of therapeutic modalities.
There are numerous effects of vibration on the mouse, both those
considered adverse as well as those with the potential to be used as
a translational model for human therapeutics. Continued characteri-
zation of the effects of vibration in the mouse model will facilitate
its use as a translational model for various therapeutic endeavors.

ORCID

Randall P. Reynolds http://orcid.org/0000-0002-1012-3851

REFERENCES

1. Woolf SH. The meaning of translational research and why it matters.
JAMA. 2008;299:211-213.

2. Arrowsmith J. Trial watch: phase Il failures: 2008-2010. Nat Rev
Drug Discov. 2011;10:328-329.

3. Denayer T, Thomas Stohr T, Van Roy M. Animal models in transla-
tional medicine: validation and prediction. New Horiz Transl Med.
2014;2:5-11.

4. lJilka RL. The road to reproducibility in animal research. J Bone Miner
Res. 2016;31:1317-1319.

5. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG.
Improving bioscience research reporting: the ARRIVE guidelines for
reporting animal research. PLoS Biol. 2010;8:e1000412.

6. National Research Council. Guide for the Care and Use of Labora-
tory Animals, 8th edn. Washington, D.C.: National Academy Press;
2011.

7. Crocker MJ. Fundamental of Acoustics, Noise and Vibration. In:
Crocker MJ, ed. Handbook of Noise and Vibration Control. Hoboken,
NJ: John Wiley and Sons, Inc.; 2007:1-16.

8. Vibration-Introduction. Canadian Centre for Occupational Health and
Safety. https://www.ccohs.ca/oshanswers/phys_agents/vibration/vib
ration_intro.html. Updated October 21, 2008. Accessed December
11, 2017.

9. Frequency. Encyclopedia Britannica. https://www.britannica.com/sc
ience/frequency-physics. Published July 20, 1988. Accessed Decem-
ber 11, 2017.

10. Reynolds RP, Kinard WL, Degraff JJ, Leverage N, Norton JN. Noise
in a laboratory animal facility from the human and mouse perspec-
tive. J Am Assoc Lab Anim Sci. 2010;49:592-597.

11. Norton JN, Kinard WL, Reynolds RP. 2011. Comparative vibration
levels perceived among species in a laboratory animal facility. J Am
Assoc Lab Anim Sci. 2011;50:653-659.

12. Frankovich D. The Basics of Vibration Isolation Using Elastomeric
Materials. https://earglobal.com/media/9885/basicsvibrationisola
tionelastomericmaterials.pdf Accessed December 11, 2017.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Griffin MJ. Whole-Body Vibration and Health. In: Griffin MJ, ed.
Handbook of Human Vibration. San Diego, CA: Elsevier Academic
Press; 1996:171-220.

Yang G, Zhou J, Zhang L, et al. Research on resonance frequency
with mouse liver. J Biomech. 2007;22:398-402.

Rabey KN, Li Y, Norton JN, Reynolds RP, Schmitt D. Vibrating fre-
quency thresholds in mice and rats: implications for the effects of
vibrations on animal health. Ann Biomed Eng. 2015;43:1957-1964.
MacMillian R. Human Vibration: basic Characteristics. In: Guo J, ed.
Work Health and Safety, Practitioner. Rev edn. West Perth, Australia:
Worksafe; 2013:15-16.

Ushakov IB, Soloshenko NV, Koslovskij AP. The examination of reso-
nance frequencies of vibration in rats. Kosm Biol Aviakosm Med.
1983;17:65-68.

Li Y, Rabey KN, Schmitt D, Norton JN, Reynolds RP. Characteristics
of vibration that alter cardiovascular parameters in mice. J Am Assoc
Lab Anim Sci. 2015;54:372-377.

Garner AM, Norton JN, Kinard W, Kissling GE, Reynolds RP. Vibra-
tion-induced behavioral changes and observational response thresh-
old in female, C57BL/6 Mice. J Am Assoc Lab Anim Sci. In press.
Rozema R. Noise and vibration considerations for the animal lab
environment. ALNmag.com. https://www.alnmag.com/article/2009/
03/noise-vibration-considerations-animal-lab-environment. Published
March 31, 2009. Accessed December 11, 2017.

Carman R, Jue DA, Glickman GM. Vibration effects on laboratory
mice during building construction. J Acoust Soc Am. 2008;123:3670.
Atanasov NA, Sargent JL, Parmigiani JP, Palme R, Diggs HE. Characteri-
zation of train-induced vibration and its effect on fecal corticosterone
metabolites in mice. J Am Assoc Lab Anim Sci. 2015;54:737-744.
Carman RA, Quimby FW, Glickman GM. The effect of vibration on
pregnant laboratory mice. Noise-Con Proc. 2007;209:1722-1731.
Zymantiene J, Zelvyte R, Pampariene |, et al. Effects of long-term
construction noise on health of adult female Wistar rats. Polish J Vet
Sci. 2017;20:155-165.

Raff H, Bruder ED, Cullinan WE, Ziegler DR, Cohen EP. Effect of
animal facility construction on basal hypothalamic pituitary-adrenal
and renin-aldosterone activity in the rat. Endocrinology.
2011;152:1218-1221.

Blaustein JD. Nearby construction influences the physiology of
research animals: beyond stress hormones. Endocrinology.
2011;152:1197-1198.

Briese V, Fanghanel J, Gasow H. Effect of pure sound and vibration
on the embryonic development of the mouse. Zentralbl Gynakol.
1984;106:379-388.

Rasmussen S, Glickman G, Norinsky R, Quimby FW, Tolwani RJ.
Construction noise decreases reproductive efficiency in mice. J Am
Assoc Lab Anim Sci. 2009;48:363-370.

Pritchett KR, Taft RA. Reproductive Biology of The Laboratory
Mouse. In: Davisson MT, Quimby FW, Barthold SW, Newcomer CE,
Smith AL, Fox JG, eds. The Mouse in Biomedical Research. Vol 3. 2nd
ed. Burlington, MA: Academic Press; 2007:91-121.

Gebresenbet G, Aradom S, Bulitta FS, Hjerpe E. Vibration levels and
frequencies on vehicle and animals during transport. Biosyst Eng.
2011;110:10-19.

Hurst K, Litwak KN. Accelerative forces associated with routine in-
house transportation of rodent cages. J Am Assoc Lab Anim Sci.
2012;51:544-547.

Cavigelli SA, Guhad FA, Ceballos RM, et al. Fecal corticoid metabo-
lites in aged male and female rats after husbandry-related distur-
bances in the colony room. J Am Assoc Lab Anim Sci. 2006;45:17-21.
Shehu A, Mohammed A, Magaji RA, Muhammad MS. Exposure to
mobile phone electromagnetic field radiation, ringtone and vibration
affects anxiety-like behaviour and oxidative stress biomarkers in
albino wistar rats. Metab Brain Dis. 2016;31:355-362.


http://orcid.org/0000-0002-1012-3851
http://orcid.org/0000-0002-1012-3851
http://orcid.org/0000-0002-1012-3851
https://www.ccohs.ca/oshanswers/phys_agents/vibration/vibration_intro.html
https://www.ccohs.ca/oshanswers/phys_agents/vibration/vibration_intro.html
https://www.britannica.com/science/frequency-physics
https://www.britannica.com/science/frequency-physics
https://earglobal.com/media/9885/basicsvibrationisolationelastomericmaterials.pdf
https://earglobal.com/media/9885/basicsvibrationisolationelastomericmaterials.pdf
https://www.alnmag.com/article/2009/03/noise-vibration-considerations-animal-lab-environment
https://www.alnmag.com/article/2009/03/noise-vibration-considerations-animal-lab-environment

REYNOLDS ET AL

34.
35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Kékosy T. Vibration disease. Baillieres Clin Rheumatol. 1989;3:25-50.
Carlsso S. The effect of vibration on the skeleton, joints and mus-
cles. A review of the literature. Appl Ergon. 1982;13:251-258.
Wen-bo L, Yi L, Ming C, Da-giang S. An introduction to Chinese
safety regulations for blasting vibration. Environ Earth Sci.
2012;67:1951-1959.

Occupational Health and Safety Authority. Work place (minimum
health and safety requirements for the protection of workers from
risks resulting from exposure to vibration) regulations. Subsidiary
Legislation 424.31. 2005. http://www.justiceservices.gov.mt/Down
loadDocument.aspx?app=lom&itemid=10735&I=1. Accessed Decem-
ber 11, 2017.

Croy |, Smith MG, Waye KP. Effects of train noise and vibration on
human heart rate during sleep: an experimental study. BMJ Open.
2013;3:e002655.

Rosenberger A, Liphardt AM, Bargmann A, et al. EMG and heart rate
responses decline within 5 days of daily whole-body vibration train-
ing with squatting. PLoS ONE. 2014;9:99060.

Edwards RG, McCutcheon EP, Knapp CF. Cardiovascular changes
produced by brief whole-body vibration of animals. J Appl Physiol.
1972;32:386-390.

Minka NS, Ayo JO. Physiological responses of food animals to road
transportation stress. Afr J Biotechnol. 2009;8:7415-7427.

Stephens DB, Bailey KJ, Sharman DF, Ingram DL. An analysis of
some behavioural effects of the vibration and noise components of
transport in pigs. Q J Exp Physiol. 1985;70:211-217.

Scott G. Effects of short-term whole body vibration on animals with
particular reference to poultry. Worlds Poult Sci J. 1994;50:25-38.
Thompson WR, Yen SS, Rubin J. Vibration therapy: clinical applica-
tions in bone. Curr Opin Endocrinol, Diabetes Obes. 2014;21:447-453.
Musumeci G. The use of vibration as physical exercise and therapy.
J Funct Morphol Kinesiol. 2017; 2:1-10.

Judex S, Lei X, Han D, Rubin C. Low-magnitude mechanical signals
that stimulate bone formation in the ovariectomized rat are depen-
dent on the applied frequency but not on the strain magnitude.
J Biomech. 2007;40:1333-1339.

Rubin C, Turner AS, Muller R, et al. Quantity and quality of trabecu-
lar bone in the femur are enhanced by a strongly anabolic, noninva-
sive mechanical intervention. J Bone Miner Res. 2002;17:349-357.
Weinheimer-Haus EM, Judex S, Ennis WJ, Koh TJ. Low-intensity
vibration improves angiogenesis and wound healing in diabetic mice.
PLoS ONE. 2014;9:e91355.

Kang J, Bushi JA, Ratamess NA, et al. Acute effects of whole-body
vibration on energy metabolism during aerobic exercise. J Sports
Med Phys Fitness. 2016;56:834-842.

Rubinacci A, Marenzana M, Cavani F, et al. Ovariectomy sensitizes
rat cortical bone to whole-body vibration. Calcif Tissue Int.
2008;82:316-326.

Liang YQ, Qi MC, Xu J, et al. Low-magnitude high-frequency loading,
by whole-body vibration, accelerates early implant osseointegration
in ovariectomized rats. Mol Med Rep. 2014;10:2835-2842.

Gnyubkin V, Guignandon A, Laroche N, Vanden-Bossche A, Malaval
L, Vico L. High-acceleration whole body vibration stimulates cortical
bone accrual and increases bone mineral content in growing mice.
J Biomech. 2016;49:1899-1908.

Krajnak K, Riley DA, Wu J, et al. Frequency-dependent effects of
vibration on physiological systems: experiments with animals and
other human surrogates. Ind Health. 2012;50:343-353.

Cardinale M, Pope MH. The effects of whole body vibration on
humans: dangerous or advantageous? Acta Physiol Hung.
2003;90:195-206.

Occupational Health and Safety Representatives. Effects of vibration:
what are the health effects of exposure to vibration? http://www.
ohsrep.org.au/hazards/vibration/effects-of-vibration. Updated May
2017. Accessed December 29, 2017.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

O'Loughlin PF, Morr S, Bogunovic L, Kim AD, Park B, Lane JM.
Selection and development of preclinical models in fracture-healing
research. J Bone Joint Surg Am. 2008;90:79-84.

Katz RJ, Roth KA, Carroll BJ. Acute and chronic stress effects on
open field activity in the rat: implications for a model of depression.
Neurosci Biobehav Rev. 1981;5:247-251.

Schoner J, Heinz A, Endres M, Gertz K, Kronenberg G. Post-trau-
matic stress disorder and beyond: an overview of rodent stress mod-
els. J Cell Mol Med. 2017;21:2248-2256.

Bondi CO, Rodriguez G, Gould GG, Frazer A, Morilak DA. Chronic
unpredictable stress induces a cognitive deficit and anxiety-like
behavior in rats that is prevented by chronic antidepressant drug
treatment. Neuropsychopharmacology. 2008;33:320-331.

Murrough JW, lacoviello B, Neumeister A, Charney DS, losifescu
DV. Cognitive dysfunction in depression: neurocircuitry and new
therapeutic strategies. Neurobiol Learn Mem. 2011;96:553-563.

Lam RW, Kennedy SH, Mcintyre RS, Khullar A. Cognitive dysfunc-
tion in major depressive disorder: effects on psychosocial function-
ing and implications for treatment. Can J Psychiatry. 2014;59:649-
654.

Costantine MM, Ferrari F, Chiossi G, et al. Effect of intrauterine fetal
programming on response to postnatal shaker stress in endothelial
nitric oxide knockout mouse model. Am J Obstet Gynecol.
2009;201:301.e1-301.e6.

Bernatova |, Key MP, Lucot JB, Morris M. Circadian differences in
stress-induced pressor reactivity in mice. Hypertension. 2002;40:768-
773.

Nakagami G, Sanada H, Matsui N, et al. Effect of vibration on skin
blood flow in an in vivo microcirculatory model. Biosci Trends.
2007;1:161-166.

Prisby RD, Lafage-Proust MH, Malaval L, Belli A, Vico L. Effects of
whole body vibration on the skeleton and other organ systems in
man and animal models: what we know and what we need to know.
Ageing Res Rev. 2008;7:319-329.

Murfee WL, Hammett LA, Evans C, et al. High-frequency, low-
magnitude vibrations suppress the number of blood vessels per
muscle fiber in mouse soleus muscle. J Appl Physiol. 2005;98:
2376-2380.

Perremans S, Randall JM, Rombouts G, Decuypere E, Geers R.
Effect of whole-body vibration in the vertical axis on cortisol and
adrenocorticotropic  hormone levels in piglets. J Anim Sci.
2001;79:975-981.

Govindaraju SR, Curry BD, Bain JL, Riley DA. Effects of temperature
on vibration-induced damage in nerves and arteries. Muscle Nerve.
2006;33:415-423.

Curry BD, Govindaraju SR, Bain JL, et al. Evidence for frequency-
dependent arterial damage in vibrated rat tails. Anat Rec A Discov
Mol Cell Evol Biol. 2005;284:511-521.

Ariizumi M, Okada A. Effect of whole body vibration on the rat brain
content of serotonin and plasma corticosterone. Eur J Appl Physiol
Occup Physiol. 1983;52:15-19.

Monteiro MOB, de Sa-Caputo DDC, Moreira-Marconi E, et al. Effect
of a short period whole body vibration with 10 Hz on blood
biomarkers in Wistar rats. Afr J Tradit Complement Altern Med.
2017;14:11-18.

Santos IFC, Rahal SC, Shimono J, Tsunemi M, Takahira R, Teixeira
CR. Whole-body vibration exercise on hematology and serum bio-
chemistry in healthy dogs. Top Companion Anim Med. 2017;32:86-
90.

McLain RF, Weinstein JN. Effects of whole body vibration on dorsal
root ganglion neurons. Changes in neuronal nuclei. Spine (Phila Pa
1976). 1994,19:1455-1461.

Xie L, Jacobson JM, Choi ES, et al. Low level mechanical vibrations
can influence bone resorption and bone formation in the growing
skeleton. Bone. 2006;39:1059-1066.


http://www.justiceservices.gov.mt/DownloadDocument.aspx?app=lom***%5band%5d***itemid=10735***%5band%5d***l=1
http://www.justiceservices.gov.mt/DownloadDocument.aspx?app=lom***%5band%5d***itemid=10735***%5band%5d***l=1
http://www.ohsrep.org.au/hazards/vibration/effects-of-vibration
http://www.ohsrep.org.au/hazards/vibration/effects-of-vibration

75.

76.

77.

78.

79.

80.

81.

82.

83.

REYNOLDS ET AL

Vanleene M, Shefelbine SJ. Therapeutic impact of low amplitude
high frequency whole body vibrations on the osteogenesis imper-
fecta mouse bone. Bone. 2013;53:507-514.

Garman R, Gaudette G, Donahue LR, Rubin C, Judex S. Low-level
accelerations applied in the absence of weight bearing can enhance
trabecular bone formation. J Orthop Res. 2007;25:732-740.
Christiansen BA, Silva MJ. The effect of varying magnitudes of
whole-body vibration on several skeletal sites in mice. Ann Biomed
Eng. 2006;34:1149-1156.

Butezloff MM, Zamarioli A, Leoni GB, Sousa-Neto MD, Volpon JB.
Whole-body vibration improves fracture healing and bone quality in
rats with ovariectomy-induced osteoporosis. Acta Cir Bras.
2015;30:727-735.

Komrakova M, Sehmisch S, Tezval M, et al. Identification of a vibra-
tion regime favorable for bone healing and muscle in estrogen-defi-
cient rats. Calcif Tissue Int. 2013;92:509-520.

Stuermer EK, Komrakova M, Sehmisch S, et al. Whole body vibration
during fracture healing intensifies the effects of estradiol and ralox-
ifene in estrogen-deficient rats. Bone. 2014;64:187-194.

Minematsu A, Nishii Y, Imagita H, Takeshita D, Sakata S. Whole-
body vibration can attenuate the deterioration of bone mass and tra-
becular bone. microstructure in rats with spinal cord injury. Spinal
Cord. 2016;54:597-603.

Wei FY, Chow SK, Leung KS, et al. Low-magnitude high-frequency
vibration enhanced mesenchymal stem cell recruitment in osteo-
porotic fracture healing through the SDF-1/CXCR4 pathway. Eur Cell
Mater. 2016;31:341-354.

Li M, Wu W, Tan L, et al. Low-magnitude mechanical vibration regu-
lates expression of osteogenic proteins in ovariectomized rats. Bio-
chem Biophys Res Commun. 2015;465:344-348.

84.

85.

86.

87.

88.

89.

Chung SL, Leung KS, Cheung WH. Low-magnitude high-frequency
vibration enhances gene expression related to callus formation, min-
eralization and remodeling during osteoporotic fracture healing in
rats. J Orthop Res. 2014;32:1572-1579.

Rubin C, Turner AS, Bain S, et al. Anabolism: low mechanical signals
strengthen long bones. Nature. 2001;412:603-604.

Blottner D, Salanova M, Puttmann B, et al. Human skeletal muscle
structure and function preserved by vibration muscle exercise fol-
lowing 55 days of bed rest. Eur J Appl Physiol. 2006;97:261-271.
Bogaerts A, Delecluse C, Claessens AL, Coudyzer W, Boonen S, Ver-
schueren SM. Impact of whole-body vibration training versus fitness
training on muscle strength and muscle mass in older men: a 1-year
randomized controlled trial. J Gerontol A Biol Sci Med Sci.
2007;62:630-635.

Elfering A, Burger C, Schade V, Radlinger L. Stochastic resonance
whole body vibration increases perceived muscle relaxation but not
cardiovascular activation: a randomized controlled trial. World J
Orthop. 2016;7:758-765.

McGee-Lawrence ME, Wenger KH, Misra S, et al. Whole-body vibra-
tion mimics the metabolic effects of exercise in male leptin receptor
deficient mice. Endocrinology. 2017;158:1160-1171.

How to cite this article: Reynolds RP, Li Y, Garner A, Norton
JN. Vibration in mice: A review of comparative effects and
use in translational research. Animal Model Exp Med.
2018;1:116-124. https://doi.org/10.1002/ame2.12024



https://doi.org/10.1002/ame2.12024

