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Hearing in laboratory animals is a topic that traditionally has been the domain of the auditory researcher. How-
ever, hearing loss and exposure to various environmental sounds can lead to changes in multiple organ systems,
making what laboratory animals hear of consequence for researchers beyond those solely interested in hearing. For
example, several inbred mouse strains commonly used in biomedical research (e.g., C57BL/6, DBA/2, and BALB/c)
experience a genetically determined, progressive hearing loss that can lead to secondary changes in systems ranging
from brain neurochemistry to social behavior. Both researchers and laboratory animal facility personnel should be
aware of both strain and species differences in hearing in order to minimize potentially confounding variables in
their research and to aid in the interpretation of data. Independent of genetic differences, acoustic noise levels in
laboratory animal facilities can have considerable effects on the inhabitants. A large body of literature describes the
nonauditory impact of noise on the biology and behavior of various strains and species of laboratory animals. The
broad systemic effects of noise exposure include changes in endocrine and cardiovascular function, sleep-wake
cycle disturbances, seizure susceptibility, and an array of behavioral changes. These changes are determined partly
by species and strain; partly by noise intensity level, duration, predictability, and other characteristics of the sound;
and partly by animal history and exposure context. This article reviews some of the basic strain and species differ-

ences in hearing and outlines how the acoustic environment affects different mammals.

Laboratory animal facilities typically make great efforts to
control environmental variables such as lighting, temperature,
humidity, airborne particles, and food and water supply (209).
The acoustic environment frequently is given less consideration,
possibly reflecting an assumption that the sound environment
has little impact on the behavior and normal physiology of labora-
tory animals (127). Nonetheless, data suggest that animal facili-
ties present a more problematic acoustic environment than
previously thought (159), due at least in part to the preponderance
of high frequency signals not detectable by human ears (10).

Chronic exposure to loud noise causes hearing loss. As early as
1700, Ramazzini noted that men hammering copper “have their
ears so injured by that perpetual din...that workers of this class
became hard of hearing” (130). Subsequently, more rigorous sci-
entific study has revealed that environmental noise can detri-
mentally affect humans and other organisms (43). Until recently,
researchers focused their efforts on understanding how noise
exposure affects the peripheral receptor organ for hearing, the
cochlea. This work, often taking place in the context of loud noise
exposures in the factory and military settings, has led to public
health recommendations regarding the prevention of hearing
loss. Animal research conducted in well-controlled environments
has clarified many details concerning how the presence or ab-
sence of noise affects the cochlea. As a result of human and labo-
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ratory animal studies, current recommendations are that
chronic exposure to noise levels at = 85 dB sound pressure level
(SPL) for any prolonged period of time can cause permanent
hearing loss through cochlear damage (131).

Basic guidelines regarding noise in animal care facilities have
been published in the Guide for the Care and Use of Laboratory
Animals (132). The Guide notes that researchers and animal fa-
cility personnel should consider the sound intensity, frequency,
rapidity of onset, duration, vibration potential of the noise and
the noise exposure history, hearing range, and susceptibility of
the exposed species, stock, or strain. The Guide further notes
that a) noisy animals should be housed away from quieter ani-
mals, b) many species ean hear sound at frequencies that are in-
audible to humans (e.g., those produced by video display
terminals), ¢) production of unnecessary noise should be mini-
mized, and d) exposure to sound louder than 85 dB can have
both auditory and nonauditory effects. The Guide refers to sev-
eral articles, also found in the present review, that note
nonauditory effects of loud sounds (> 85 dB SPL). However, as
described later, noteworthy changes in a number of organ sys-
tems can occur after exposure even to sounds below the 85-dB
standard that the Guide warns about.

Noise is involved in thousands of scientific studies, not as a
purposefully manipulated independent variable, but as an unin-
tended environmental variable that can in some cases confound
the data. The extra-auditory impact of noise exposure is a largely
overlooked factor in animal-based research. A key function of
sensory systems input is to maintain an ethologically appropri-



ate level of arousal (123), and noise affects a number of organ
systems and can impact nearly every area of biomedical and be-
havioral research via this mechanism. Whatever the area of
study, from immune response to social behavior, the potential im-
pact of environmental noise on the process should be recognized in
order to either minimize noise as a confounding variable or, in
some cases, to use noise experimentally as a stress manipulation.

The goals of the present article are to review 1) the sources of
noise in animal facilities, 2) hearing differences in laboratory ani-
mals, 3) the effects of noise on the auditory system, and 4) some of
the nonauditory effects of noise on laboratory animals and people.
Research on the nonauditory effects of noise has relied much
more extensively on human rather than animal subjects. A
sample of findings from humans will be presented here because
these data may provide insights regarding possible effects in
laboratory animals. This overview is not an exhaustive summary
of the literature concerning the effects of noise on the auditory sys-
tem. For more comprehensive reviews, see those by Boettcher and
colleagues (13, 14) and Henderson and coworkers (76).

Noise in Animal Facilities

For the purpose of this review, noise can be defined broadly as
any sound in the environment. The frequency content and inten-
sity of environmental sounds can be measured or characterized
using modern equipment. A basic explanation of the physics of
sound and fundamentals of sound measurement can be found at
acoustics.org, a Web resource maintained by the Acoustical Soci-
ety of America. The frequency content of complex sounds, includ-
ing noise, can be measured as noise energy in different frequency
regions by using filters or Fourier fast transformations (FFT).
The French mathematician Joseph Fourier showed that any
complex sound wave can be represented as a number of sinusoi-
dal waves of different frequencies, amplitudes, and phases
(phase refers to the relative timing of two or more sine waves).
Spectral analysis refers to the process of specifying the amplitude,
frequency, and phase relationships of the sinusoidal components of
a complex waveform. The ear generally is insensitive to the effects
of phase changes. Therefore, it is common to consider only the
amplitude and frequency of the sinusoidal components when
specifying the spectrum of a complex waveform. The frequency of
a sinusoid refers to the number of repetitions of the sinusoid that
take place in 1 sec. The psychological and experiential correlate
of frequency is pitch. The unit of measurement for frequency is the
Hertz (Hz). Species used in biomedical research differ widely in
their sensitivity to the frequency content of a sound.

Sound is the propagation of a disturbance of the normal distri-
bution of particles in a medium. The pressures that produce local
movement of air particles and the associated sound waves in air
are very small. The amplitude, or intensity of a sound is related
to the displacement of the particles. The psychological and expe-
riential correlate of sound amplitude or intensity is loudness.
However, it is easier to measure the amplitude of a sound by
measuring the pressure changes that move the particles rather
than the displacement of the particles themselves. Sound inten-
sity is proportional to the square of the variations in sound pres-
sure. A 10-fold increase in sound pressure reflects a 100-fold
increase in intensity. It is convenient to express a sound pressure
level as a ratio to some reference sound pressure level. The mea-
surement of amplitude in this manner is expressed in decibels
(dB). A number of dB scales and standards have been developed.
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Figure 1. Sample acoustic spectrum recorded from a representative
animal housing unit in the Division of Laboratory Animal Medicine at
Southern Illinois University School of Medicine. This recording was
collected under normal quiet conditions with a Bruel and Kjaer Pulse
System using a 1/2" free-field microphone (Bruel and Kjaer model 4191-
A). The microphone was attached to a model rat at head level in the
middle of a plastic shoebox cage with a wire-top lid (A). Measures were
also taken with a small particle filter attached to the top of the cage (B).
The filter had no noticeable affect on the measurement. Approximately
30 other individually caged rats were present in the 2.5 x 2.5-m room.
Baseline levels of noise across the spectrum appear to be around 42 dB
SPL. Note the high level of low-frequency noise (< 1 kHz) and the har-
monics of a 7-kHz signal (i.e., 7, 14, and 21 kHz). These peaks are pre-
sumably the result of inherent ventilation and building noise. Particu-
larly interesting is the ultrasonic content = 38 kHz, some of which might

be due to rat vocalizations or other unidentified sources.

The most common way to express the amplitude of a sound in dB
is relative to the international sound pressure standard of 20
uPa. This is referred to as dB sound pressure level (SPL). It is
also common to see dB expressed with either an A or C weight-
ing scale. Weighting scales are formed by using a set of filters to
attenuate sound of certain frequencies. The dB(A) scale is
weighted to reflect the sensitivity and frequency range of human
hearing, whereas the dB(C) scale is practically linear over a wide
frequency range.

Animal facilities tend to be constructed of epoxy-painted ceil-
ings and concrete walls and concrete floors. Such construction,
while minimizing surfaces that can collect dust and dander, also
compound the problems of environmental noise by providing
little noise absorption and increased reverberation times (29).
Consequently, considerable environmental noise is virtually un-
avoidable in animal facilities and generally stems from three
basic sources (148):

1) Technical devices (33, 34, 60, 61, 127)

-air conditioners, air handlers, ventilated rack systems

-electronics, video monitors, lab equipment

-fire alarms

2) Maintenance (127, 148)

-opening/closing room and cage door(s)

-motors, cage washers, push carts, and other equipment

-worker speech

3) Animals themselves (127, 144, 148, 168)

-rattling, climbing on, and chewing on cages and accessories

-vocalizations

Figure 1 plots the normal baseline background noise in a stan-
dard animal housing room as recorded from the inside of a typi-
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Figure 2. Noise spectrum resulting from the routine activity of attach-
ing a wire-top lid to a typical shoebox-style plastic cage. Sound frequency
is on the x-axis, time on the y-axis (response begins at about 1.3 sec),
and intensity is color-coded on the z-axis (see legend at right). Measure-
ments were collected as described in Fig. 1. This resulting spectrum
produced an intense signal with intense low-frequency content (<5 kHz)
of nearly 100 dB SPL and pronounced intensity near 80 dB across the
rest of the frequency range.

cal rat plastic shoebox-style cage with a wire-top lid. Notice that
the baseline noise level is low (around 42 dB SPL) but that low-
frequency building noise (< 1 kHz) and several other noise peaks
also occur. Particularly interesting is the elevated background
noise in the 30- to 40-kHz ultrasonic range, which could be ani-
mal vocalizations or due to some other unidentified source. It
should be noted that different caging styles could dramatically
alter the noise levels inside an individual cage. For example,
sound recordings inside a shoebox-style plastic cage with a wire
lid would likely differ from a ventilated isolator caging system
with a blower motor pushing air though small diameter tubing
into the cage. Further research is needed to compare the acous-
tic environment as a function of different caging conditions, es-
pecially given the increased use of isolator caging.

Pfaff and Stecker (148) recorded noise levels in animal facili-
ties and found approximately 60 episodes/0.5 h at =2 90 dB in the
morning and > 60 episodes/0.5 h at 2100 dB in the evening.
These intensity measurements were usually associated with
short-lasting staff activity in the animal room. More recent stud-
ies using better recording of ultrasonic frequencies have shown
that much of the noise content in an animal room includes ultra-
sonic frequencies that are audible to many laboratory animals
but not to humans (127, 159). Animal care personnel generated
most of the more intense sounds in animal facilities. Many rou-
tine duties performed by animal facility personnel and research-
ers can involve the production of relatively intense sounds. For
example, the common practice of simply snapping a wire-top
cage lid to a plastic shoebox cage can produce an intense low-fre-
quency noise impulse of nearly 100 dB SPL, with energy of about
80 dB SPL at frequencies up to 40 kHz (Fig. 2).

Recordings conducted on weekends and at other times when
workers were not present found that animal facilities are gener-
ally quiet in the absence of human activity, suggesting that the
noise generated by animals due to activity and communication
signals is relatively minor compared with the sounds produced
when people are present (127). Exceptions to this depend partly
on species and caging type. Marmosets and rabbits produce a
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Figure 3. Comparative plot of auditory sensitivity in humans and some
animal species commonly used in biomedical research. Adapted from
Fay (54); other sources of data include those for human (169), rat (104),
mouse (49), gerbil (156), rabbit (73), dog (72), cat (74), and rhesus mon-
key (149).

remarkably high level of noise regardless of whether humans
are present (127). In the case of rabbits, high noise levels were
likely due to the animals’ thumping on metal cages. Whether
high noise levels in marmoset quarters were due to banging on
their metal cages or vocalizations was not determined. Rhesus
monkeys also generate very high noise levels by rattling and
banging on their cages. Peterson (144) showed that such cage
rattling/banging generated peak measurements of <110 dB SPL
with sustained levels of > 90 dB. Vocalizations can easily climb to
similar levels. For example, barking dogs produced sustained
levels > 90 dB and peak levels of 105 to 120 dB SPL (144, 168).
These findings suggest that the majority of noise in animal fa-
cilities is due to two leading sources: the direct activity of person-
nel using the facility and the increased activity (vocalization,
cage rattling or banging) of animals in response to the presence
and actions of people.

Species and Strain Differences in Hearing

The different species and strains of animals commonly used in
biomedical research vary in hearing ability. The more commonly
used laboratory animals, such as mice, which make up more
than 90% of mammals used in research (120), have hearing with
frequency sensitivity in the ultrasonic range (= 80,000 Hz), far
beyond the range of the human ear (20 to 20,000 Hz). Other
mammals such as chinchillas, rabbits, cats, and nonhuman pri-
mates possess good low-frequency hearing in the same range as
that of humans. Figure 3 depicts the audibility curves for hu-
mans and some animals commonly used in biomedical research.
For a more detailed account of species differences in hearing, see
Fay (54).

To minimize noise as a dangerous and/or confounding vari-
able, researchers and animal care personnel should be aware of
the different ranges of hearing sensitivity in the species they
work with. In addition to hearing range differences in different
species, many breeds and/or strains of commonly used animals
differ in hearing function. For example, most of the inbred mouse
strains commonly used in biomedical research (including DBA/
2J, C57, and BALB) show some degree of genetically determined,
progressive hearing loss (204, 206). These same strains show
susceptibility to noise-induced seizures induced by sudden
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Figure 4. Two commonly used rat models. A. The pigmented FBN is
the F1 hybrid cross between F344 females and Brown Norway males. B.
F344 is an inbred albino rat. FBNs possess better high-frequency hear-
ing, and F344s better low-frequency hearing.

sounds such as jingling keys (59, 81). Although noise-induced
seizures have been studied most thoroughly in mice, other spe-
cies (including rats, rabbits, chickens, dogs, goats, cats, hamsters,
guinea pigs, and man) also show audiogenic seizures (96). Sus-
ceptibility to audiogenic seizures is greatest in the immature au-
ditory system (80). Audiogenic seizures are not just the concern
of those investigators using susceptible strains. In a related phe-
nomenon known as acoustic priming, exposure to just a few sec-
onds of loud noise during a critical period early in life can cause
seizure-resistant mice to develop a pronounced susceptibility
(81). For example, if CBA mice (which hear normally and are not
susceptible to audiogenic seizures) are exposed to a 123-dB noise
for 2 min when they are 24 to 42 days old, that same exposure
repeated 5 days later leads to seizures and death in 75% of the
animals (80).

The animals used most often in biomedical research are mice
and rats (120). Both genera of rodents provide researchers with
a wide variety of strain and stock options. For the hearing re-
searcher, the choice of strain is critically important because of
the natural hearing differences present across strains. For ex-
ample, two commonly used strains of rat are the Fischer 344
(F344), an albino strain developed by M. R. Curtis at Columbia
University Institute for Cancer Research in 1920 and the F1 hy-
brid cross between the F344 and Brown Norway rat (FBN; Fig.
4). These strains have very different patterns of auditory sensi-
tivity. F344s show approximately 20 dB better hearing at low
frequencies (4 kHz) whereas FBNs show approximately 20 dB
better hearing at higher frequencies (32 kHz; 187).

Variability across mouse strains is potentially even greater.
Some commonly used mouse strains develop severe pathologies
of the auditory system (201). For example, relative to other
strains, DBA/2 mice demonstrate substantial hearing loss begin-
ning at the onset of hearing (around 2 weeks of age) and pro-
gressing rapidly until they are profoundly deaf by around 3 to 4
months of age (51, 152, 200). In addition, sudden noise can cause
fatal seizures in DBA mice during a critical period between the
3rd and 4th week of life (203). The popular C57BL6 (82, 204) and
BALB/c strains (206) commonly used as background strains in
genetic studies also show genetically determined, progressive
hearing loss that begins relatively early in life. However, the
hearing loss in these strains progresses more slowly. Table 1
summarizes the hearing loss found in a number of commonly
used mouse strains. For a thorough review of mouse hearing and
strain differences, see Willott (201).

Noise and the Auditory System

Intense noise exposure can damage the cochlea and inner ear

Hearing in laboratory animals

Table 1. Hearing loss in some of the most frequently used mouse strains in
biomedical research

Strain Hearing loss evident at Reference(s)
(no. of
PubMed hits)
BALB/e 2 months; progresses slowly over next year 152, 206
(87,266)
C57BL/G 2 months; progresses slowly over next year 188, 204
(31,194)
AlJ 2 months; little further progression 79
(29,424)
DBA/2 1 month; progresses rapidly; mice deaf by
(17,170) 8 to 9 months of age 188, 204
129 3 months 213
(10,141)

Frequency of use for different mouse strains was estimated using the National
Library of Medicine's PubMed database. Total number of hits for the different
strains was determined as of September 2004 by using the keywords “mouse”
or “mice” and “BALB/e,” “C5TBL/6,” “Ad." “DBA/2," and “129."

and lead to a cascade of auditory effects along the entire central
auditory pathway. Intense noise exposure is often associated
with acute changes in the auditory system, but a completely dif-
ferent set of changes occur as a consequence of the chronic loss of
input. Noise overexposure can cause a loss of hearing that is ei-
ther temporary (temporary threshold shift; TTS) or sometimes
permanent (permanent threshold shift; PTS). Partial deafness
(loss of hearing input) leads to a reduced sensory input to the
brain that has been associated with complex alterations in the
balance between excitation and inhibition in the brain (126).
These changes can lead to hyperacusis and tinnitus (i.e., ringing
in the ears) (24). A number of agents used for other purposes in
the animal facility or research laboratory can also impact the
auditory system. For example, a number of therapeutic agents
used by veterinarians and researchers, including salicylates,
loop diuretics, aminoglycoside antibiotics, antithyroid and anti-
tumor drugs, can cause temporary or permanent hearing loss
and ringing in the ears (78). Other agents that might be found in
animal facilities and laboratories and that can act either alone or
interact with noise to produce hearing loss include organic sol-
vents (toluene, styrene, ethylbenzene, xylene, trichloroethylene),
metals (mercury, lead, trimethyltin), and asphyxiants (carbon
monoxide, hydrogen cyanide) (14, 55).

Intermittent presentation of moderately intense stimuli (85
to 96 dB SPL) can cause TTS but can also “toughen” the auditory
system, making it less prone to damage during subsequent in-
tense noise exposure (136). However, noise levels > 100 dB SPL
clearly can cause permanent damage in the cochlea. The result-
ing reduced input to the brain due to hearing loss is associated
with hyperacusis and tinnitus, as noted earlier (24). Noise expo-
sure also has been associated with cellular-level changes within
the auditory system. Among them are increases in free radical
production (210), changes in caleium binding proteins (89), in-
duction of heat-shock proteins (75), c-fos labeling (212), adenos-
ine receptor expression (153), cell loss (202), and changes in
inhibitory neurotransmitter activity (126). For a more detailed
discussion of the acute and chronic effects of noise exposure on
the auditory system, see the reviews by Fay (54}, Boettcher and
colleagues (13, 14), and Henderson and coworkers (76).

The consequences of noise exposure depend greatly on the
context and characteristics of the acoustic insult, including
stimulus duration, pattern, frequency content, intensity, and pre-
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dictability. Noise studies frequently have concentrated on the
intensity of the sound and often conclude that less-intense
sounds (< 85 dB) are relatively safe. More recent work suggests
that the effects of noise are much more complex than can be pre-
dicted by assessing intensity alone. Ising and Kruppa (94) sug-
gest that even more relevant than sound intensity is the
information content of the sound. Meaningful sounds at rela-
tively low intensity levels can have a considerable impact on ani-
mal physiology and behavior by engaging limbic structures and
higher centers involved in determining context and meaning.

Whereas the effects of excessive auditory stimulation can be
damaging, auditory deprivation can have profound effects as
well (see review by Moore, 128). Studies have suggested a sensi-
tive period during which the proper structural development in
portions of the auditory system may require acoustic stimulation
(38). Mice deprived of airborne sound stimulation during postnatal
development showed cellular changes similar to that experienced
by persons with pure congenital conductive hearing loss (196).

Relatively little is known about the effects of low-level sounds.
Chronic exposure to levels < 70 dB SPL are apparently not harm-
ful to the cochlea but rather improve auditory processing of the
exposure stimuli. Poon and Chen (150) showed that exposure to
trains of tones improved the ability of the exposed animals to
process those same signals. Turner and Willott (188) and Willott
and Turner (204, 205) showed that exposure to broadband noise
improved both brain (inferior colliculus) and behavioral responses
to sounds of the same intensity as the exposure signal. However,
improved signal processing after low-level sound exposure might
come at the expense of processing other acoustic stimuli. Exposure
to a broadband noise stimulus (including a wide range of frequen-
cies) reduced the specificity of auditory cortex neurons, causing
improved responses to noise at the expense of responses to fre-
quency-specific pure tones (32, 211). The suggestion from this
work is that rearing animals in a constant white noise, masking
background (which is being recommended in some animal facili-
ties) might have negative consequences for normal development of
the auditory system by effectively masking out the normal input
to the ear from vocalizations and other sources,

Although sounds < 85 dB may appear to be unimportant be-
cause they do not cause hearing loss or trigger severe autonomic
stress reactions, chronic exposure to patterns of acoustic input
can alter how sounds are processed. Maybe more important,
however, is the suggestion that even low-level environmental
sounds may mask communication signals between animals (37).
Under this scenario, even a relatively quiet acoustic signal might
impair an organism's ability to communicate, perhaps explain-
ing some of the adverse effects of noise (37).

Nonauditory Effects of Noise

It is not surprising that environmental and communication
sounds are present in animal facilities and that these sound lev-
els can be quite intense. It is also not surprising that such noise
can alter the auditory system, as will be described later. How-
ever, what is rather surprising is the wide variety of body sys-
tems that are affected by such sounds. Noise affects much more
than just the auditory system. Because information from sen-
sory systems provides the organism with critical information
about the environment, autonomic responses to sounds are
highly adaptive. Like somatosensory, visual, olfactory, and gusta-
tory stimulation, sound can induce a wide range of responses
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that allow the organism to gather information about the source
of the stimulus. Such information is essential for determining
whether the stimulus is, for example, a territorial signal, a mat-
ing signal, or a signal that a predator or prey is near. Stimuli
engage a wide variety of neural systems beyond those basic
structures involved in detecting stimuli. The stimulus engages
central and peripheral systems that help interpret the stimulus
information by controlling autonomic motor responses, vigilance,
arousal, emotion, learning and memory, and planning and ex-
ecuting, just to name a few. The influential works of Broadbent
(20-23), Loeb (114-118), and Kryter (111) outlined some of the di-
verse nonauditory consequences of noise, with a focus on human
noise research. That work helped to establish noise as a regula-
tor of emotion and arousal in humans and described some of the
effects of noise on neural systems and behavior. Just as labora-
tory animal research provides insight into human medical condi-
tions, the rich noise research literature on humans can provide
valuable insights into how noise might impact laboratory ani-
mals. The first large-scale effort to identify the multiple effects of
noise on animals came in an edited book based upon papers pre-
sented at an international symposium on the extra-auditory
physiological effects of audible sound (198). That book produced
a number of influential findings that began to highlight the sys-
temic effects of noise. Many of them are referred to in this article.

Moruzzi and Magoun (129) first demonstrated that electrical
stimulation of the brainstem reticular formation elicited arousal
in animals. The reticular formation receives a rich array of
collaterals from ascending sensory pathways. Ward (195) con-
cluded that acoustic information, transduced at the auditory
nerve, stimulates the reticular activating system producing
arousal and wakefulness via the cerebral cortex. More recent
work suggests that the reticular formation is more involved in
controlling specific body movements during arousal, but the ad-
jacent locus coeruleus probably plays a more direct role in medi-
ating arousal and vigilance (28). Aston-Jones and Bloom (4, 5)
found that firing of locus coeruleus neurons was related closely
to behavioral arousal and that acoustic stimuli increased firing
of these neurons. Zhang and colleagues (212) demonstrated that
a single 45-min exposure to an 80-dB SPL, 10-kHz tone not only
increased c-Fos labeling (a measure of neural activity) in audi-
tory structures in the brain but also dramatically increased la-
beling in nonauditory structures such as the locus coeruleus,
amygdala, and hypothalamus.

Recent work also helps to explain how noise accesses other
neural systems (6, 93, 174, 175). The auditory system connects
via the amygdala and other circuits to the hypothalamic-pitu-
itary-adrenal axis (HPA axis) and can thereby cause the release
of stress-related hormones. Ising and Kruppa (94) indicated that
chronic exposure to as little as 65 dB(A) of noise can induce a
variety of nonauditory effects. Figure 5 presents a model of how
sensory information can affect multiple neural systems to influ-
ence an organism’s behavior.

Tables 2 and 3 summarize the nonauditory effects of sound in
laboratory animals and man. These studies used a variety of dif-
ferent sound stimuli with varied duration of exposure, frequency,
and noise intensity as well as different measuring techniques and
different species or strains of animal subjects. This summary dem-
onstrates that noise can alter, either directly or indirectly, virtu-
ally every major system studied in biomedical research.

Noise activates the sympathetic division of the autonomic ner-
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Figure 5. Simplified model of how noise can affect multiple systems.
Many additional structures, projections, hormones, and neurotransmit-
ters actually are involved in the process of responding to noise. Ach,
acetylcholine; ACTH, adrenocorticotropin hormone; CRF, corticotropin
releasing factor; NE, norepinephrine.

vous system, producing a stress response with physiological
characteristics similar to those triggered by other sensory and
psychosocial stimuli (35, 46, 163, 164). Although many early
noise studies were poorly designed or qualitative in nature, a
relatively consistent finding was the elevation of blood pressure
by noise. DeJoy (46) described an intriguing study by Ising et al.
(93) that was conducted in a German brewery. In that study,
blood pressure and stress hormone levels were compared in the
same workers on days when they were either wearing or not
wearing hearing protection. Elevated blood pressure and norepi-
nephrine levels were measured on days when workers did not
wear hearing protection. In a follow-up study that compared one
day of working in 85-dB(A) traffic noise to a quiet condition of <
50 dB(A) on the next day, workers exhibited a similar increase in
blood pressure and epinephrine levels, along with increases in
cholesterol and Mg and decreases in renin and erythrocyte Na
(92). Cantrell (27) also reported elevated serum cholesterol and
cortisol levels after a 30-day exposure to 80- to 90-dB SPL noise
bursts. Gitanjali and Ananth (65) found that a single 8-h work-
day exposure to continuous occupational noise of > 75 dB(A) re-
duced the normal parasympathetic drop in heart rate during
sleep and increased cortisol levels the next morning.

In laboratory animals, Peterson and colleagues (145-147) re-
ported that chronic (6 or 9 months) exposure of nonhuman pri-
mates to moderate noise levels (> 85 dB) resulted in elevated
blood pressures that did not return to pre-exposure levels within
one month after removal of the noise. Borg and Moller (16) re-
ported no effect of life-long exposure to noise on blood pressure
in the rat, but most other studies report noteworthy cardiovascu-
lar effects secondary to noise exposure (see Tables 2 and 3).
Friedman and coworkers (57) reported elevated cholesterol and
increased atherosclerosis in rabbits, whereas Clough (33) sug-
gested that some of the cardiovascular effects of noise in labora-
tory animals could be explained by activation of the
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neuro-endocrine stress response system. Consistent with this
theory are findings that environmental noise causes a number of
changes in laboratory animals: hypertension (25, 154), cardiac
hypertrophy (62), changes in electrolyte metabolism (113), re-
duced body weight (56, 157, 208), increased adrenal weight (63),
altered tumor resistance and immune response (98), slower
wound healing (208), changes in estrus cycles, increased weight
of uterus and ovaries, spontaneous lactation, decreased fertility,
termination of pregnancy (214), and embryonic abnormalities
(62). Mice stressed by sound during pregnancy also produce off-
spring with poor learning ability (8).

The almost universal finding that noise increases stress hor-
mone levels suggests that chronic noise-induced activation of the
HPA axis might cause a variety of problems because of abnor-
mally high levels of circulating stress hormones. Davis (44) dem-
onstrated that exposure to an 80-dB background noise for just a
few minutes led to a state of behavioral sensitization or “fear” in
rats. Barrett and Stockham (9) demonstrated that banging of the
metal cages in an animal room caused a rapid doubling of rat
plasma corticosterone levels that lasted for 2 to 4 h. Henkin and
Knigge (77) suggested that noise-induced corticosterone eleva-
tions can persist for up to 11.5 h. Spreng (174, 175) argues that
long-term activation of the HPA axis, along with associated in-
crease in stress hormones, has been linked to immunosuppres-
sion (eosinopenia), insulin resistance (diabetes), cardiovascular
disease (hypertension and arteriosclerosis), catabolism (os-
teoporosis), and gastrointestinal problems (stress ulcers). In ad-
dition, abrupt noise and tone bursts (110 and 92 dB,
respectively) that startle an animal might activate the endog-
enous opiate system to produce analgesia in rats (41, 165).

Noise can also interfere with sleep by a) prolonging the time
needed to fall asleep, b) causing awakening once asleep, c} inter-
fering with the return to sleep once awakened, and d) inducing
shifts from deeper to shallower stages (46). Able (1) reviewed the
extra-auditory effects of noise and found that noise caused reli-
able disturbances in sleep patterns in humans (12, 65, 100, 162,
179-183), rabbits (105), and rats (151, 194). In both rats and hu-
mans, noise appeared to decrease both slow-wave sleep (65, 182,
151) and paradoxical (or rapid-eye-movement; REM) sleep (58,
65, 100, 103, 151, 186). Sound intensity as low as 60 to 65 dB(A)
was found to consistently disrupt human sleep patterns (182,
183). Women living with a heavy snorer are more likely to report
insomnia, daytime sleepiness, and fatigue (189), which is not
surprising given that the average snoring male seeking treat-
ment produces nearly 500 snores per hour with a maximum in-
tensity range of 63 to 100 dB (84). Furthermore, an 80-dB(A)
intermittent noise has a greater adverse impact on sleep quality,
mood, and performance than dees an 80-dB(A) continuous noise
(138). Lukas and Kryter (119) provided some evidence that older
individuals are more likely to be awakened by noise, whereas
Thiessen (181) showed no such relationship with age.

Noise also has been associated with more complicated behav-
ioral changes in humans. Participants reported elevated psycho-
logical tension and decreased work quality after a 30-day
exposure to 80 to 90 dB(A) in their work environment (92). Expo-
sure to background noise also can cause a variety of antisocial
behaviors in humans. Sauser and colleagues (161) found that ex-
posure to a relatively low-level [70- to 80-dB(A)] background
noise caused study participants to recommend lower salaries for
fictitious employees. Humans in a noisy environment will ad-
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Table 2. Summary of the nonauditory effects of sound in laboratory animals

System

Results

References

Cardiovascular

Hormonal/

T blood pressure in cat, rat, rhesus monkey, and macaque monkey; T heart rate in desert mule deer and rat
T in vasoconstriction in rat; T respiratory rates and adrenocorticotropin hormone in cat
no change in blood pressure in rat

T norepinepherine, cortisol, cholesterol, and plasma corticosterone in rat;

25, 87, 95, 145, 146, 197
15,110
16, 109

9,42, 46, 77,193

biochemical T noradrenergic and serotonergic activity in dorsal cochlear nucleus, posterior ventral cochlear nucleus, and
serotonergic primary auditory cortex in rat;
T IgM and splenic natural killer cell levels and 4 splenic lymphatic proliferation and peripheral phagocytic
activity in rat
Reproductive 1 in estrus in rat; | fertility rates and T weight of ovaries in both rats and rabbits 48, 60, 214
T suckling of young in tree shrew; | milk production in both dairy cattle and tree shrew 31, 50, 139
T in fetal mortality and resorption of pups in rat, rabbit, chicken, and pig 125, 159
Other accelerates expression of lupus in a mouse model 2
can cause audiogenic seizures 59, 96
T microvascular permeability and disruption of the intestinal lining in rat 97
T in tail flick latency (indication of T analgesia) in rat 165
slower wound healing, | in body weight, but no difference in food intake in rat 208
1 body weight and T in leukocytes and in adrenal gland and liver size in rat and rabbit 63, 134
Additional references 40, 45, 64, 68, 86, 91,
106, 133, 143, 160
Table 3. Summary of the nonauditory effects of sound in humans
Systems Results References
Cardiovascular T blood pressure, heart rate, arteriosclerosis, ischemic heart disease, hypertension, coronary artery disease 36, 47, 52, 70, 90, 99, 140, 155,
176, 192, 207
no change in blood pressure 112, 121, 122, 178, 191
Hormonal/ T levels of norepinepherine, adrenaline, noradrenaline, cortisol, catecholamines, 6,17,93
biochemical corticosteriods and hydrocortisone
Reproductive irregular menstruation, | in birth weight, intrauterine growth retardation, and T in 137

Performance

spontaneous abortions

T risk of overall functional loss notable in aged population; | attention, performance,
memory, dual-tasking, cognitive development; affects reading, problem solving,

1,3, 7, 21-23, 26, 30, 36, 46,
53, 66, 67, 69, 83, 88, 170,

motivation; T irritability and depressed mood

Sleep sleep deprivation, negative affect on immune system and healing, T in adrenaline causing

171, 176, 190, 199
86, 172, 186

vasoconstriction, T blood pressure and muscle tension, L REM activity and shorter REM duration

Other
T psychological complaints

Additional references

migraine headaches, peptic ulcer and irritable bowl syndrome, T neurovascular impairment,

11, 71, 155, 173, 177

39,42, 47,52, 86,101, 102, 107,
108, 141, 143, 158, 184, 185, 207

REM, rapid eye movement,

minister greater levels of shock and noise to another person (22).
Introduction of a background noise of 85 dB resulted in fewer
individuals helping to pick up something that was dropped (124).
The degree to which some of these observations can be general-
ized to animals remains to be determined.

Noise also affects animal behavior, especially maternal behav-
ior. Among rats, rabbits, chickens, and pigs, noise can cause in-
creased resorption of pups by the mother (62, 125, 159). During
suckling, a single fire bell test inhibited milk intake and growth
in tree shrews (48). This and similar work spurred the develop-
ment of the “silent” fire alarm in animal facilities (34, 60). The si-
lent fire alarm was adapted so that much of the energy in the
alarm signal was below the optimal hearing range for mice and
rats. Unfortunately, many laboratory animals (cats, dogs, rab-
bits, gerbils, chinchillas, nonhuman primates) also hear low fre-
quency sounds well, making the silent fire alarm less effective in
those species. Truly silent alarms using strobe lights would seem
a reasonable alternative if it were not for the fact that strobe
lights also elevate heart rate and are effective animal stressors
(18, 19), Future research will help determine whether using
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strobe lights as alarms are less stressful for laboratory animals,
as some research suggests (135).

Summary and Conclusions

Although much remains to be discovered about the
nonauditory effects of noise, researchers and animal care work-
ers should assume that noise exposure could cause any or all of
the changes described, potentially impacting a wide variety of
biomedical research areas. In a recent review of noise effects in
humans, Babisch (6) concludes “Current noise research, in gen-
eral, does not need to prove any longer the noise-stress hypoth-
esis as such. It is common knowledge that noise is a psychosocial
stressor that can affect physiological functioning.” We echo this
sentiment as it relates to laboratory animals. As in humans,
noise can activate the stress response system in laboratory ani-
mals, causing a diverse set of consequences for animal models in
a variety of areas of biomedical research.

Several key recommendations emerge from this brief survey
of the literature. Researchers and laboratory personnel should:

A) Monitor the acoustic environment of the animal housing fa-



cility with respect to both chronic background noise levels as
well as the intensity and frequency components associated with
common activities. This can be easily and inexpensively accom-
plished with very basic laboratory equipment borrowed from a
typical university physics, engineering, or speech sciences de-
partment.

B) Minimize noise resulting from daily maintenance. Animal
care personnel should minimize loud sounds resulting from han-
dling cages and animal room equipment. For example, carts and
other equipment with moving parts should be inspected regu-
larly and lubricated when necessary to minimize high-frequency
squeaks. Handling animals also produces vocalizations that of-
ten are not audible to humans but that can affect animal physi-
ology and behavior dramatically. Many common husbandry and
experimental procedures (handling, injections, decapitation) can
increase heart rate when done in the presence of other rats (166,
167). Whether such changes are the result of vocalization, visual,
or other cues to the animals is unclear. Nevertheless, such proce-
dures might best be done in a separate room from other animals
to minimize such confounds, especially if the measure of interest
can be altered by stress. Excessive noise in animal facilities also
can be minimized using motor covers on cage-washing machines
and sound-absorption panels in hallways and loud animal rooms
(29). However, a completely sterile acoustic environment result-
ing from especially quiet rearing, or the use of a white noise
background masker, should not be the goal because deprivation
of auditory input can have negative consequences for organisms.

C) Understand the effects of noise on the biological system be-
ing studied. For example, a cardiovascular researcher might re-
quire special precautions to maintain chronic noise levels in the
animal facility below 65 dB in order to minimize noise stress as
a confounding variable (94).

D) Recognize the hearing range and any unique hearing at-
tributes of the animal species or strain being used. Also be aware
of any hearing loss that might be present or develop in an ani-
mal model. This issue is critical for the mouse researcher, as
many of the commonly used strains exhibit hearing loss. For ex-
ample, a recent study reported abnormal sound processing in the
DBA/2 mouse that was attributed to a sensory filter problem,
similar to what occurs in humans with schizophrenia. However,
DBA mice have severe hearing loss by 1 month of age, and this
attribute also might explain their poor responses to sound (142).

Careful monitoring and control of the acoustic environment in
animal facilities could provide valuable insights into the sources
of unexplainable variability in behavioral and physiological
studies. By understanding some of the diverse consequences of
noise in animals, researchers can take actions to minimize this
confounding variable. The result could be less-variable data and
animal models that can more directly answer the research ques-
tion at hand. However, before more precise guidelines can be de-
veloped, more systematic research on noise affects is necessary.
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