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Abstract

Hyperacusis is a loudness intolerance disorder associated with many medical conditions. To investigate the biological bases of hyperacusis 
in animals, we developed an auditory reaction time-intensity (RT-I) paradigm to assess the growth of loudness in rats treated with sodium 
salicylate, a drug suspected to cause hyperacusis. Loudness growth was unaffected by low-dose salicylate; however, high doses significantly 
reduced reaction times at high intensities, resulting in behavioral evidence of hyperacusis. To identify the neural correlates of salicylate-induced 
hyperacusis, neural activity was monitored along the auditory pathway. Salicylate significantly reduced the neural output of the cochlea. 
Paradoxically, neural responses were progressively amplified when relayed towards the central auditory pathway resulting in responses 2x larger 
than normal in auditory cortex (ACx), evidence of enhanced central gain. Because salicylate dose-dependently increased corticosterone stress 
hormone levels, rats were chronically fed corticosterone stress hormone to determine its behavioral and electrophysiological effects. This led to 
enhanced sound-evoked neural response in ACx without altering the neural responses from the cochlea and auditory brainstem. Patients with 
autism often suffer from sound tolerance issues (i.e., hyperacusis). Fragile X (FX) syndrome is a leading genetic cause of autism. To determine 
if rats with the FX mutation suffered from hyperacusis, we compared loudness growth functions in FX rats with littermate controls. FX rats 
had normal hearing thresholds but exhibited behavioral evidence of loudness hyperacusis and abnormal temporal and spectral integration of 
loudness. These behavioral models of hyperacusis can guide the search for biological bases of hyperacusis.
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PRZEGLĄD: NADWRAŻLIWOŚĆ SŁUCHOWA, MODELE ZWIERZĘCE, PRZEWLEKŁY 
STRES I AUTYZM W ZESPOLE ŁAMLIWEGO CHROMOSOMU X

Streszczenie

Nadwrażliwość słuchowa jest zaburzeniem polegającym na obniżonej tolerancji na głośne dźwięki, powiązane z wieloma stanami chorobowymi. 
Aby zbadać biologiczne podłoże nadwrażliwości słuchowej u zwierząt, opracowaliśmy paradygmat czasu i intensywności reakcji słuchowej (RT-I) 
u szczurów leczonych salicylanem sodu – lekiem podejrzewanym o wywoływanie nadwrażliwości słuchowej. Niskie dawki salicylanu nie 
powodowały zmiany w zachowaniu szczurów; jednak wysokie dawki znacznie skróciły czas ich reakcji na głośne dźwięki, powodując zachowania 
świadczące o nadwrażliwości słuchowej. W celu zidentyfikowanych neuronalne korelatów nadwrażliwości słuchowej wywołanej salicylanem, 
monitorowano aktywność neuronalną drogi słuchowej. Aktywność neuronalna ślimaka pod wpływem salicylanu znacznie się zmniejszyła. 
Paradoksalnie odpowiedzi neuronalne w trakcie przechodzenia w kierunku ośrodkowej drogi słuchowej były stopniowo wzmacniane, przez 
co na poziomie kory słuchowej były dwukrotnie większe niż normalnie, co świadczy o zwiększonym wzmocnieniu ośrodkowym. Ponieważ 
salicylan zależnie od dawki zwiększał poziom kortykosteronu (hormonu stresu), szczurom przez dłuższy czas podawano ten hormon w celu 
określenia skutków behawioralnych i elektrofizjologicznych. Zwiększenie poziomu kortykosteronu doprowadziło do podwyższonych odpowiedzi 
neuronalnych na dźwięki w korze słuchowej przy niezmienionych odpowiedziach neuronalnych ślimaka i pnia mózgu. Pacjenci z autyzmem 
często cierpią na problemy związane z obniżoną tolerancją na dźwięki (np. nadwrażliwość słuchową). Zespół łamliwego chromosomu X (FX) 
jest główną genetyczną przyczyną autyzmu. Aby ustalić, czy szczury z mutacją FX mają nadwrażliwość słuchową, porównaliśmy funkcje wzrostu 
głośności u szczurów FX z grupą kontrolną z tego samego miotu. Szczury FX miały progi słyszenia w normie, ale wykazywały zachowania 
świadczące o nadwrażliwości na dźwięki oraz nieprawidłowej integracji głośności w odniesieniu do czasu i zakresu dźwięków. Behawioralne 
modele nadwrażliwości słuchowej mogą pomóc w poszukiwaniu biologicznych podstaw nadwrażliwości słuchowej.

Słowa kluczowe: kortykosteron • modele zwierzęce • zaburzenia ze spektrum autyzmu • nadwrażliwość słuchowa • zwiększone wzmocnienie 
ośrodkowe • zespół łamliwego chromosomu X
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Introduction

Hyperacusis is a potentially debilitating disorder in which 
everyday sounds are perceived as intolerably loud, annoy-
ing, and sometimes painful [1,2]. The prevalence of hypera-
cusis among adults ranges from 8 to 15%; however, the exact 
number varies with age, gender, and other factors, including 
the criteria used to define hyperacusis [3,4]. Much of what 
is known about hyperacusis comes from clinical studies in 
which patients report mild or debilitating hyperacusis linked 
to a long list of medical disorders such as noise-induced hear-
ing loss, fibromyalgia, Williams syndrome, autism spectrum 
disorder (ASD), superior canal dehiscence, head trauma, mi-
graine, Lyme disease, Bell’s palsy, anxiety, and chronic stress 
[5–11]. Some patients also develop hyperacusis after tak-
ing certain Federal Drug Administration (FDA) approved 
drugs [12–14]. These clinical reports have provided important 
clues regarding biological factors that may be involved in trig-
gering hyperacusis; however, in many cases the results of these 
clinical associations with hyperacusis are variable and not 
compelling [15].

Identifying the biological conditions responsible for 
inducing hyperacusis in patients is especially difficult be-
cause of the lack of control over endogenous and exoge-
nous factors. Consequently, some researchers have begun 
to investigate the biological bases of hyperacusis in ani-
mal models where it is possible to precisely control spe-
cific genetic and experimental variables that give rise to 
hyperacusis and then precisely measure the behavioral, 
neurophysiological, and biological consequences. This ap-
proach has required the development of valid behavioral 
methods to determine if an experimental manipulation 
results in hyperacusis (i.e., “the sound is too loud or an-
noying”). Here we describe several behavioral techniques 
that have been developed to assess loudness, hyperacusis, 
and sound avoidance in laboratory rats – a widely used 
species for studying the behavioral and neurophysiological 
bases of hyperacusis [16–21]. The behavioral techniques 

Key to abbreviations

ACx auditory cortex

ASAP active sound avoidance paradigm

ASD autism spectrum disorder

ASR acoustic startle reflex

BBN broadband noise

CAP compound action potential

CN cochlear nucleus

CORT corticosterone

COX cyclooxygenase

DPOAE distortion product otoacoustic emissions

FDA Federal Drug Administration

ffABR far-field auditory brainstem response

FX Fragile X syndrome

HPA hypothalamic–pituitary–adrenal axis

IC inferior colliculus

IHC inner hair cells

Key to abbreviations

KO knock-out

MGB medial geniculate body

mGlu5 metabotropic glutamate receptor 5

NBN narrow-band noise

nfACx near-field evoked response from the ACx

ns not significant

Oct octave

OHC outer hair cell

re referenced to

RMS root-mean-square

RT reaction time

RT-D reaction time–duration functions

RT-I reaction time–intensity functions

SS sodium salicylate

ULL uncomfortable loudness level

WT wild-type

developed in rats have been used to identify drugs and 
genetic mutations that give rise to loudness hyperacu-
sis, associated neurophysiological changes in the central 
nervous system, and neuropharmacological approaches to 
suppressing hyperacusis.

Materials and methods

The methodology for this review focuses on the use of be-
havioral techniques to assess hyperacusis in rats and the as-
sociated neurophysiological changes that occur along the rat 
auditory pathway during the induction, maintenance, and 
resolution of hyperacusis. The criteria for selecting articles 
for this review are peer-reviewed publications that have fo-
cused on behavioral measurements of hyperacusis in rats 
and the associated neurophysiological changes. The changes 
that occurred in rats before, during, and after hyperacusis 
were induced by: (1) administering high doses of the oto-
toxic drug sodium salicylate (the active ingredient in aspi-
rin), which also induces temporary hearing loss and tin-
nitus; (2) giving chronic oral doses of corticosterone stress 
hormone; and (3) deletion of the Fmr1 gene that creates a 
Fragile X (FX) model of autism. The material in this review 
was selected from database searches of peer-reviewed pub-
lications that appeared on PubMed and Google Scholar up 
to May 2024. Searches for relevant publications employed 
the following keywords: rats, behavioral, hyperacusis, loud-
ness hyperacusis, temporal integration, spectral integration, 
corticosterone, annoyance hyperacusis, Fragile X, autism, 
Fmr1, sodium salicylate, corticosterone, and chronic stress.

Results

Behavioral reaction time measure of loudness 
growth

The loudness of a pure tone increases with intensity, but as 
the level approaches 100 dB HL, normal hearing listeners 
perceive the sound as uncomfortably loud, defined as the 
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uncomfortable loudness level (ULL) [22–24]. However, 
many other factors affect perceived loudness. For example, 
the perceived loudness of a tone increases with duration up 
to approximately 300 ms, after which it plateaus, which is 
evidence of the temporal integration of loudness [25,26]. 
Broadband noise is also perceived as louder than a tone 
of the same overall intensity, which points to the spec-
tral integration of loudness [27]. Psychoacoustic studies 
in humans have shown that reaction time (RT) decreas-
es as sound intensity increases; thus, reaction time-inten-
sity (RT-I) functions can be used to assess the growth of 
loudness under different experimental conditions [28].

Neuroscientists have used RT-I functions to assess the 
growth of loudness in different species [29–31]. Figure 1a 
illustrates the orderly decrease in RT as a function of sound 
intensity. This relationship is representative of data ob-
tained from rats trained on a “go/no-go” operant condi-
tioning paradigm [32]. To illustrate the spectral summa-
tion of loudness, RT-I functions are shown for 16 kHz 
tone bursts, 16–20 kHz noise bursts, and broadband noise 
bursts presented at the same intensity. RTs are longest for 
the 16 kHz tone, slightly shorter for the 16–20 kHz narrow 
band noise, and shortest for broadband noise – results that 
are qualitatively consistent with those from humans [27]. 
Figure 1b illustrates RT-I functions obtained from rats 
using 20, 100, and 300 ms broadband noise bursts. Note 
that the RTs for 20 ms noise bursts are longer and lie above 
those for 100 ms, and the RTs for 100 ms are consist-
ently longer and lie above those for 300 ms. Both these 
results are consistent with human data on the temporal 
summation of loudness [33,34].

Drug-induced hyperacusis

High doses of sodium salicylate results in sound-evoked 
hyperactivity in the central auditory pathway [35,36], 

which is electrophysiological evidence suggestive of hy-
peracusis. To determine if high doses of salicylate could 
induce behavioral evidence of hyperacusis, RT-I functions 
have been measured before and after administering dif-
ferent doses of sodium salicylate, as shown schematical-
ly in Figure 1c [37]. The open squares in Figure 1c show 
the baseline RT-I function. When rats were treated with 
100 mg/kg of salicylate, the RT-I function measured a few 
hours after treatment was not significantly different from 
baseline. Similar results were obtained with lower doses 
of salicylate. In contrast, RT-I functions measured 2–3 h 
after administering 250 mg/kg of salicylate were shorter 
than baseline at high intensities, but longer than normal at 
low intensities (Figure 1c). RTs at 30 and 40 dB SPL were 
longer than baseline because salicylate induced a hearing 
loss of 20–25 dB. Consequently, low intensity sounds were 
just above the threshold of hearing, making them less au-
dible (Figure 1c, gray filled diamonds). However, RTs at 
suprathreshold intensities equal to or greater than 60 dB 
SPL were much shorter than baseline (Figure 1c, red filled 
diamonds), clear evidence of salicylate-induced hyperacusis. 
Some 1–2 days after discontinuing salicylate treatment, 
RT-I functions returned to normal (not shown).

Sound-evoked hyperactivity and enhanced 
central gain

High doses of salicylate have different effects on sound-
evoked neural responses measured in the peripheral and 
central auditory pathway. High doses of salicylate are oto-
toxic and produce a cochlear hearing loss of about 20–
25 dB [38], caused primarily by a reduction in outer hair 
cell (OHC) electromotility, which disrupts the cochlear am-
plifier and leads to elevated hearing thresholds [36,39,40]. 
However, as illustrated in Figure 2a, salicylate exerts dif-
ferent effects on sound-evoked neural responses from the 
peripheral and central nervous systems. The solid black 

Figure 1. (a) RT-I functions for a 16 kHz tone (squares), 16–20 kHz narrow-band noise (circles), and broadband noise (diamonds). 
At each bandwidth, RT decreases with intensity. At each intensity, RT decreases as bandwidth increases, illustrating spectral integra-
tion of loudness. Schematics based on investigator’s prior work [32]. (b) Graph of RT-I functions for broadband noise bursts of 20, 100, 
and 300 ms. RT decreases with intensity. At each intensity, RT, a measure of loudness, decreases as bandwidth increases, illustrating 
the spectral integration of loudness. Schematics based on investigator’s prior work [32]. (c) RT-I functions using 300 ms BBN bursts 
in the same animals at baseline and after intraperitoneal injection of 100 or 300 mg/kg of sodium salicylate. RT-I functions follow-
ing 100 mg/kg sodium salicylate are not significantly different from baseline. RTs after 250 mg/kg sodium salicylate are longer than 
baseline at 30 dB SPL because salicylate induces approximately 20 dB hearing loss. RTs at intensities from 60 to 90 dB are significantly 
shorter than baseline, evidence of salicylate-induced hyperacusis. Schematics based on investigator’s prior work [32]
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line in the figure represents the normalized neural re-
sponse at each intensity relative to the maximum neural 
response evoked by a 90 dB SPL stimulus (which is de-
fined as 100%). This curve represents the normalized in-
put/output function at different sites along the auditory 
pathway before administering high doses of sodium salic-
ylate. Before salicylate treatment, neural response ampli-
tudes are at 100% of the maximum amplitude at 90 dB SPL; 
the normalized response amplitudes gradually decline as 
stimulus intensity declines. High dose salicylate treatments 
(≥ 150 mg/kg, i.p.) cause a 20 dB rightward threshold shift 
of all the normalized input/output functions as illustrat-
ed in Figure 2a. This 20 dB rightward shift of all the in-
put/output functions is largely due to loss of OHC electro-
motility and is reflected in a 20 dB rightward shift of the 
compound action potential (CAP) threshold, an electro-
physiological measure reflecting the synchronized sound-
evoked neural responses of the cochlear auditory nerve 
fibers. This peripheral CAP threshold shift is also reflected 
in all the other input/output functions (rightward shift of 
20 dB) at higher levels of the auditory pathway. The CAP 
input/output function is not only shifted to the right, but 
the maximum amplitude is depressed by more than 60%, 
indicating that the neural output of the cochlea has been 
reduced. The input/output function from the cochlear nu-
cleus (CN) in the auditory brainstem is also shifted to the 
right 20 dB, reflecting the cochlear threshold shift. The am-
plitude of the CN response is also depressed compared to 
its baseline; however, the maximum CN amplitude is only 
reduced to about 80% of its pre-treatment maximum, in-
dicating that the CAP signal relayed from the auditory 
nerve to the CN has been amplified to partially compensate 

for the large amplitude reduction of the CAP response. 
The input/output function measured at the inferior collic-
ulus (IC) is also shifted to the right by 20 dB, again reflect-
ing a threshold shift at the level of the cochlea. However, 
the maximum sound-evoked responses from the IC in-
crease rapidly with intensity, and become noticeably larger 
than baseline values at intensities > 60 dB SPL – evidence 
of enhanced central gain (amplification) of neural activity 
received from lower levels of the auditory pathway. Input/
output functions measured at the medial geniculate body 
(MGB) and primary auditory cortex (ACx) show the same 
rightward threshold shift, but even greater enhanced cen-
tral gain as the response is relayed rostrally. The maximum 
neural response in the ACx is nearly twice as large as that 
measured before high dose salicylate treatment. While there 
is no improvement in threshold as the signal is relayed from 
cochlea to cortex, the data in Figure 2a indicate that the su-
prathreshold neural responses leaving the cochlea (i.e., the 
CAP) are progressively enhanced (amplified) as the neu-
ral response is relayed from the cochlea to the brainstem, 
midbrain, and cortex, evidence of enhanced central gain.

High dose salicylate increases corticosterone 
(CORT) stress hormone

High doses of salicylate, which are potentially toxic, could 
elicit a systemic stress response, leading to the release 
of hormones from the hypothalamic–pituitary–adrenal 
(HPA) axis [41–43]. To test this hypothesis, the levels of 
CORT stress hormone in serum were measured before 
and after treating rats with escalating doses of sodium 
salicylate [44]. CORT levels were extremely low 2 h after 

Figure 2. High dose sodium salicylate (150 mg/kg) causes ~20 dB cochlear threshold shift, but enhances sound-evoked neural activ-
ity in the central auditory pathway. (a) Normalized sound-evoked input/output functions (expressed as percentage of the maximum 
evoked response at baseline) for cochlear compound action potential (CAP), cochlear nucleus (CN), inferior colliculus (IC), medial genicu-
late body (MGB), and auditory cortex (ACx). Baseline normalized input/output function has a maximum value of 100% at the highest 
intensity, 90 dB SPL. High dose salicylate causes ~20 dB cochlear threshold shift that is reflected at all recording locations. Salicylate 
causes the largest amplitude reductions in the CAP; smaller reductions occur in the CN (decreased CAP and CN). Salicylate causes 
suprathreshold amplitudes to become progressively larger (enhanced responses above 50 dB SPL) in IC, MGB, and ACx. Schematics 
based on investigator’s prior work [46,120]. (b) Normalized sound-evoked input/output function in the ACx before and after infusion of 
sodium salicylate into the amygdala. Normalized evoked response input/output functions expressed as percentage of maximum evoked 
response at baseline (100% at 90 dB SPL). Infusion of salicylate into amygdala does not cause cochlear threshold shift, but enhances 
evoked response in ACx above baseline. Schematics based on investigator’s prior work [45,121]. (c) Graph illustrating the rise in serum 
corticosterone versus salicylate dose. Intraperitoneal dose of 50 mg/kg salicylate fails to cause an increase in serum corticosterone 
above baseline, whereas corticosterone levels increase significantly as salicylate dose increases from 150 to 250 mg/kg. Schematics 
based on investigator’s prior work [44,120]
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treatment with vehicle control (0) or 50 mg/kg of sodium 
salicylate as illustrated in Figure 2c. However, intraperi-
toneal injections of 150 or 250 mg/kg of sodium salicy-
late caused a significant, dose-dependent increase in se-
rum CORT levels. Serum CORT levels returned to normal 
1–2 days post-treatment (not shown) [45,46].

Chronic CORT stress induces hyperacusis

The preceding results suggest that high levels of CORT 
stress hormone can act as a powerful trigger for induc-
ing hyperacusis, as suggested by clinical studies [47–50]. 
To test this hypothesis, rats were administered drinking 
water containing 25 mg/ml of CORT for 4–6 weeks. RT-I 
functions were measured with 300 ms broadband noise 
(BBN) bursts before and after treatment to determine if 
chronic CORT stress hormone would induce hyperacu-
sis. The RT-I function measured after 6 weeks of CORT 
treatment fell significantly below baseline values at all in-
tensities from 30–90 dB SPL (Figure 3a) [18], behavioral 
evidence of CORT-induced hyperacusis.

Under conditions of normal hearing, the loudness of 
a sound increases with stimulus duration up to approxi-
mately 300 ms, but it is unclear if CORT treatment would 
affect temporal integration of loudness. To answer this 
question, RT-I functions were measured with 50, 100, and 
300 ms broadband noise bursts before and after a 6-week 
treatment of CORT administered in drinking water [18]. 
To quantify the effect that CORT had on the temporal in-
tegration of loudness, RTs measured at 50, 100, and 300 
ms were normalized to the RT at 50 ms (value of 1.0) at 

each intensity between 30 and 90 dB SPL. Then the nor-
malized RT versus duration functions (RT-D) were av-
eraged across all intensities from 30 to 90 dB SPL to ob-
tain the mean normalized RT-D function (Figure 3b). 
The mean normalized RT-D functions measured before 
treatment (baseline) declined from a normalized value 
of 1.0 at 50 ms to ~0.85 for 100 ms and then to ~0.75 for 
300 ms. The 25% decrease in RT between 50 and 300 ms 
noise bursts provides clear evidence of temporal integra-
tion of loudness. The mean normalized RT-D function 
measured after CORT treatment decreased from 1.0 at 
50 ms to approximately 0.93 at 300 ms, representing just 
a 7% decline in RT between 50 and 300 ms, substantial-
ly less than the 25% decline measured at baseline. Thus, 
chronic treatment with CORT stress hormone not only 
induced hyperacusis, but also substantially reduced the 
temporal integration of loudness.

Chronic CORT stress causes active sound 
avoidance hyperacusis

To determine if rats would actively avoid moderate or in-
tense sounds, an active sound avoidance paradigm (ASAP) 
was developed that took advantage of the preference of rats 
to stay in a dark enclosure while avoiding brightly illuminat-
ed open areas, a behavioral preference likely aimed at avoid-
ing capture by natural predators such as hawks. The ASAP 
apparatus consists of a darkly illuminated enclosure with an 
opening leading to a brightly illuminated runway connect-
ed to a large open arena [18]. On Quiet trials (no sound 
presented), rats naturally spend about 95% of their time in 
the dark enclosure. To test for sound avoidance behaviors, 

Figure 3. Chronic corticosterone treatment induces loudness hyperacusis, disrupts temporal integration of loudness, and induces sound 
avoidance hyperacusis. (a) Reaction time-intensity functions measured with 300 ms BBN noise bursts at baseline and following 6 weeks 
treatment with corticosterone in drinking water (25 mg/mL). Chronic corticosterone treatment caused a significant decrease in RTs, 
evidence of loudness hyperacusis. Schematics based on investigator’s prior work [18,122]. (b) Normalized RT-D functions measured with 
BBN bursts of 50, 100, and 300 ms; mean data between 30 and 90 dB SPL and normalized to values obtained with 50 ms BBN bursts. 
Baseline values declined from 1.0 for 50 ms noise bursts to approximately 0.75 for 300 ms bursts, a 25% reduction. RTs measured after 
6 weeks of chronic corticosterone treatment decreased from a normalized value of 1.0 for 50 ms noise burst to 0.93 for 300 ms noise 
bursts, a 7% reduction. Schematics based on investigator’s prior work [18,122]. (c) Effects of 4 weeks chronic corticosterone treatment 
(25 mg/ml drinking water) on active sound avoidance. During baseline testing, rats spent approximately 94% of time in a dark enclo-
sure on quiet trials (no sound), but time in the dark enclosure declined to 82% and 78% during presentation of BBN at 60 and 90 dB 
SPL respectively. One week after 4-week corticosterone treatment, time in the dark enclosure remained similar to baseline (~93%), but 
declined to 73% and 52% respectively during presentation of 60 and 90 dB SPL BBN. Schematics based on investigator’s prior work 
[18,122]
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60 or 90 dB SPL BBN is presented through a loudspeaker 
mounted on the roof of the dark enclosure during sound 
trials. If the sounds are perceived as annoying or aversive, 
the rats should spend less time in the noisy, dark enclosure 
and more time in the bright open arena [18]. Figure 3c 
shows the ASAP results obtained from a group of rats be-
fore (baseline) and 1 week after 4 weeks of corticosterone 
treatment (25 mg/ml drinking water). During baseline test-
ing, rats spent about 95% of the time in the dark enclosure 
on Quiet trials (no sound); however, on trials in which 60 
or 90 dB SPL BBN was presented, the percent time in the 
dark enclosure declined to 82% and 78% respectively, be-
havioral evidence for active avoidance of the BBN. After the 
4-week corticosterone treatment, the percent time spent in 
the dark enclosure during Quiet trials was nearly identical 
to baseline values. However, when the 60 and 90 dB SPL 
BBN was presented, the percent time spent in the dark en-
closure decreased below baseline values to ~73% and ~52% 
respectively. The corticosterone-induced decrease in sound 
avoidance at 90 dB SPL was significantly less than baseline 
(p < 0.001) [18]. These results suggest that chronic corti-
costerone treatment had induced avoidance hyperacusis.

Normal distortion product otoacoustic emissions 
(DPOAE) post-CORT

Circulating CORT, which binds to glucocorticoid receptors 
in the central nervous system, could conceivably enhance 
sound-evoked neural activity at one or more sites along 
the auditory pathway [51–54]. CORT could bind to glu-
cocorticoid receptors expressed on OHCs [55,56] and po-
tentially alter DPOAE amplitudes. To test this hypothesis, 
DPOAE input/output functions were measured with two 
primary tones, f1 and f2 (f2 = 1.2 × f1) with the intensity 
of L2 set 10 dB lower than that of L1 [18]. DPOAE input/
output functions were measured across a broad range of 
2f1−f2 distortion product frequencies before and 1 week 
after discontinuing a 4-week treatment with 25 mg/ml of 
CORT in drinking water. Figure 4a shows the DPOAE 

input/output functions measured at an f2 frequency of 
16 kHz before and after the 4-week CORT treatment. 
CORT treatment did not significantly alter DPOAE in-
put/output functions at any frequency [18]. It is therefore 
unlikely that CORT-induced hyperacusis was mediated by 
a change in OHC function.

CAP normal post-CORT

Because glucocorticoid receptors are expressed on inner 
hair cells (IHC) and auditory nerve fibers [55–57], chron-
ic CORT treatment could conceivably enhance the neu-
ral output of the cochlea as reflected in the cochlear CAP. 
To test this hypothesis, CAP input/output functions were 
measured over a range of frequencies 1 week after discon-
tinuing the 4 weeks of CORT treatment (25 mg/ml drink-
ing water) and the results compared to similar data col-
lected from an untreated group of control rats. Figure 4b 
compares the CAP input/output function at 16 kHz from 
the control group and the CORT group. No significant 
differences were observed either at 16 kHz or at other 
test frequencies. Thus, chronic CORT treatment did not 
significantly alter the gross neural output of the cochlea 
at 16 kHz or at other test frequencies [18].

Acoustic startle reflex normal post-CORT

Glucocorticoid receptors are expressed in the hindbrain, 
raising the possibility that CORT treatment could enhance 
sound-evoked neural activity in the brainstem [58,59]. 
To test this hypothesis, the acoustic startle reflex (ASR), 
an abrupt sudden motor reflex movement of the head, 
neck, and hind limbs was measured using moderately in-
tense (> 70 dB SPL) sounds to activate auditory-motor 
reflex circuits in the brainstem [60,61]. The ASR was measured 
before and after a 6-week treatment with CORT (25 mg/ml 
of water) [18]. Figure 4c shows the acoustic reflex input/
output functions elicited by BBN bursts. ASR amplitude in-
creased rapidly as BBN intensity increased between 70 and 

Figure 4. Chronic corticosterone fails to disrupt cochlear or brainstem responses. (a) 2f1–f2 DPOAE input/output functions at baseline 
and 1 week after 4 weeks of corticosterone treatment. Corticosterone treatment did not have a significant effect on DPOAE amplitudes. 
Schematics based on prior work [122,18]. (b) Toneburst-evoked CAP input/output functions at baseline and 1 week after 4 weeks of cor-
ticosterone treatment. Corticosterone treatment did not have a significant effect on CAP amplitudes. Schematics based on investigator’s 
prior work [18,122]. (c) Amplitude of acoustic startle reflex input/output functions evoked by BBN bursts measured at baseline and 
1 week after 6 weeks of corticosterone treatment. Corticosterone treatment did not have a significant effect on the amplitude of 
the acoustic startle reflex. Schematics based on investigator’s prior work [18,122]
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90 dB SPL. However, there was little difference between 
the ASR input/output functions measured at baseline 
and 6 weeks after CORT treatment. The lack of change in 
ASR amplitudes following treatment suggests that CORT-
induced hyperacusis is unlikely to be due to neural hyper-
activity originating in the brainstem.

CORT-induced ACx hyperactivity

As shown above, high doses of salicylate result in progres-
sively greater hyperactivity from the IC to the ACx. These 
results suggest that CORT might give rise to hyperactiv-
ity at higher levels of the auditory pathway (Figure 2a). 
To test this hypothesis, a chronic electrode was implanted 
on the surface of the ACx in order to record the near-field 
evoked response from the ACx (nfACx) along with the far-
field auditory brainstem response (ffABR) to tone bursts 
presented once every 800 ms at 70 and 90 dB SPL [18]. 
Electrophysiological measurements were obtained from 
awake rats before (Pre) and 1 week following 4 weeks of 
CORT treatment (25 mg/ml drinking water). Figure 5a–b 

shows the early (0–6 ms) small amplitude ffABR and the 
late large amplitude nfACx response (6–20 ms) meas-
ured pre- and post-CORT; data are shown for 8 kHz tone 
bursts presented at 70 and 90 dB SPL. CORT significant-
ly enhanced the nfACx response, particularly the large 
negative peak around 11 ms, whereas the amplitude of 
the much smaller ffABR was largely unchanged after 
CORT treatment. To quantify the treatment effect, the 
root-mean-square (RMS) amplitudes of the early ffABR 
(0–6 ms) response and late nfACx (6–25 ms) response were 
computed pre- and post-CORT. The mean RMS amplitude 
of the ffABR response showed little or no change following 
CORT treatment as shown schematically in Figure 5c. In 
contrast, CORT significantly increased the RMS amplitude 
of the nfACx response (Figure 5d). These results are con-
sistent with the increase in amplitude of the human N1–P2 
and P300 auditory evoked responses following subchron-
ic hydrocortisone treatment [62]. In contrast to salicylate, 
chronic CORT treatment induced hyperacusis and neu-
ral hyperactivity in the central auditory pathway without 
causing a cochlear hearing loss. These experimental results 

Figure 5. Chronic corticosterone treatment enhances the amplitude of near-field auditory evoked responses. (a–b) Auditory evoked 
responses recorded from a chronic electrode implanted over surface of the auditory cortex (ACx) before and 6 weeks after chronic 
corticosterone (CORT) treatment (25 mg/ml drinking water). Auditory evoked responses elicited by 8 kHz tone bursts presented at 
70 dB (panel a) and 90 dB (panel b) before (baseline) and after CORT treatment. Small amplitude evoked response waveform occur-
ring between 0 and 6 ms reflects early, far-field evoked response from auditory brainstem (ffABR). Large amplitude evoked response 
occurring between 6 and 20 ms reflects near-field response from ACx (nfACx). CORT treatment had little effect on ffABR amplitude, but 
significantly enhanced negative–positive–negative peaks in the nfACx response. Schematics based on investigator’s prior work [18,122]. 
(c–d) Root-mean-square (RMS) amplitude of ffABR (0–6 ms) and nfACx (6–20 ms) measured before (Pre) and after CORT treatment. 
CORT did not significantly (ns) alter ffABR amplitude at 60 and 90 dB SPL, results consistent with the findings in a–c. Chronic CORT 
treatment significantly (p < 0.05) enhanced the amplitude of the nfACx response, evidence of enhanced central gain. Schematics based 
on investigator’s prior work [18,122]
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are relevant to clinical reports of hyperacusis in some 
patients with normal hearing [63,64] as well as rodent 
genetic models of hyperacusis.

Sensory hypersensitivity in FX and ASD

Patients with Fragile X (FX) syndrome, the leading genetic 
cause of ASD [65], often present with sensory hypersen-
sitivity disorders often resulting in hyperacusis [66]. FX 
is caused by a genetic mutation resulting in a CGG ex-
pansion around the FMR1 gene. This results in transcrip-
tional silencing of the gene, loss of the FMRP protein 
product [67] and, according to some reports, excessive me-
tabotropic glutamate receptor 5 (mGlu5) signaling [68,69]. 
Knowledge of the genetic mutations responsible for FX 
have led to the development of rodent models of FX that 
have been used to study the neural and molecular mecha-
nisms of sensory hypersensitivity disorders [70,71]. A crit-
ical step in assessing the validity of such models is whether 
these Fmr1 knock-out (KO) models of FX syndrome have 
normal or impaired hearing and whether they show be-
havioral evidence of hyperacusis. To address these issues, 
measures of auditory sensitivity and loudness perception 
were obtained from male FX rats in which a 122 bp dele-
tion in exon 8 of the Fmr1 gene [72] had led to key cellular 
pathophysiologies associated with FX, such as abnormal 
mGlu5 signaling and excessive protein synthesis [73,74].

Normal threshold in Fmr1 KO

To determine if male Fmr1 KO rats had normal auditory 
sensitivity, their hearing thresholds were measured in quiet 
to 300 ms tone bursts presented at 4, 8, 16, and 32 kHz and 
the results compared to normal hearing wild-type (WT) lit-
termates [75]. The behavioral thresholds for Fmr1 KO and 
WT rats were nearly identical across all four frequencies, 

as illustrated in Figure 6a [75]. Tone burst thresholds were 
lowest around 5 dB SPL at 8 kHz and increased to roughly 
15 dB SPL at 4 kHz and 10 dB SPL at 32 kHz.

To test for temporal integration of acoustic energy at the 
threshold of audibility, behavioral thresholds were meas-
ured with BBN bursts with stimulus durations of 50, 100, 
and 300 ms, as shown schematically in Figure 6b [75]. 
BBN behavioral thresholds for male Fmr1 KO and WT 
rats were lowest, approximately 7 dB SPL, for 300 ms noise 
bursts. As BBN duration decreased, threshold gradually in-
creased to roughly 17 dB SPL at 50 ms [75]. These results 
are consistent with the degree of temporal integration of 
acoustic energy observed near the threshold of audibili-
ty in normal listeners [76–78]. These results indicate that 
Fmr1 KO rats have normal hearing thresholds for tones 
and BBN and they exhibit normal temporal integration of 
acoustic energy at the threshold of audibility.

Loudness hyperacusis and impaired temporal 
integration of loudness in Fmr1 KO

To determine if Fmr1 KO rats demonstrate signs of loud-
ness hyperacusis, RT-I functions were measured in WT 
and male Fmr1 KO rats using 300 ms BBN bursts. As 
shown schematically in Figure 7a, RTs in both Fmr1 KO 
and WT rats both decreased as the intensity of the BBN 
increased; however, RTs were significantly shorter in Fmr1 
KO rats than WT rats at all suprathreshold intensities [75]. 
These results indicate that Fmr1 KO rats perceived the 
300 ms BBN bursts as much louder than normal WT rats 
across a broad range of intensities.

To determine if temporal integration of loudness was dis-
rupted in Fmr1 KO rats, BBN burst RT-I functions in 
WT rats were compared to those measured in KO rats. 

Figure 6. Fmr1 KO rats have normal behavioral thresholds in quiet and exhibit normal temporal integration at the threshold of audibility. 
(a) WT rats and Fmr1 KO rats have similar behavioral thresholds to 300 ms tone bursts presented at 4, 8, 16, and 32 kHz. Schematics 
based on investigator’s prior work [75]. (b) Behavioral thresholds of Fmr1 KO rats and WT rats have similar thresholds to 50, 100, and 
300 ms BBN bursts; both groups show a similar increase in thresholds as BBN duration decreases from 300 to 50 ms, evidence of normal 
temporal integration of loudness at the threshold of audibility. Schematics based on investigator’s prior work [75] 
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Figure 7b shows WT RT-I functions for 50, 100, and 
300 ms BBN bursts [75]. At each duration, WT RTs show 
the expected orderly decrease with increasing intensity. 
Importantly, at each intensity, RT decreased as stimulus 
duration increased, clear evidence of temporal integra-
tion of loudness in WT rats. Figure 7c shows BBN RT-I 
functions for 50, 100, and 300 ms BBN bursts in Fmr1 KO 
rats. RTs show an orderly decrease with increasing inten-
sity; however, functions for 50, 100, and 300 ms lie large-
ly on top of one another. Thus, the 300 ms BBN bursts are 
apparently perceived to be as loud as the much shorter 
50 ms BBN bursts, indicating a total lack of temporal in-
tegration of loudness at suprathreshold intensities.

Aberrant spectral integration of loudness in 
Fmr1 KO

The loudness of a suprathreshold sound initially stays con-
stant as the bandwidth of a stimulus increases; however, 
further increases beyond the critical band lead to an in-
crease in loudness even though the overall intensity re-
mains constant [79,80]. To determine whether the crit-
ical band for loudness summation was disrupted by FX, 
RT-I functions were measured at four bandwidths cen-
tered at 16 kHz: 1 Hz, 1/3 octave, 1 octave, and 2 octaves 
as shown schematically in Figure 8a [75]. RTs for band-
widths of 1 Hz and 1/3 octave were virtually identical, in-
dicating that a signal 1/3 octave wide was perceived as hav-
ing the same loudness as a 1 Hz wide 16 kHz tone burst. 
However, RTs at each intensity became progressively short-
er, and therefore perceived as louder, as signal bandwidth 
increased from 1/3 to 1 and then 2 octaves. The growth 
in loudness with increasing bandwidth, reflected as a de-
crease in RT, was most pronounced at moderate inten-
sities (30–50 dB SPL), consistent with human psycho-
physical studies [79]. The Fmr1 KO rat RT-I functions for 
different bandwidth are shown schematically in Figure 8b. 

RTs only decrease for bandwidths from 1 Hz to 1 octave. 
Importantly, the RTs for the 1/3-octave band noise lies well 
below that for 16 kHz (1 Hz). These results suggest that 
the critical band for loudness summation in Fmr1 KO rats 
(< 1/3 octave) is much less than for WT rats (> 1/3 octave). 
Loudness increases over a much narrow frequency range 
in Fmr1 KO rats than in WT littermates [75]. These re-
sults indicate that the critical band for loudness summation 
is disrupted in Fmr1 KO rats. The much smaller critical 
band means that loudness grows more rapidly as band-
width increases in Fmr1 KO rats compared to WT rats.

mGlu5 inhibition suppresses hyperacusis in 
Fmr1 KO

Some of the neurological symptoms associated with FX are 
believed to result from overactivation of the mGlu5 glu-
tamate receptors [73]. Support for this hypothesis comes 
from preclinical studies in Fmr1 mutant mice in which 
many FX neurological symptoms were pharmacological-
ly suppressed by treatment with MTEP, an mGlu5 recep-
tor negative allosteric modulator [69,81]. On the basis 
of these encouraging results, Fmr1 KO rats were treated 
with escalating doses of MTEP to determine if it would 
suppress RT-I measures of hyperacusis behavior [75]. As 
a control, WT rats were treated with 1, 3, or 10 mg/kg 
MTEP (i.p.). RT-I functions from WT rats were not sig-
nificantly altered by any dose of MTEP as shown sche-
matically in Figure 9a. Baseline RT-I functions in Fmr1 
KO rats were characterized by much shorter RTs than in 
WT rats as schematized in Figure 9b. Treatment of Fmr1 
KO rats with 1, 3, and 10 mg/kg of MTEP resulted in a 
dose-dependent rise in the RT-I functions such that the 
RT-I function in those treated with 10 mg/kg was near-
ly the same as the baseline RT-I function in WT controls. 
These results suggest that MTEP can suppress loudness 
hyperacusis in Fmr1 KO rats, providing novel insights 

Figure 7. Fmr1 KO rats show evidence of loudness hyperacusis and absence of temporal integration of loudness at suprathreshold in-
tensities. (a) RT-I function to 300 ms BBN bursts for male Fmr1 KO rats and WT rats. RTs at all suprathreshold intensities are significantly 
shorter in Fmr1 KO rats than WT rats, behavioral evidence of loudness hyperacusis. Schematics based on investigator’s prior work [75]. 
(b) RT-I functions in WT rats measured with 50, 100, and 300 ms BBN bursts. WT rat RTs show an orderly decrease with intensity at each 
burst duration. At each intensity, RTs decrease as BBN burst duration increases from 50 to 300 ms, evidence of temporal integration of 
loudness at suprathreshold intensities. Schematics based on investigator’s prior work [75]. (c) RT-I functions in Fmr1 KO rats measured 
with 50, 100, and 300 ms duration BBN bursts. RTs show an orderly decrease with intensity; however, RTs of Fmr1 KO rats show little 
effect of increase in burst duration, evidence of a lack of temporal integration of loudness at suprathreshold intensities in Fmr1 KO rats. 
Schematics based on investigator’s prior work [75]
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into underlying mechanisms and potential pharmacolog-
ic treatment for hyperacusis and other hypersensitivity 
caused by aberrant mGlu5 signaling [82].

Discussion

Drug-induced hyperacusis

Because loudness is a graded, subjective phenomenon, most 
individuals with moderate loudness intolerance are often 

unaware that they have hyperacusis [83]. Consequently, 
the number of studies of drug-induced hyperacusis is ex-
tremely limited. Much of what is known comes from re-
ports listing hyperacusis as a possible side effect of taking 
or discontinuing a small number of medications such as 
phenytoin, risperidone, or monoamine oxidase inhibitors 
[15,84–87]. A study that searched for genes and proteins 
linked to hyperacusis and tinnitus on the basis of drug side 
effects in the SIDER database listed 36 drugs associated 

Figure 8. Critical band for loudness is disrupted in Fmr1 KO rats. (a) WT rat RT-I functions for bandwidths of 1 Hz and 1/3, 1, and 2 
octaves. (b) Fmr1 KO rat RT-I functions for bandwidths of 1 Hz and 1/3, 1, and 2 octaves. See text for details. Schematics based on 
investigator’s prior work [75]
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Figure 9. MTEP can normalize RT-I functions, eliminating hyperacusis behavior in a dose-dependent manner. (a) RT-I functions from 
WT rats at baseline and following treatment with 1, 3, and 10 mg/kg of MTEP. RT-I functions largely unaffected by MTEP. (b) As for (a), 
but for Fmr1 KO rats. MTEP increases RTs across all intensities in a dose-dependent way. RT-I function after 10 mg/kg MTEP is similar 
to baseline RT-I function in WT rats, suggesting that MTEP has largely eliminated hyperacusis in Fmr1 KO rats. Schematics based on 
investigator’s prior work [75]
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with hyperacusis (some mentioned above) and 102 drugs 
associated with tinnitus [12].

The ASAP and RT-I behavioral techniques could be used 
to assess the frequency and severity of the 36 hyperacu-
sis drugs listed in the database. High doses of salicylate, a 
cyclooxygenase (COX) inhibitor, have long been known 
to cause tinnitus. COX inhibitors are listed as the most 
frequent target of drugs that cause tinnitus [12]; how-
ever, they are not listed as targets among the 36 drugs 
that cause hyperacusis. Nevertheless, RT-I measurements 
clearly demonstrate that sodium salicylate, a COX inhib-
itor, dose-dependently induces hyperacusis. These RT-I 
measures of hyperacusis are consistent with data buried 
in a clinical study that attributed salicylate intoxication as 
the cause of hyperacusis in 2% of the patient sample [88]. 
These results suggest that other drugs with a pharmacolog-
ic profile similar to salicylate (e.g. COX inhibitor AKR1C1) 
might be tested with these procedures to determine if they 
induce hyperacusis [89,90].

An unexpected finding was that the high doses of salicy-
late needed to induce hyperacusis significantly increased 
corticosterone stress hormone levels. These results com-
pare well with a study in which acute stress-induced 
hyperacusis among women with high levels of emotion-
al exhaustion [48] and another report in which individ-
uals with hearing loss, tinnitus, and hyperacusis exhibit-
ed greater stress to noise [91]. Rats exposed to high level 
noise for 30 days manifested a significant increase in plas-
ma CORT, evidence of chronic noise-induced CORT stress 
[92] that might lead to hyperacusis. Indeed, when rats were 
chronically exposed to intense high frequency noise, they 
developed hyperacusis at low frequencies where thresh-
olds were normal [93]. This may explain why hyperacu-
sis is common among military personnel exposed to the 
emotional stress of combat combined with the stress of 
chronic noise exposure [94]. Evidence of stress associat-
ed with hyperacusis combined with evidence that hyper-
acusis is associated with stress leads to a feedback model 
that can generate dire consequences.

Genes and hyperacusis

Genetic factors combined with one’s environment and life-
style likely play major roles in the development of hypera-
cusis, as illustrated by results obtained with chronic CORT 
stress and Fmr1 KO rats. Many medical conditions are 
associated with hyperacusis, such as William’s syndrome 
[95], fibromyalgia [96], and migraine [97]. An analysis of 
the genetic mutations, gene products, and neural disorders 
common to several of these hyperacusis-linked disorders 
might shed light on new treatments for hyperacusis, as 
illustrated from the MTEP studies with Fmr1 KO rats. 
Another approach involves performing a network phar-
macology analysis of drugs that list hyperacusis as one of 
its side effects and the genes and protein products associ-
ated with these drugs [12].

Hyperacusis therapies

Hyperacusis is associated with a myriad of medical con-
ditions, suggesting it may arise through diverse mecha-
nisms. Consequently, finding a drug to treat hyperacusis 

may prove difficult unless one has a clear understanding 
of the mechanisms responsible for hyperacusis in a par-
ticular individual or specific condition such as FX. The 
MTEP studies suggest that mGlu5 antagonists might be 
effective in treating hyperacusis in some patients with FX 
syndrome. However, MTEP is not an FDA approved drug; 
therefore, extensive and expensive clinical trials would 
need to be carried out to determine its efficacy and po-
tential side effects. No FDA-approved drug is available to 
treat hyperacusis. However, if an individual’s hyperacusis is 
associated with excessive anxiety, fear, or stress, clinicians 
might consider treating these individuals with drugs ap-
proved for these symptoms [98,99] provided they do not 
exacerbate hyperacusis.

Currently, the most widely used therapies to treat individ-
uals with troubling hyperacusis and tinnitus involve sound 
therapy combined with some form of counseling or spe-
cific counseling approaches, such as cognitive behavioral 
therapy [100,101]. The rationale for using sound therapy 
to treat a loudness intolerance disorder is based in part 
on studies showing that depriving the auditory system of 
sound stimulation (e.g., cochlear hearing loss or ear plugs) 
can enhance sound-evoked responses in the central au-
ditory pathway, and that the enhanced central gain can 
be reversed by chronic exposure to moderate level sound 
[102–105]. One obstacle to employing sound therapy for 
individuals with severe hyperacusis is fear of inadvertently 
being exposed to an unexpected intense sound (e.g., fire-
cracker noise). To deal with this problem, a transitional 
treatment has been developed that combines counseling, 
progressive sound management, and low-level sound as a 
therapeutic agent [106–108]. Counseling educates the hy-
peracusis patient about the nature of the disorder, the risks 
of sound avoidance behaviors, and the bases for the vari-
ous treatment components. Earplugs prevent the hypera-
cusis patient from being exposed to excessively loud sound. 
An ear-level device connected to an earplug provides unity 
gain over the range of sound levels up to those judged to be 
loud but okay. This maximizes exposure to healthy, com-
fortable sound levels. For sound levels above the ‘loud but 
okay’ judgment, the hearing device uses multi-stage out-
put-limiting to prevent exposure to high level sounds. This 
provides both protection and healthy sound exposure and 
comfortable communication. The device also delivers con-
tinuous, low-level therapeutic sound that gradually brings 
about neuroplastic changes in the central auditory path-
way and, over time, can reverse the excessive neural gain 
responsible for hyperacusis. Severe hyperacusis is often ac-
companied by cognitive issues such as anxiety, fear, and 
depression, possibly driven in part by a disrupted stress re-
sponses mediated by the hypothalamic–pituitary–adrenal 
axis [49,109,110]. In some cases, cognitive behavioral ther-
apy or other counseling approaches are sufficient to reduce 
or alleviate the emotional reaction to certain annoying or 
disturbing sounds [1,2,111–113].

Limitations

Because rats and other animal models are unable to verbal-
ly report on their subjective perception of the loudness of 
a sound and indicate when a sound is too loud or annoy-
ing, it is difficult to know if the nonverbal responses and 
behaviors of the rats described in this review accurately 
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reflect the perception of loudness and hyperacusis experi-
enced by a human listener. However, reaction time meas-
ures have been found to correlate closely with the growth 
of loudness in human studies [28,114,115] – results sup-
porting the use of reaction time to measure the normal 
and abnormal growth of loudness in rats and other animal 
models [30,32]. One trend that has emerged from numer-
ous neurophysiological studies is that hyperacusis is asso-
ciated with enhancement of sound-evoked neural activity 
at higher levels of the auditory pathway. Enhanced central 
gain in the central auditory pathway has been proposed 
as a neural correlate of hyperacusis in many animal stud-
ies, as well as some human brain imaging studies [83,116]. 
However, other reports in the literature have failed to ob-
serve a correlation between enhanced central gain and 
hyperacusis [117]. One older study in humans showed 
that the P300 long latency auditory evoked response was 
smaller in FX patients than in normal controls; these re-
sults suggest that central gain is reduced in FX patients, 
a result contradicting the enhanced central gain mod-
el [118]. However, a more recent study showed that the 
sound-evoked N1 response (50–150 ms) was greatly en-
hanced in FX patients compared to normal controls; more-
over, enhanced central gain was associated with height-
ed sensory sensitivities in these FX patients [119]. While 
Fmr1 KO rats showed clear behavioral evidence of hyper-
acusis, further electrophysiological studies are needed to 

determine if loudness hyperacusis in Fmr1 KO rats is as-
sociated with enhanced central gain in the auditory path-
way and, if so, where along the auditory pathway the en-
hanced gain occurs.

Conclusions

Considerable progress has been made in the past decade 
to develop powerful animal models to investigate loudness 
hyperacusis and sound avoidance hyperacusis. These be-
havioral techniques can also be used to determine if tem-
poral summation and spectral summation of loudness are 
disrupted in animals with hyperacusis. With the appropri-
ate dose of salicylate, CORT, and noise, researchers can 
now reliably induce hyperacusis and begin to explore the 
neurophysiological and biochemical mechanisms associ-
ated with the onset and recovery of hyperacusis. These be-
havioral techniques can also be used to determine which 
genetic mutations are likely to give rise to hyperacusis 
and to assess the effectiveness of new drugs or therapeutic 
interventions to suppress or prevent hyperacusis.
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