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a b s t r a c t 

The middle ear is a high-fidelity, broadband impedance transformer that transmits acoustic stimuli at the 

eardrum to the inner ear. It is home to the two smallest muscles in mammalian species, which modulate 

middle ear transmission. Of this pair, the function of the tensor tympani muscle (TTM) has remained ob- 

scure. We investigated the acoustic effects of this muscle in young adult gerbils. We measured changes 

in middle ear vibration produced by pulse-train-elicited TTM contraction – in the time-domain with a 

click stimulus and in the frequency-domain with multitone zwuis stimuli. In our click experiments, there 

was generally a small reduction in the primary peak of the response and a slight increase in the subse- 

quent ringing, but there was essentially no change in the delay of the click response at the umbo (less 

than 1 μs change). In our multitone experiments, there were consistent patterns of attenuation and en- 

hancement in the velocity responses at the umbo and ossicles. TTM contraction produced a narrow band 

of enhancement around 6 kHz (maximally ~5 dB) that can be modeled with an increased stiffness of 

an overdamped spring-mass resonance. At frequencies below 2 kHz and above 35 kHz, TTM contraction 

attenuated middle ear vibrations by as much as fivefold. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

The middle ear efficiently conducts sound from the air of the 

ar canal to the fluid of the cochlea, through membrane, bone, and 

oint. The movements of the eardrum and ossicles are complex, yet 

he sound stimulus at the eardrum ends up quite faithfully repro- 

uced in the motion of the stapes at the oval window ( Fay et al.,

006 ). However, the middle ear is not a purely passive impedance 

ransformer. The two muscles of the middle ear – the stapedius 

uscle and the tensor tympani muscle (TTM) – apply loads to the 

ssicles that change the way they move, thus modulating the sig- 

al that is delivered to the inner ear. In human, contraction of the 

TM exerts an anteromedial force on the handle of the malleus 

roducing an inward deflection and tensing of the tympanic mem- 

rane. The stapedius applies a posterior load on the neck of the 

tapes, stiffening the annular ligament around the footplate. Tra- 

itionally, these anatomically antagonistic muscles were thought 

o be functionally synergistic and to comprise the acoustic reflex 

 Gelfand, 1998 ). Over time, however, the acoustic reflex has come 

o be understood as the stapedial reflex, with the TTM playing a 
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inor role or no role at all ( Gelfand, 2009 ). The function of the

TM has remained a subject of interest and some mystery. 

There are numerous theories about the function of the TTM, 

any of which are as old as our knowledge of the muscle it- 

elf. In 1600, a few decades after the muscle was originally de- 

cribed by Eustachius, the first theory of the function of the mus- 

le was proposed: that it serves to protect the eardrum from loud 

ounds ( Borg et al., 1984 ). Not much later, the idea emerged that 

he muscle might selectively tune the ear to certain frequencies 

 Borg et al., 1984 ). Others offered the analogy of the ciliary mus- 

le of the eye, suggesting that the TTM contributes to the dynamic 

ange of audition through accommodation. Over the decades and 

enturies, important theories of TTM function and mechanism have 

merged and evolved. These include: 1) protection against inju- 

ious sounds; 2) frequency-tuning; 3) ossicular support/fixation; 

) labyrinthine pressure control; 5) pneumatic Eustachian func- 

ion; 6) sound localization; 7) dampening self-generated sounds 

 Borg et al., 1984 ). Each of these theories has sought to integrate 

ur knowledge of the muscle’s anatomy, triggers, neuronal input, 

nd its effect on hearing in humans and important animal models. 

Relative to the neural circuit of the stapedial reflex, the neu- 

onal inputs to the TTM are complex ( Mukerji et al., 2010 ). This

omplexity is consistent with observations that the TTM con- 

racts with not only intense sounds, but also self-generated sounds, 

https://doi.org/10.1016/j.heares.2021.108231
http://www.ScienceDirect.com
http://www.elsevier.com/locate/heares
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heares.2021.108231&domain=pdf
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on-auditory stimuli, and even voluntarily ( Møller, 1984 ). In con- 

rast, case reports of voluntary control of the stapedius mus- 

le are notably absent from the literature. Although the TTM is 

ess acoustically active than the stapedius, anticipation of a loud 

oise or startle can cause contraction ( Djupesland, 1964 ). Non- 

uditory triggers such as forceful eye closure and orbital air jets 

ave been shown to produce strong TTM contractions in hu- 

ans ( Rock, 1995 )( Bance et al., 2013 ). As a muscle innervated by

he mandibular nerve, it has been argued that the TTM should 

e considered a muscle of mastication and that it is responsi- 

le for attenuating sounds produced by eating and vocalization 

 Ramírez et al., 2007 ). In cat, the TTM contracts in anticipation 

f vocalizations and also with large bodily movements ( Galambos 

 Rupert, 1959 )( Carmel & Starr, 1964 ). Although the muscles in 

he group innervated by the mandibular nerve are traditionally re- 

erred to as the muscles of mastication, these also include muscles 

nvolved in Eustachian tube function, notably the tensor veli pala- 

ini. In fact, the TTM is intimately related to the tensor veli palatini, 

nd some have suggested that the two muscles may act in concert 

o open the Eustachian tube and normalize middle ear static pres- 

ure ( Honjo et al., 1983 ). 

Observations of individuals with voluntary control of the mus- 

le were some of the earliest investigations and indicated that the 

uscle might have a frequency-dependent effect. As early as the 

9th century, Politzer observed the effects of the TTM on sound 

ransmission: “during the contractions the hearing distance was di- 

inished, the deep tones became deadened and indistinct, and the 

igh tones ascended about one quarter of a tone” ( Politzer, 1909 ). 

hen audiometry became available, quantitative analysis of volun- 

ary TTM contraction was shown to be consistent with Politzer’s 

arlier qualitative impressions ( Smith, 1943 ). Other more recent 

ase reports and case series of individuals with voluntary TTM con- 

rol have repeated earlier findings that the muscle can produce 

ow-frequency hearing loss and tinnitus, often described as “crack- 

ng” or “rumbling” ( Angeli et al., 2013 )( Wickens et al., 2017 ). 

Experimental investigations of the acoustic effects of the mus- 

le have been conducted in cadaveric human temporal bones, cat, 

abbit, and guinea pig. In cadaveric human temporal bones, sec- 

ioning the TTM had minimal effect on umbo displacement, sug- 

esting that the muscle does not exert a passive effect in the ab- 

ence of contraction ( Gyo & Goode, 1987 ). More recently, static 

ulls on the TTM in human cadaveric temporal bones were re- 

orted to produce a six-fold decrease in sound-driven umbo dis- 

lacement and 200 μs reduction in middle-ear delay at frequen- 

ies below 1kHz ( Cho et al., 2019 ). This 200 μs delay represents a

ignificant fraction of the maximum interaural delay which might 

ndicate that the muscle plays a role in enhancing lateralization 

ues. 

There is a long history of experimental investigations in animal 

odels focused on both middle-ear muscles (MEMs) and the TTM 

pecifically. Many early experiments measured the cochlear micro- 

honic or middle ear impedance ( Avan et al., 1992 ). In one report,

ochlear microphonic in unanesthetized cats was measured chron- 

cally over months after cutting the middle-ear muscles on one 

ide ( Galambos & Rupert, 1959 ). Cochlear microphonic in the intact 

ar was attenuated relative to the side with the muscles cut when 

he sound stimulus exceeded the amplitude threshold required to 

voke MEM contraction. Isolating the two muscles indicated that 

he stapedius was primarily responsible for these effects. Similar 

xperiments in rabbit produced similar findings: that attenuation 

f cochlear microphonic was primarily due to the stapedius mus- 

le and greatest at low frequencies ( Borg, 1972b ). In guinea pig, 

hanges in middle ear impedance with spontaneous contractions 

f the middle ear muscles indicated that the muscles attenuate 

ow frequencies but have complex effects at higher frequencies 

 Funnell, 1972 ). 
2 
Nuttall measured cochlear microphonic in guinea pigs while 

liciting TTM contraction with a voltage pulse train stimulus, 

here earlier experiments had relied upon the acoustic reflex, 

pontaneous contractions, or the application of artificial tension 

o the tendons of the MEMs ( Nuttall, 1974 ). The use of electrical

timulus to contract the TTM allowed for specific and physiolog- 

cal contraction of each MEM. Each muscle produced frequency- 

ependent effects on the cochlear microphonic. The studies of Nut- 

all followed decades of observations in which contraction-induced 

hanges in cochlear microphonic have been used to assess middle- 

ar sound transfer ( Borg, 1972a )( Møller, 1964 )( Møller, 1965 ). 

The Mongolian gerbil, meriones unguiculatus , has served as 

n important model animal for study of the mammalian audi- 

ory system, for example ( Wolf et al., 2010 )( Lenarz, 2002 )( Dong

 Olson, 2013 )( Carney et al., 2011 ). The audible frequency ranges 

f the human and gerbil are reasonably similar, although the 

erbil’s range extends to higher frequencies ( Rosowski et al., 

999 )( Ryan, 1976 ). Mongolian gerbils, like other desert mam- 

als, have relatively large middle ear spaces which facilitates sur- 

ical investigation of the muscles and other structures therein 

 Mason, 2016 ). Many gerbil vocalizations are ultrasonic (higher 

han 20kHz), and hearing sensitivity at those frequencies is af- 

ected by their surroundings ( Nishiyama et al., 2011 ). Specifically, 

xperiments have shown enhancement in the cochlear micro- 

honic response, but only when a gerbil was alert and interacting 

ith a companion gerbil ( Miyawaki et al., 2015 ). The mechanism 

f this enhancement has not been described. 

The study here used two different types of broadband stim- 

li in two separate sets of experiments in two separate sets of 

nimals. The broadband nature of the stimuli was important be- 

ause it allowed for rapid data collection during the time when 

he muscle was electrically stimulated. Thus, any time-dependent 

hanges in TTM contraction would occur at all the frequencies 

oncurrently and not introduce a frequency-dependent bias. Clicks 

ere our first broadband stimuli. Transient sounds like clicks, frica- 

ives, and sharp rustling noises are common sounds whose per- 

eption and localization is important for communication and sur- 

ival. Significant changes to transmission upon TTM contraction 

uch as changes in transmission delay or changes in response per- 

istence might be more apparent when visualized in the time- 

omain. Moreover, the click stimulus and response can be cast 

nto the frequency domain to find the frequency-dependent trans- 

er function. However, the click was not a perfectly flat broadband 

timulus and contained less sound energy at frequencies below ~2 

Hz and above ~35 kHz. The second set of experiments used zwuis 

ultitone stimuli, calibrated to provide a uniform sound pressure 

evel at each of the included frequencies. We used three different 

ulti-tone zwuis probes, with low, medium and wide-band fre- 

uency representation. 

The experimental approach employed in this report can be un- 

erstood as an evolution of that employed by Nuttall, using a volt- 

ge pulse train to stimulate the muscle. Our experimental priori- 

ies were to: 1) produce a physiological, near-maximal contraction 

f the muscle; 2) probe with a broadband sound stimulus; 3) pre- 

are an acoustically intact middle ear space; 4) use vibrometry to 

easure middle ear motion changes at points along the chain of 

ransmission. A desire for realism guided these priorities. Deliver- 

ng an electrical stimulus to the muscle produced a highly repeat- 

ble, contraction-mediated load on the malleus. Using click and 

wuis sound stimuli enabled measurement of time-domain and 

requency-domain responses with a full-strength muscle contrac- 

ion. Opening the bulla is known to affect middle ear transmission 

 Ravicz et al., 1992 ), particularly at low frequencies. It is also at low

requencies where the effects of TTM contraction are expected to 

e large. In our set of multitone experiments we sealed the bulla 

fter electrode placement to more fully investigate the frequency- 
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Fig. 1. A. Click stimulus measured just outside the ear canal. B. Frequency domain representation. Expt 4-30-19 run 3. 
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tructure of TTM contraction. Finally, most investigations on the 

ffect of the TTM have focused on cochlear responses, which are 

ndirect measurements of middle ear vibration, so it was impor- 

ant to elucidate the more proximate effects the TTM has on the 

ovement of the eardrum and ossicles. 

. Methods 

We present results on the effect of TTM contraction on middle 

ar transmission from 13 young adult gerbils, aged 2-3 months and 

eighing between 40 and 60 grams. The experiments using a click 

timulus were numbered (dated): 4-9-19, 4-17-19, 4-30-19, 5-6-19. 

he experiments using zwuis stimuli were numbered (dated): 7- 

0-20, 8-13-20, 9-10-20, 9-18-20, 10-5-20, 10-14-20, 10-16-20, 11- 

-20, and 11-13-20. Several additional gerbils were used in the de- 

elopment of the study. 

.1. The sound stimulus 

Two different broadband sound stimulus types were used, click 

nd multitone. In all experiments, the sound stimulus was deliv- 

red open-field ~1cm from the ear canal and measured by the 

icrophone, which was placed just outside the ear canal, within 

5 mm of the eardrum. The first set of experiments used a click. 

o create the acoustic click, a TDT (Tucker Davis Technologies, 

lachua, Florida) RX6 signal processor, sampling at 5 μs, produced 

 voltage that went from 0 to a peak value in 5 μs, stayed up for

wo samples and then ramped back down to 0. This voltage sig- 

al drove a TDT HB7 headphone buffer, which drove a JIX earbud. 

his resulted in an acoustic click ~ 20 μs in duration. A perfect 

0 μs rectangular pulse stimulus cast into the frequency domain 

s a broad-band stimulus, that drops to a factor of ~0.7 at 25 kHz 

nd to zero at 50 kHz, followed by side lobes. When cast into the 

requency domain the click showed structure below 5 kHz, was 

early flat from ~ 5 to 20 kHz, and then sloped downward irreg- 

larly but contained significant energy up to ~40 kHz ( Fig. 1 .) The

lick responses were measured over 2 ms, thus 500 Hz is the reso- 

ution of the frequency-domain representation. For the click exper- 

ments, the acoustic stimuli and velocity responses were recorded 

nd time-averaged (~500 averages) by a LeCroy oscilloscope sam- 

ling at 500 MHz, whose sweeps were triggered by the voltage 

ulses driving the speaker. The averaged responses were trans- 

erred to a computer for offline analysis using software written in 

ATLAB. The microphone was a Sokolich probe tube ultramicro- 

hone. The velocity was measured with a laser interferometer, de- 

cribed later. 

The multitone stimulus was a set of zwuis complexes, which 

eliver many frequencies at the same time without overlap of 

igher-order distortion products ( Van der Heijden & Joris, 2003 ). 
3 
he middle ear is linear to very high sound level, ( Huang et al.,

012 ) so this aspect of the zwuis is not as critical for middle ear

easurements as for cochlear measurements, but it was useful for 

roviding a well-controlled multi-tone level. An earbud was used 

s speaker and was driven by the TDT RX6 signal processor, atten- 

ator PA5, and HB7 headphone buffer. The acoustic and velocity re- 

ponses were recorded into the TDT RX6 and analyzed with MAT- 

AB. Three different but overlapping zwuis complexes were used: 

) a Low Frequency probe with 20 tones between 200 Hz and 2 

Hz (termed VLFZ for “very low frequency zwuis”), 2) a Medium 

requency probe with 40 tones between 400 Hz and 20 kHz (MFZ), 

nd 3) Wide Frequency probe with 40 tones between 1500 Hz and 

0 kHz (WFZ). As shown in Fig. 2 , the distribution of frequencies in

he WFZ becomes sparse above 45 kHz. All zwuis complexes were 

s in duration. A cosine envelope with a 0.5 ms on/off ramp was 

pplied to the zwuis signal to reduce onset/offset transients. The 

oltage to the speaker was calibrated to produce equal sound level 

t each frequency. The frequencies in the zwuis stimulus were set 

o their periods fit evenly within the data collection window. An 

FT was applied to the recorded time waveform of the response to 

nd the frequency domain response. Generally, the zwuis probes 

ere delivered at either 70 or 80dB SPL (per tone) to maximize 

he signal-to-noise, although some early series were conducted at 

0 and 60dB SPL. (SPL is for “sound pressure level” where the stim- 

lating pressure amplitude can be found using SPL = 20log(P/Pref), 

here Pref is 20μPa.) Spectra of each zwuis complex as delivered 

y the earbud speaker at 70dB and measured by the Sokolich ul- 

ramicrophone are in Fig. 2 . 

.2. Animal preparation 

The experimental protocol was approved by the Institutional 

nimal Care and Use Committee of Columbia University. The ger- 

ils were sedated with ketamine and anesthetized with pentobar- 

ital (doses: 3 mg ketamine, 40 mg/kg pentobarbital). Subsequent 

oses of pentobarbital were given as indicated by the presence of 

 response to a toe-pinch. Buprenorphine was given for analgesia, 

osed every six hours (dose: 0.2 mg/kg). The eyes were not treated 

ith lubricant as these were acute non-survival surgeries. Body 

emperature was monitored and maintained with a rectal probe 

nd thermostatic heating pad. The skull was affixed to a head- 

older. A tracheostomy was performed to maintain a patent air- 

ay. The pinna was removed and the tissue overlying the bulla 

as dissected and removed. The bony meatus overlying the umbo 

as cut back without entering the middle ear cavity, to improve 

he viewing angle to the umbo. A 27 gauge needle (outer diame- 

er 0.4mm) was used to make a vent in the bulla to account for 

he lack of Eustachian tube function under anesthesia, which can 
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Fig. 2. Spectra of zwuis Complexes at 70dB as measured by the Sokolich ultramicrophone positioned just outside the ear canal, ~ 5 mm from the eardrum. Small deviations 

from 70 dB occur likely due to small shifts following the sound calibration (for example, around 19 kHz in the middle frequency zwuis). Results are presented as gain 

(velocity divided by simultaneously measured pressure), so these deviations will not affect the results. 

Fig. 3. View of the Tensor Tympani Muscle with Electrode Placed. The stapedial artery courses between the anterior stapes crus (labeled) and the obscured posterior crus 

to its right. The TTM appears as a dome shape with a thin region at the top that contacts the manubrium (contact point is obscured by the TM in this view). The electrode 

contacts the plump dome of the TTM, and only that portion of the electrode is easily seen, due to microscope focus. A video recording of the muscle contraction in response 

to the pulse train is available in a supplemental file, and is useful for clarifying the 2-d image. 

c

1

a

e

t

i

w

w

i

t

o  

c  

s

2

c

p

t

a

e

t

t

c

o

ause the middle ear space to become pressurized ( Zheng et al., 

997 ). An opening in the bulla was made inferiorly and medially 

nd expanded only as much as necessary to visualize the middle 

ar muscles. In the click set of experiments the stapedius was in- 

act. In the zwuis set the stapedius tendon was sectioned near its 

nsertion on the neck of the stapes. (Sectioning of the stapedius 

as included to ensure that incidental contraction of the stapedius 

as not contributing to the effects we measured but did not result 

n a significant change in the results.) Using a micromanipulator, a 

ungsten electrode was placed such that the tip touched the belly 

f the TTM, as shown in Fig. 3 . A silver wire was placed in a mus-

le in the neck of the gerbil to provide the reference for the voltage
timulus. m

4 
.3. Electrical stimulus 

Nuttall’s experiments in guinea pig ( Nuttall, 1974 ) guided our 

hoice of the electrical stimulus used to stimulate the TTM. The 

ulse train stimulus consisted of voltage pulses 100 μs in dura- 

ion, delivered at a rate of 100 Hz. The voltage stimulus caused 

 brisk, visible contraction of the muscle and displacement of the 

ardrum, which was monitored via the video camera that is part of 

he Polytec laser vibrometer. The sound stimulus was delivered af- 

er this rapid deflection of the eardrum was observed. The electri- 

al stimulus was discontinued as soon as the sound stimulus was 

ver. Two minutes were allowed between each stimulation of the 

uscle. For the click experiments the voltage pulse size was typ- 
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Fig. 4. A. Velocity response measured at the umbo to click stimulus from Fig. 4 . B. Frequency domain representation. The reduction in energy in the click at high and low 

frequencies and noise level of the velocity limited the findings on differences between contracted and non-contracted states to the frequency band between 2 and 35 kHz 

(when using the click stimulus). 
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Fig. 5. Diagram of the four sites at which velocity measurements were taken with 

the LDV. Lateral process of the malleus (LPM), Long process of the incus (LPI), Plate 

of the lenticular process of the incus (PLP). 
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cally 5V, based on visualization of muscle contraction when set- 

ing up the experiment. With the zwuis experiments, we tested 

arious amplitudes and found that the visual intensity of the con- 

raction saturated around 4V, and this was corroborated by the ve- 

ocity response data. Thus, a 4V pulse size was used in this set. A 

olid but slightly submaximal contraction was desirable since the 

uscle was stimulated dozens of times in each experiment over 

 period of hours. The data indicate the contraction produced by 

he stimulus remained highly consistent run-to-run and over the 

ourse of the experiment. 

.4. Measurements 

The head was oriented so the beam of the laser interferome- 

er was initially focused on the umbo. A laser Doppler vibrometer 

LDV) was used to record the velocity responses of the umbo and 

ther locations along the ossicular chain (Polytec LDV OFV-534, 

nd VD-06 decoder). The LDV’s Helium-Neon laser was focused on 

he preparation with a 5x Mitutoyo lens with 33.5 mm focusing 

istance and focused spot size of diameter ~ 3 μm. 

For the click set of experiments the bulla was open, which re- 

uced the umbo response at frequencies below ~ 5 kHz. In order 

o probe this lower frequency region more accurately, in the sec- 

nd, zwuis set of experiments, after placing the electrode, surgi- 

al Ethicon bone wax was placed around the electrode to seal the 

pening. Opening the bulla is known to affect middle ear transmis- 

ion, and these effects have been studied in gerbils. When using 

 sound source that is sealed within the ear canal, progressively 

pening the bulla decreased the stiffness of the middle ear which 

ncreased low-frequency responses, shifted down the main middle 

ar resonance, and produced an antiresonance that increased in 

requency with the extent of bulla opening ( Maftoon et al., 2014 ). 

n our setup, in which the sound was delivered open-field, our pri- 

rity was to prepare an acoustically intact bulla that would not al- 

ow an accessory route for sound waves to stimulate the eardrum 

rom the back. We investigated the efficacy of closing the bulla 

pening with bone wax by measuring sound-stimulated umbo mo- 

ion with the bulla 1) vented (0.4mm diameter) but otherwise in- 

act, 2) opened as necessary for placement of the electrode, and 3) 

nce that opening was closed with wax. Our results, shown in the 

ection below, indicate that bone wax closure successfully reversed 

he effects of opening the bulla on umbo motion. The bulla was 

pen in the click experiments as the closure technique had not yet 

een developed during the first series of experiments. This differ- 

nce will be discussed later with a comparison of the frequency- 

tructure of the data from the click and multitone experiments. 

The velocity response at the umbo was measured in a series 

f repeating runs with a single stimulus (click or zwuis) with the 

TM stimulated every other run. The number of runs in a series is 

ndicated in the reported data. In the zwuis experiments, following 

 series of umbo measurements the pars flaccida (PF) was removed 

o allow the laser to be focused on the LPM, LPI and PLP (lateral
5 
rocess of the malleus, long process of the incus and the plate of 

he lenticular process). The method of opening the pars flaccida to 

easure along the ossicular chain has been described in detail in 

arlier reports from our group ( de La Rochefoucauld et al., 2010 ). 

ig. 5 diagrams these measurement sites. For LPI and PLP measure- 

ents, effort was made to orient the laser to the axis of the piston 

otion of the stapes. 

. Results 

.1. Click experiments 

In keeping with the chronology of the experiments, the time 

omain click stimulus results are presented first. Fig. 1 A shows the 

coustic click in the time domain, and Fig. 4 A shows the corre- 

ponding umbo velocity response – these are baseline measure- 

ents, without TTM stimulation. In Fig. 1 B and Fig. 4 B, the time

omain acoustic and motion measurements were cast into the fre- 

uency domain. The acoustic frequency response was reasonably 

at and within a factor of ~10 from ~2 to 28 kHz, beyond which 

t dropped off. The velocity response was flat within a factor of 

10 from ~2 to 30 kHz, beyond which it also dropped off, as 

xpected given that the sound stimulus had dropped off. In or- 
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Fig. 6. Velocity response measured at the umbo to the click acoustic stimulus. A and B. Uncontracted and contracted responses from expt. 4-9-19; C and D. Uncontracted 

and contracted responses from expt. 4-17-19. 

Fig. 7. A-D show the velocity responses from each experiment as averages. E-H. Averaged uncontracted and contracted responses from four experiments. E-H: same as 

A-D but emphasizing the first 0.2 ms of the response. (D and H are offset in time slightly compared to other experiments due to an inadvertent triggering shift in the 

oscilloscope.) 
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er to estimate the noise level in the click data, we performed 

 Fourier transform of the second half of the velocity time re- 

ponse (from 1 to 2 ms) where the response had largely died 

ut. The upper-bound noise level of the velocity response varied 

epending on the reflectivity but was generally ~ .003 mm/s. In 

he frequency-domain version of the click responses, below ~ 2 

Hz and above ~ 35 kHz the umbo velocity responses were close 

nough to this noise level that differences between the contracted 

nd non-contracted state were not reproducible. In Fig. 4 B and C 

nd responses above 35 kHz and below 2 kHz are grayed over to 

onvey that in these frequency regions, the results on the effect of 

ontraction were not robust, and when frequency-domain versions 

f the click responses are presented in Fig. 14 , results are shown 

rom 2 - 35 kHz. Fig. 4 C, the ratio of umbo velocity to sound pres-

ure frequency responses illustrates the broadband response of the 

iddle ear, where from 2 to 35 kHz, the transfer function is rea- 

onably flat at ~ 1-2 (mm/s)/Pa. 

Fig. 6 summarizes the time-domain umbo velocity results from 

wo experiments of the click series. Fig. 6 A-B are runs 14 to 30

rom Expt. 4-9-19 with the uncontracted cases in A and the con- 

racted cases in B. Fig. 6 C-D are runs 19 to 44 from Expt. 4-17-

9 with the uncontracted cases in C and the contracted cases in 

. TTM contraction was alternated between runs. These repeated 

easurements convey the subtle but repeatable changes observed 

pon contraction of the TTM. Fig. 7 A-D are averages of data like 

c

6 
hat in Fig. 6 A-D – each panel reports a different experiment. In 

ig. 7 E-H the initial segments of the data from Fig. 7 A-D are

xpanded to explore contraction-induced size and timing changes 

n the main peak and valley of the response. In all data sets, re- 

eatable changes were observed with TTM contraction, but consis- 

ency between preparations was not observed. When the TTM was 

ontracted, the size of the first positive peak in the umbo veloc- 

ty response was reduced slightly in Fig. 7 E and G, and the size

f the first negative peak was increased slightly in Fig 7 E, F and

. In Fig. 7 B, the ringing that followed the initial response was a 

ower frequency in the contracted versus relaxed condition and in 

ig. 7 D, the opposite was true. changes in delay were very small. 

valuated quantitatively by considering the difference in the times 

he response crossed from positive to negative at the end of the 

ositive peak, the following times were found: Expt 4-9-19: 0.7 μs 

contracted condition was delayed relative to uncontracted by this 

mount), Expt 4-17-19: 0.4 μs, Expt 4-30-19: 0.8 μs, Expt 5-6-19: 

1 μs. These differences are at most a microsecond, are not consis- 

ent in direction, and deemed insignificant. 

.2. Zwuis experiments 

The zwuis tone complexes produced velocity responses with 

lear spectral peaks above the background. Fig. 8 shows the spectra 
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Fig. 8. Spectra of the velocity response at the umbo from expt. 10-16-20. These velocity reponses were measured at the umbo in response to VLFZ and MFZ at 80dB SPL 

and WFZ at 70dB SPL. 

Fig. 9. A bone wax closure of the surgical opening in the bulla reversed the changes 

in umbo motion produced by the opening. 
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Fig. 10. Contraction-induced changes in umbo motion varied with the amplitude 

of the electrical stimulus delivered to the TTM. A 4V stimulus amplitude appears 

to produce near-maximal changes in the umbo motion. There are relatively slight 

differences between 4V, 6V, and 8V above 20kHz, but these differences do not cor- 

relate with voltage amplitude. 
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f the velocity response at the umbo for each zwuis from experi- 

ent 10-16-20. 

We investigated the efficacy of our use of bone wax to close 

he bulla for the zwuis experiments. Umbo motion in response to a 

wuis tone complex was measured three times each with the bulla 

ented, opened, and once the electrode was placed and the surgi- 

al opening occluded with bone wax, but with the vent remaining 

atent. 

Fig. 9 shows the results of once such series, which were re- 

eated in multiple animals with consistent results. The data show 

hat opening the bulla produces substantial changes in umbo mo- 

ion and that these changes are reversed when the opening is oc- 

luded with bone wax. (Recall that sound delivery is open field, 

nd the open bulla allows for sound to stimulate the back of the 

ardrum; closing the bulla eliminated this path.) 

We investigated the effect of varied levels of electrical stimula- 

ion of the TTM by varying the amplitude of the voltage pulse train 

timulus. Our subjective observations that the visible intensity of 

he TTM contraction saturated at an amplitude of 4V was corrobo- 

ated by our measurements of the gain at the umbo with various 

timulus amplitude. These results, presented in Fig. 10 , show that 

 4V stimulus produced a near maximal contraction of the muscle 

is-à-vis its effects on umbo motion. 

Although velocity measurements of the umbo and ossicles are 

ess likely to be directly (artifactually) affected by an electrical 

timulus than the cochlear microphonic measured by Nuttall, we 

ontrolled for this possibility by testing the stimulus with the elec- 

rode removed from the muscle by about 1mm. We also measured 
7 
he effect of the muscle contraction after the tendon had been cut. 

e investigated whether the physical deflection of the pars tensa 

ight create an artifact by displacing the point on the umbo where 

he interferometer laser was focused. Fig. 11 presents these data, 

hich show that the stimulus had no effect on umbo motion when 

he electrode was not touching the muscle or when the muscle 

as not attached to the malleus. 

.3. Gain changes with TTM contraction 

We present results organized by zwuis frequency range and site 

easured. We investigated the effect of the TTM contraction at 

ultiple points along the middle ear transmission chain: umbo, 

ateral process of the malleus (LPM), long process of the incus (LPI), 

late of the lentiform process of the incus (PLP). (For the LPI and 

LP the pars flaccida was removed so the middle ear was open 

uring these measurements.) The number of alternating runs in 

ach series ranged from 4 to 10. These series produced repeatable 

nd consistent velocity data from run to run. Fig. 12 is an example 

f all of the velocity response data from one experiment in which 

ach zwuis probe was tested at each site of measurement on the 

ssicular chain. 

In the uncontracted state, the amplitude of the gain varied with 

requency and point measured. Gain was greatest at the umbo and 

anged between 0.01 and 1 mm/s/Pa, comparable with earlier re- 

orts ( de La Rochefoucauld et al., 2010 ). In general, gain decreased 
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Fig. 11. Some control results from experiment 11-3-20. The stimulus only produced changes in umbo motion when touching TTM and with intact TTM. For the series 

presented in A & B, the pars flaccida had been removed, because LPI and PLP measurements had been taken earlier in the experiment. A shows an alternating series with 

the electrode removed from the TTM by ~3mm. B shows an alternating series once the TTM tendon was cut and the electrode was replaced on the muscle. Under each of 

these conditions, the stimulus failed to produce changes in umbo motion. C shows the umbo motion with the WRZ with alternating a slight repositioning of the LDV focus 

point to simulate the slight deflection produced by TTM contraction. Repositioning did not produce the changes in umbo motion seen with TTM contraction. 
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ownstream with gain at the LPM slightly less than that at the 

mbo. The decrease in gain amplitude downstream of the LPM 

as greater, but gain at the LPI and PLP were very similar to each 

ther. The velocity response data measured at the PLP, as a proxy 

or the stapes footplate motion, are comparable to those reported 

y other investigators ( Overstreet & Ruggero, 2002 )( Ravicz et al., 

008 ). The frequency structure was similar across the points mea- 

ured – fairly flat above 5kHz. The LPI and PLP measurements were 

ade with the pars flaccida removed for visualization, and in those 

ases the responses below 5 kHz were attenuated, and a mild peak 

as present at ~ 5kHz. TTM contraction mostly reduced middle 

ar vibrations but did produce an increase in response from ~ 4- 

 kHz (umbo and malleus) and 6-8 kHz (LPI and PLP). The effect 

roduced by stimulating the muscle was consistent in the over- 

apping frequencies of the different multitone stimuli. At the high- 

st frequencies probed, the velocity responses were less repeat- 

ble, particularly at the PLP and LPI, which may be a result of 

oorer frequency resolution of the zwuis complex above 45 kHz 

nd spatial non-uniformity of the sound field. Additionally, ossic- 

lar motion becomes more complex at higher frequencies, which 

ould produce variability in incus vibrations ( de La Rochefoucauld 

t al., 2010 )( Decraemer et al., 2014 ). 

Each of the alternating series shown in Fig. 12 can be con- 

ensed and represented as an average ratio of the gains of the ear 

ith versus without stimulating the TTM. Each gain ratio was cal- 

ulated by dividing the averaged gain of the stimulated runs by 

he averaged gain of the unstimulated runs for a given alternat- 

ng series. The data from experiment 10-16-20 in Fig. 12 and other 

ultitone experiments will be presented as gain ratios and average 

hase differences, averaged within individual preparations. Not all 

timuli were used in all experiments, for example the VLFZ stimu- 

us set was added after several experiments had been done. 

.4. Frequency structure at the umbo 

Contraction of the TTM produced effects on umbo motion that 

ere repeatable and consistent across experiments. Fig. 13 shows 

he average gain ratio and average phase difference at the umbo 

sing each zwuis probe from each experiment in which these mea- 

urements were taken. 

The data from the VLFZ and MFZ probes show that the TTM 

ttenuates umbo motion by about 2-5 times at the lowest fre- 

uencies. The data from the WFZ reveals that the muscle atten- 

ates frequencies above 35 kHz by a comparable degree. In gen- 

ral, the umbo gain ratios were consistent across experiments, but 

here were certain frequency ranges in which the TTM’s effect ap- 
8 
eared particularly conserved. For example, the frequency above 

hich the muscle begins to enhance umbo motion (i.e., when the 

ain ratio crosses 0) was always very close to 4 kHz, while the 

aximally enhanced frequency varied from about 5 kHz to 7 kHz. 

he frequency-structure where there was overlap between zwuis 

ulti-tones was consistent. The effects of TTM contraction ob- 

erved with the MFZ stimulus, including 40 frequencies spanning 

00 Hz to 20 kHz, were consistent where this probe overlapped 

ith the VLFZ stimulus. The phase difference (contracted - uncon- 

racted) showed a lead that generally grew to almost 0.2 cycles at 

4 kHz, and then dropped, passing through zero at ~ 6 kHz and 

hen meandering through two mild and broad variations from 6 to 

0 kHz. 

As noted above, two sound stimuli were used in these experi- 

ents, a click and a zwuis. The time-domain data using the click 

timulus have already been described. The zwuis stimuli were in- 

ended to probe the frequency-structure of TTM contraction, but it 

s also possible to present the gain ratio of the frequency-domain 

epresentation of the click experiment results. 

Fig. 14 shows the gain ratio curves from the click experiments 

n black compared with the gain ratio curves from the Wide Fre- 

uency zwuis series at the umbo in gray. As noted above, the click 

timulus responses were robust only from ~ 2 to 35 kHz. Within 

his range the frequency-structure of TTM effect across the click 

nd zwuis stimulus types was consistent with the exception of 

ome differences below 5 kHz, where structure is seen in two of 

he four click results. The click measurements were done with an 

pen bulla and, as Fig. 9 showed, opening the bulla could intro- 

uce a notch and a peak into the umbo response at frequencies 

elow 5 kHz. Contraction-induced changes in a region of a notch 

r peak can introduce large changes in the gain ratio. Investigat- 

ng the unaveraged data (not shown) corroborates this explanation 

s the basis for the increased structure in two of the click experi- 

ents. 

.5. LPI and PLP 

The behavior of the middle ear downstream of the umbo was 

lso of interest, so velocity responses were measured at the LPI 

nd PLP. The PLP is part of the incus but is tightly coupled to the

ead of the stapes. The angle of measurement with the vibrometer 

hrough the opened pars flaccida closely approximated the piston- 

xis of the stapes. As such, the PLP velocity response served as a 

roxy for footplate motion and, by extension, middle ear output. 

Measuring velocity response at the LPI and PLP was compli- 

ated by the need to open the PF to train the laser on sites within
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Fig. 12. Velocity response data, shown as gain, from one experiment (10-16-20), measured at the umbo, lateral process of the malleus (LPM), long process of the incus (LPI), 

and plate of the lenticular process of the incus (PLP) with each zwuis probe in alternating series (Very Low Frequency Zwuis ‘VLFZ’, Medium Frequency Zwuis ‘MFZ’, Wide 

Frequency Zwuis ‘WFZ’). The red represents runs in which the TTM was contracted, the blues those in which the TTM was not contracted. The shadows represent the mean 

of each group + /- one standard deviation. N represents the total number of runs in each alternating series. 
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he middle ear. This was a delicate step in the experiment and 

ot always successful. Additionally, the pars flaccida is an acous- 

ically significant structure, particularly at low frequencies. Experi- 

ents have suggested that that it may serve as a shunt around the 

ars tensa for sound, reducing the effective input to the middle ear 

 Teoh et al., 1997 ). Opening the PF should enhance this shunting 

ffect. The effects of eardrum perforations on sound transmission 

ave been studied in human ears as well ( Voss et al., 2001 ). We

ound that opening the pars flaccida did attenuate umbo motion 

t low frequencies, which made the use of the VLFZ probe difficult 

t the LPI and PLP. We considered that the absence of the PF might 

nteract with the contraction of the TTM. To investigate this ques- 

ion, we compare the gain ratios produced by TTM contraction at 

he umbo before and after opening the PF. 

Fig. 15 shows that, with an opened PF, TTM contraction pro- 

uced an area of relative enhancement around 3 kHz. The pres- 

nce of a similar enhancement in the gain ratios at the LPI and 

LP – discussed below – is likely the result of the open state of 

he pars flaccida during the measurements. 

Fig. 16 shows that the effect of TTM contraction at the LPI at 

ow frequencies was variable, sometimes enhancing and at others 

ttenuating. Referring back to Fig. 12 , from 4-8 kHz there is a mild

esponse peak that shifts between the contracted and uncontracted 
9 
tates and gives rise to the somewhat erratic gain ratio in that fre- 

uency region in Fig. 16 A. At frequencies below 4 kHz, the com- 

lications of PF removal ( Fig. 15 ) might have made the results less 

obust. Above 10 kHz, the gain ratio remained below 1 in most ex- 

eriments, with the exception of expt. 7-30-20 in which the gain 

atio briefly crossed 1 around 24 kHz. At higher frequencies, the 

ttenuation became larger as shown in Fig. 16 A and B. The phase 

ifference generally showed a lead to ~ 7 kHz, followed by a mild 

ag, and then was close to zero to ~ 30 kHz where it again devel- 

ped a broad mild lag. 

Measurement at the PLP was technically more difficult than at 

he LPI, requiring repositioning of the gerbil in relation to the LDV 

nd consequently removal and replacement of the electrode. 

The PLP was successfully probed three times. The gain ratio 

urves across experiments were more consistent than than those 

easured at the LPI, but the frequency structure at the LPI and 

LP was overall similar. This apparent relative consistency of the 

LP data could be incidental because the PLP was measured fewer 

imes compared to the LPI. Compared to the umbo, the TTM’s at- 

enuating effect tends to predominate. The area of enhancement 

round 3 kHz may be the result of the opening the PF – a similar 

nhancement region was observed ( Fig. 15 ) in the umbo motion 

ata when the PF was opened. 
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Fig. 13. TTM gain ratios and phase differences at the umbo with each multitone stimulus. The parenthetical numbers in the legends represent the number of runs in each 

alternating series. A & D VLFZ gain ratios and phase differences spanning 0.2 to 2 kHz. B & E MFZ gain ratios and phase differences spanning 0.4 to 20 kHz. C & F WFZ gain 

ratios and phase differences, spanning 1.5 - 50 kHz. 

Fig. 14. Frequency structure of TTM effect on umbo motion was consistent across experiments using Click and zwuis multitone stimuli. 
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. Discussion 

In the time domain responses, TTM-induced changes were sub- 

le but repeatable. A significant finding of the time-domain mea- 

urements was that the contraction of the TTM did not change 

he delay of sound transmission by the eardrum, as measured at 

he umbo. This finding is at odds with the idea that a role of 
10 
he TTM is to introduce a delay to enhance timing-based later- 

lization cues ( Cho et al., 2019 ). This role might be present in

pecies other than gerbil. By casting the click domain results into 

he frequency domain, frequency dependent effects were observed 

nd as in the time-domain were subtle but repeatable. They were 

onsistent with the frequency domain results observed with the 

wuis multitone stimulus ( Fig. 14 ), and we emphasize the multi- 
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Fig. 15. The condition of the pars flaccida interacted with the contraction of the 

TTM. Notably, this produced a second area of relative enhancement around 3 kHz, 

where the solid (PF-) curves diverge from the dashed (PF + ) curves. 
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one stimuli when discussing frequency domain results, because 

hey covered a wider frequency range. 

Contraction of the TTM attenuated motion at low and high fre- 

uencies. However, it produced a relative enhancement of trans- 

ission in a frequency band around ~6 kHz. Our voltage-elicited 
ig. 16. TTM gain ratios and phase differences at the LPI with MFZ and WFZ multitone s

ach alternating series. A & C. MFZ gain ratios and phase differences spanning 0.4 to 20 k

11 
TM contraction was based on that of the guinea pig study of 

uttall ( Nuttall, 1974 ), and that study’s analysis is useful to un- 

erstanding the band of enhancement, and low frequency attenua- 

ion. In the guinea pig study, the effect of stapedius and TTM con- 

raction on sound-induced cochlear microphonic (CM) was mea- 

ured over a frequency range of 70 Hz - 6 kHz. The data were pre-

ented as magnitude and phase change, as in our gain ratio results 

 Fig. 13 ). In the guinea pig, contraction of the TTM produced atten- 

ation of ~20dB for frequencies below 1 kHz, that then shifted to 

 mild peak in which the contraction caused positive gain from ~

 to 4 kHz, peaking at ~5dB. With contraction the CM phase un- 

erwent an increasing phase lead to 1.5 kHz, where it peaked at ~

/4 cycle, then the lead decreased back to zero. Qualitatively, our 

ndings share similarities with the guinea pig study, with similar 

eatures shifted to slightly higher frequencies. Contraction of the 

TM caused umbo motion attenuation of ~ 10 dB at frequencies 

rom 200 Hz to 1 kHz ( Fig. 13 A), and the attenuation was similar or

lightly larger at the PLP ( Fig. 17 A). The gain ratio became positive

rom ~ 4 to 10 kHz with a mild peak at ~5-6 kHz of a factor of ~2

6 dB) when measured at the umbo ( Fig. 13 C). The phase difference

as a lead of up to almost 0.2 cycle, with the lead persisting to ~

 kHz. From 6 - 50 kHz the phase difference meandered around 

ero through two broad variations, and the gain ratio also mean- 

ered through two peaks and valleys although above 30 kHz the 

ain ratio was always less than one – the TTM contraction caused 

ttenuation. 
timuli. The parenthetical numbers in the legends represent the number of runs in 

Hz. B & D. WFZ gain ratios and phase differences, spanning 1.5 - 50 kHz. 
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Fig. 17. TTM gain ratios and phase differences at the PLP with MFZ and WFZ multitone stimuli. The parenthetical numbers in the legends represent the number of runs in 

each alternating series. A & C. MFZ gain ratios and phase differences spanning 0.4 to 20 kHz. B & D. WFZ gain ratios and phase differences, spanning 1.5 - 50 kHz. 
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In the relatively narrow frequency range of Nuttall’s guinea pig 

tudy, the frequency-structure of the response to TTM contrac- 

ion could be quantitatively fit by a second order lumped element 

odel of middle ear transmission composed of a spring-mass- 

esistance in series. In the model, contraction of the TTM produced 

n increase in stiffness and decrease in resistance. The increased 

tiffness attenuated the low frequency responses and shifted an 

verdamped spring-mass resonance to a slightly higher frequency, 

ausing increased gain over a narrow range. This resonance- 

hifting effect has been observed in other experimental investiga- 

ions of the TTM ( Møller, 1965 ). The increased stiffness extended 

he low frequency stiffness-dominated region in which velocity 

eads pressure to higher frequencies, causing a phase lead of the 

ontracted relative to the uncontracted case. A simple illustration 

s given in Fig. 18 . This model and explanation would work for fre-

uencies through the first peak of our umbo gain ratio, ~ 10 kHz 

compare data in Fig. 13 B and E) but the lumped element model is

oo simple to explain the changes we observed at higher frequen- 

ies. 

Above a few kilohertz, the eardrum and ossicles exhibit com- 

lex vibrations, and the eardrum behaves as a distributed wave 

ystem that allows for transmission of high frequency sounds 

 Funnell et al., 1987 )( Puria & Allen, 1998 )( de La Rochefoucauld &

lson, 2010 )( Milazzo et al., 2017 ). Several computational models 

ave been developed to explore middle ear operation through a 

ide frequency range. One published model – a combination of 

igid bodies and finite elements – was designed to consider the ef- 
12 
ects of the TM’s angle, conical shape, and radial fibers ( Fay et al.,

006 ). This model found that increasing the depth of the TM’s 

hape – as the medially directed load the TTM places on the 

anubrium does – would cause a decrease in gain at frequencies 

p to ~ 2 kHz, and an increase from 2 to 10 kHz, followed by more

andom variations in gain. The deepening of the TM’s conical shape 

lso caused a phase lead up to ~ 4 kHz that was ~ 0.15 cycle at 2

Hz. While the lumped-element resonant circuit model is useful 

or developing basic understanding of the effect of TTM contrac- 

ion, in particular the mild peak in gain ratio that follows the pre- 

ictable reduction at low frequencies, a distributed model like that 

f ( Fay et al., 2006 ) is likely to be required to understand the full

ffect of TTM contraction observed in our study. 

While contraction-induced changes in gain were described 

bove as occurring over fairly broad frequency ranges, relatively 

harp frequency variations were also observed. When they ap- 

eared at the lowest and highest frequencies, these variations were 

ometimes due to noise, because at these frequencies the vibra- 

ions could be relatively small and were further attenuated by TTM 

ontraction. For example, in Fig. 12 the contraction-induced trends 

ere highly repeatable, but all of the sharp variations were not re- 

eatable, particularly below 1 kHz, and above 45 kHz at the LPI 

nd PLP. However, many sharp variations were robust. For exam- 

le, the expt. 10-16 gain ratio in Fig. 16 A showed a sharp notch 

t 1 kHz and wiggles at 3 and 5 kHz. The individual run data 

ondensed in that ratio are shown in Fig. 12 H; through three cy- 

les of contraction and relaxation (six runs), the sharp frequency- 
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Fig. 18. Spring-mass-resistance lumped element system can produce the observed gain ratio and phase difference by modeling the TTM contraction as increasing the stiffness 

and decreasing the resistance. A and B are magnitude and phase of the second order system, in the contracted and uncontacted states. C and D show the ratio of magnitudes 

and phase differences. Compare A to Fig. 12 B results, compare C&D to Fig. 13 B&E. 

Fig. 19. Example in which contraction-induced changes introduced repeatable fine structure in the umbo vibration. (Blues = uncontracted; reds = contracted). The structure 

that appeared with contraction at 5-6 kHz in the intact state persisted following removal of the PF, and was a robust feature of contraction in this preparation (10-5). 
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ependent variations were repeatable. Another example is Fig. 13 B, 

here a sharp valley at 5-6 kHz is observed in data set 10-5. This

as a robust and repeated variation in the basic data, even af- 

er PF removal, as shown in Fig. 19 . Sharp frequency-dependent 

ontraction-induced variations are not predicted by the simple fil- 

ering that was described in Fig. 18 but are consistent with a 

iew of middle ear mechanics as a sum of mistuned resonances 

 Funnell et al., 1987 )( Milazzo et al., 2017 ). 

Many questions remain about the behavior of the TTM in 

ature. One is the question of whether the muscle acts uni- 
13 
aterally or bilaterally. The stapedius is thought to act bilat- 

rally, although experiments using the acoustic reflex to pro- 

uce contraction have found differences in intensity of contrac- 

ion between the ipsilateral and contralateral stapedius mus- 

les ( Møller & Moore, 2001 ). A sufficient sound stimulus pro- 

uces contralateral contraction of the TTM; however, the con- 

ralateral contraction has been observed to be considerably 

eaker than the ipsilateral contraction ( Møller, 1965 ). It ap- 

ears likely that the action of the TTM is not perfectly 

ymmetrical. 
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Although the time-domain data from our click experiments do 

ot support the idea that TTM contributes to lateralization cues via 

nteraural delay differences, intensity differentials are also power- 

ul lateralization cues ( Erulkar, 1972 ). If the TTM contracts asym- 

etrically, it likely modulates these interaural pressure differen- 

ials, possibly playing a role in localization or attention. A recent 

eport found that in humans and monkeys saccadic ocular move- 

ents produce movements of the eardrums even in the absence 

f auditory stimuli ( Gruters et al., 2018 ). These oscillating move- 

ents of the eardrums, possibly the products of MEM contraction, 

ere directionally consistent with directional eye movements. In- 

eed, further investigation has shown that eye movement-related 

ardrum oscillations (EMREOs) are a function of eye movement 

nd absolute eye position ( Murphy et al., 2020 ). The mechanism 

f this interaction between sight and hearing has not been fully 

lucidated, however, should MEMs be found responsible for these 

MREOs, the muscles would appear to have a spatial orientation 

unction of some kind. 

The zwuis experiments were designed to measure the fre- 

uency structure of TTM effects on middle ear transmission. The 

requency-domain data revealed repeatable patterns of middle ear 

ransmission modulation, which at the lower frequencies can be 

xplained by an increased stiffness. Aside from a range of enhance- 

ent at the frequency of shifted overdamped spring-mass reso- 

ance (about 6 kHz in our gerbils), the TTM predominantly atten- 

ated umbo and ossicle vibrations. It was not an expected finding 

hat the TTM attenuated transmission at higher frequencies by the 

ame degree it attenuated low frequencies. It is notable that the 

requency range with the least attenuation was about 20 kHz to 30 

Hz. In this range, the muscle’s effect was close to neutral on aver- 

ge. Gerbil vocalizations are tonally and temporally complex, with 

0% at frequencies above 20 kHz ( Nakayama & Riquimaroux, 2017 ). 

ocalizations in the 20 kHz to 30 kHz range are biologically im- 

ortant and include mating and greeting calls. One group of in- 

estigators found that cochlear microphonic responses at ultra- 

onic frequencies were enhanced by 2-5 dB when gerbils were 

aired with a companion gerbil ( Nakayama & Riquimaroux, 2017 ). 

ochlear responses below 20 kHz did not display this companion- 

nhancement effect. At the umbo our gain ratio show a mild peak 

rom 20-30 kHz that produced a gain ratio slightly greater than 1 

mild enhancement) ( Fig. 13 C). At the LPI and PLP, the TTM pro-

uced attenuation above 10 kHz but the attenuation was smaller 

n the 20-30 kHz range. One can imagine a coordination of middle 

ar modulation and cochlear efferents that might be able to pro- 

uce the observed enhanced response in the cochlear microphonic. 

While the TTM may help gerbils hear the calls of their mates 

nd companions, hearing is a specialized sense; it is possible that 

he muscle may have a function that varies across species. Mid- 

le ear anatomy varies widely among terrestrial animals to accom- 

odate specific hearing needs ( Rosowski, 2003 ). Within Rodentia, 

iddle ear morphology is particularly variable ( Mason, 2015 ). Os- 

icular shape, arrangement of connective tissues, cavity size and 

hape all vary considerably between species. The histochemistry of 

he middle-ear muscles is also variable, and the TTM, in particular, 

emonstrates wide inter-species variation in cellular structure and 

istologic development ( Veggetti et al., 1982 ) ( Mascarello et al., 

983 ). Interspecific variation in the TTM provides both a window 

nd veil for investigations into its function. Structural, cellular, be- 

avioral, and acoustical variation in the muscle placed in the con- 

ext of a particular animal’s auditory needs may enhance our un- 

erstanding; however, it also limits the inferences we may draw 

rom animal models to inform human hearing. 

It will be important to correlate the TTM-mediated effects mea- 

ured here and previously with the actual incidence of TTM con- 

raction in the natural life of a gerbil, other important auditory 

odel animals, and humans. More direct observations of when 
14 
he muscle contracts in alert gerbils are needed. We considered 

 few approaches to this investigation. Fortunately, the TTM pro- 

uces a visually obviously movement of the eardrum. This was true 

or our electrically stimulated contraction, and other investigations, 

uch as those by Funnell ( Funnell, 1972 ) and in our own guinea

ig work, found that spontaneous contractions of the muscle were 

lainly visible in the motion of the eardrum. The approaches we 

onsider take advantage of this fact. Fine endoscopes are widely 

ommercially available and may allow for direct visualization of 

he eardrum. The anatomy of the bony meatus in gerbil, however, 

ould complicate the use of these devices in intact ears. Miniature 

ontact-lens scleral coils have been used to measure ocular mo- 

ions in mice ( Kaneko et al., 2010 ). Such technology could be ap-

lied to the detection of movement of the eardrum relative to the 

ead. Alternatively, we considered using a small mirror placed on 

he umbo and light-sensor device glued to the ear canal, in which 

TM contraction moves the reflected light on or off the sensor. In- 

estigations such as these will provide important context to the 

hysiological findings we have reported here. 

eclaration of Competing Interest 

The authors have no competing interests to declare. 

cknowledgements 

We thank Elika Fallah and C. Elliott Strimbu for experimental 

uidance and assistance and the two Hearing Research reviewers, 

ohn Rosowski and a second reviewer who remained anonymous, 

or improving the paper. 

unding sources 

This work was funded by NIH/NIDCD grant number DC015362, 

nd by the Emil Capita Foundation. 

uthor statement 

The contributions of each author are briefly described below: 
• Elizabeth Olson supervised theexperiments. 
• Mohamed Diop performed the initial set of experiments 

hich used a click stimulus. 
• Liam Gallagher performed the subsequent set of experiments 

hich used zwuis multitone stimuli. 
• Elizabeth Olson and Liam Gallagher co-wrote the manuscript, 

ith input from Mohamed Diop. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.heares.2021.108231 . 

eferences 

ngeli, R.D., Lise, M., Tabajara, C.C., Maffacioli, T.B., 2013. Voluntary contraction of 

the tensor tympani muscle and its audiometric effects. J. Laryngol. Otol. 127 
(12), 1235–1237. doi: 10.1017/S0022215113003149 . 

van, P., Loth, D., Menguy, C., Teyssou, M., 1992. Hypothetical roles of middle ear 
muscles in the guinea-pig. Hear. Res. 59 (1), 59–69. doi: 10.1016/0378-5955(92) 

90102-S . 
ance, M., Makki, F.M., Garland, P., Alian, W.A., Van Wijhe, R.G., Savage, J., 2013. 

Effects of tensor tympani muscle contraction on the middle ear and markers of 
a contracted muscle. Laryngoscope 123 (4), 1021–1027. doi: 10.1002/lary.23711 . 

org, E., 1972a. On the change in the acoustic impedance of the ear as a measure of

middle ear muscle reflex activity. Acta Oto-Laryngol. 74 (1–6), 163–171. doi: 10. 
3109/0 0 016487209128437 . 

org, E., 1972b. Regulation of middle ear sound transmission in the nonanes- 
thetized rabbit. Acta Physiol. Scand. 86 (2), 175–190. doi: 10.1111/j.1748-1716. 

1972.tb05324.x . 

https://doi.org/10.1016/j.heares.2021.108231
https://doi.org/10.1017/S0022215113003149
https://doi.org/10.1016/0378-5955(92)90102-S
https://doi.org/10.1002/lary.23711
https://doi.org/10.3109/00016487209128437
https://doi.org/10.1111/j.1748-1716.1972.tb05324.x


L. Gallagher, M. Diop and E.S. Olson Hearing Research 405 (2021) 108231 

B

C

C

C  

d

d  

D

D

D

E

F  

F

F
 

G  

G

G

G

G

H  

H

K

L

M

M  

 

 

M

M

M  

 

M

M

M

M

M

M

M  

N

N

N

O

P

P

R

R

R

R  

R

R

R

S

T

V

V

V

W

W

Z

org, E., Counter, S.A., Rösler, G., 1984. Theories of middle-ear muscle func- 
tion. In: The Acoustic Reflex. Academic Press, Inc, pp. 63–99. doi: 10.1016/ 

b978- 0- 12- 643450- 7.50 0 08-1 . 
armel, P.W., Starr, A., 1964. Non-acoustic factors influencing activity of middle ear 

muscles in waking cats. Nature 202, 195–196. doi: 10.1038/202195a0 . 
arney, L.H., Sarkar, S., Abrams, K.S., Idrobo, F., 2011. Sound-localization ability of the 

Mongolian gerbil (Meriones unguiculatus) in a task with a simplified response 
map. Hear. Res. doi: 10.1016/j.heares.2010.12.006 . 

ho, N. , Puria, S. , Ravicz, M.E. , 2019. Human tympanic-membrane shape and mid-

dle-ear delay changes due to mechanically pulling the tensor-tympani muscle. 
In: Proceedings of the Midwinter Meeting of the Association for Research in 

Otolaryngology . 
e La Rochefoucauld, O., Kachroo, P., Olson, E.S., 2010. Ossicular motion related to 

middle ear transmission delay in gerbil. Hear. Res. 270 (1–2), 158–172. doi: 10. 
1016/j.heares.2010.07.010 . 

e La Rochefoucauld, O., Olson, E.S., 2010. A sum of simple and complex motions on

the eardrum and manubrium in gerbil. Hear. Res. 263 (1–2), 9–15. doi: 10.1016/ 
j.heares.2009.10.014 . 

ecraemer, W.F., de La Rochefoucauld, O., Funnell, W.R.J., Olson, E.S, 2014. Three- 
dimensional vibration of the malleus and incus in the living gerbil. JARO - J. 

Assoc. Res. Otolaryngol. 15 (4), 483–510. doi: 10.1007/s10162-014-0452-1 . 
jupesland, G., 1964. Middle ear muscle reflexes elicited by acoustic and nonacous- 

tic stimulation. Acta Oto-Laryngol. 188, 287. doi: 10.3109/0 0 016486409134578 . 

ong, W., Olson, E.S., 2013. Detection of cochlear amplification and its activation. 
Biophys. J. 105 (4), 1067–1078. doi: 10.1016/j.bpj.2013.06.049 . 

rulkar, S.D., 1972. Comparative aspects of spatial localization of sound. Physiol. Rev. 
52 (1), 238–346. doi: 10.1152/physrev.1972.52.1.237 . 

ay, J. P., Puria, S., & Steele, C. R. (2006). The discordant eardrum. Proceedings of
the National Academy of Sciences of the United States of America , 103(52), 19743–

19748. doi: 10.1073/pnas.0603898104 . 

unnell, W.R.J , 1972. Middle-ear impedance and effects of middle-ear muscles MS 
Thesis. McGill University . 

unnell, W.R.J., Decraemer, W.F., Khanna, S.M, 1987. On the damped frequency re- 
sponse of a finite-element model of the cat eardrum. J. Acoust. Soc. Am. 81 (6),

1851–1859. doi: 10.1121/1.394749 . 
alambos, R., Rupert, A., 1959. Action of the middle ear muscles in normal cats. J.

Acoust. Soc. Am. 31 (3), 349–355. doi: 10.1121/1.1907723 . 

elfand, S.A. , 1998. Hearing: An Introduction to Psychological and Physiological 
Acoustics, Third Edition. CRC Press . 

elfand, S.A. , 2009. Hearing: An Introduction to Psychological and Physiological 
Acoustics, Fifth Edition. CRC Press . 

ruters, K.G., Murphy, D.L.K., Jenson, C.D., Smith, D.W., Shera, C.A., Groh, J.M, 2018. 
The eardrums move when the eyes move: a multisensory effect on the mechan- 

ics of hearing. Proc. Natl. Acad. Sci. USA 115 (6), E1309–E1318. doi: 10.1073/pnas. 

1717948115 . 
yo, K., Goode, R.L., 1987. Effects of middle ear pressure changes on umbo vibration. 

Auris Nasus Larynx 14 (3), 131–137. doi: 10.1016/S0385-8146(87)80013-5 . 
onjo, I., Ushiro, K., Haji, T., Nozoe, T., Matsui, H., 1983. Role of the tensor tympani

muscle in eustachian tube function. Acta Oto-Laryngol. 95 (3–4), 329. doi: 10. 
3109/0 0 016488309130950 , 329 . 

uang, S., Dong, W., Olson, E.S., 2012. Subharmonic distortion in ear canal pressure 
and intracochlear pressure and motion. JARO - J. Assoc. Res. Otolaryngol. 13 (4), 

461–471. doi: 10.1007/s10162-012-0326-3 . 

aneko, C.R.S., Rosenfeld, S., Fontaine, E., Markov, A., Phillips, J.O., Yarno, J, 2010. A 
preformed scleral search coil for measuring mouse eye movements. J. Neurosci. 

Methods 193 (1), 126–131. doi: 10.1016/j.jneumeth.2010.08.023 . 
enarz, T., 2002. The use of gerbils (meriones unguiculatus) as an animal-model in 

ontogenetic cochlear-implant-research. Otol. Neurotol. 48 (3), 209–214. doi: 10. 
1097/0 0129492-20 02110 0 0-0 0 042 . 

aftoon, N., Funnell, W.R.J., Daniel, S.J., Decraemer, W.F, 2014. Effect of opening 

middle-ear cavity on vibrations of gerbil tympanic membrane. JARO - J. Assoc. 
Res. Otolaryngol. 15 (3), 319–334. doi: 10.1007/s10162-014-0442-3 . 

ascarello, F. , Veggetti, A . , Carpene, E. , Rowlerson, A . , 1983. An immunohistochemi-
cal study of the middle ear muscles of some carnivores and primates, with spe-

cial reference to the IIM and slow-tonic fibre types. J. Anatomy 137 (1), 95–108 .
ason, M.J., 2015. Functional morphology of rodent middle ears. In: Evolution of 

the Rodents: Advances in Phylogeny, Functional Morphology and Development. 

Cambridge University Press, pp. 373–404. doi: 10.1017/CBO9781107360150.015 . 
ason, M.J., 2016. Structure and function of the mammalian middle ear. I: large 

middle ears in small desert mammals. J. Anatomy 228 (2), 284–299. doi: 10.1111/ 
joa.12313 . 

ilazzo, M., Fallah, E., Carapezza, M., Kumar, N.S., Lei, J.H., Olson, E.S., 2017. The path
of a click stimulus from ear canal to umbo. Hear. Res. 346, 1–13. doi: 10.1016/j.

heares.2017.01.007 . 

iyawaki, H., Nakayama, A., Hiryu, S., Kobayasi, K.I., Riquimaroux, H., 2015. Auditory 
sensitivity shift by attention in Mongolian gerbil. J. Acoust. Soc. Am. 138 (3), 

1792. doi: 10.1121/1.4 9336 84 . 
15 
øller, A.R., 1964. Effect of tympanic muscle activity on movement of the eardrum, 
acoustic impedance and cochlear microphonics. Acta Oto-Laryngol. 58, 1–10. 

doi: 10.3109/0 0 016486409121413 . 
øller, A.R., 1965. An experimental study of the acoustic impedance of the mid- 

dle ear and its transmission properties. Acta Oto-Laryngol. 60, 129–149. doi: 10. 
3109/0 0 016486509126996 . 

øller, A.R., 1984. Neurophysiological Basis of the Acoustic Middle-Ear Reflex. In. 
The Acoust. Reflex 1–34. doi: 10.1016/b978- 0- 12- 643450- 7.50 0 06-8 . 

øller, A.R. , Moore, B.C.J , 2001. Hearing: Its Physiology and Pathophysiology. Aca- 

demic Press, Inc . 
ukerji, S., Windsor, A.M., Lee, D.J., 2010. Auditory brainstem circuits that medi- 

ate the middle ear muscle reflex. Trends Amplif. 14 (3), 170–191. doi: 10.1177/ 
1084713810381771 . 

urphy, D.L., King, C., Schlebusch, S., Shera, C., Groh, J., 2020. Evidence for a system
in the auditory periphery that may contribute to linking sounds and images in 

space. BioRxiv (Preprint) 1–31. doi: 10.1101/2020.07.19.210864 . 

akayama, A., Riquimaroux, H., 2017. Sensitivity to high frequency communica- 
tion sounds in the inner ear enhanced by selective attention: preliminary 

findings in mongolian gerbils. J. Comput. Acoust. 25 (3), 1–11. doi: 10.1142/ 
S0218396X17500163 . 

ishiyama, K., Kobayasi, K.I., Riquimaroux, H., 2011. Vocalization control in Mongo- 
lian gerbils (Meriones unguiculatus) during locomotion behavior. J. Acoust. Soc. 

Am. 130 (6), 4148–4157. doi: 10.1121/1.3651815 . 

uttall, A.L., 1974. Tympanic muscle effects on middle-ear transfer characteristic. J. 
Acoust. Soc. Am. 56 (4), 1239–1247. doi: 10.1121/1.1903414 . 

verstreet, E.H., Ruggero, M.A., 2002. Development of wide-band middle ear trans- 
mission in the Mongolian gerbil. J. Acoust. Soc. Am. 111 (1), 261–270. doi: 10. 

1121/1.1420382 . 
olitzer, A., 1909. A textbook of the diseases of the ear. english translation by. 

In: Ballin, Milton J., Heller, Clarence L. (Eds.), The Boston Medical and Surgical 

Journal, Fifth edition In. The Boston Medical and Surgical Journal doi: 10.1056/ 
nejm190912301612709 . 

uria, S., Allen, J.B., 1998. Measurements and model of the cat middle ear: evidence 
of tympanic membrane acoustic delay. J. Acoust. Soc. Am. 104 (6), 3463–3481. 

doi: 10.1121/1.423930 . 
amírez, L.M. , Ballesteros, L.E. , Sandoval, G.P. , 2007. Tensor tympani muscle: strange 

chewing muscle. Medicina Oral, Patología Oral y Cirugía Bucal 12 (2), 96–100 . 

avicz, M.E., Cooper, N.P., Rosowski, J.J., 2008. Gerbil middle-ear sound transmis- 
sion from 100Hzto60kHz. J. Acoust. Soc. Am. 124 (1), 363–380. doi: 10.1121/1. 

2932061 . 
avicz, M.E., Rosowski, J.J., Voigt, H.F., 1992. Sound-power collection by the auditory 

periphery of the Mongolian gerbil Meriones unguiculatus . I: Middle-ear input 
impedance. J. Acoust. Soc. Am. 92 (1), 157–177. doi: 10.1121/1.404280 . 

ock, E. , 1995. Objective tinnitus and the tensor tympani muscle. Int. Tinnitus J. 1

(1), 30–37 . 
osowski, J.J., 2003. The middle and external ears of terrestrial vertebrates as me- 

chanical and acoustic transducers. In: Sensors and Sensing in Biology and Engi- 
neering. Springer, pp. 59–69. doi: 10.1007/978- 3- 7091- 6025- 1 _ 5 . 

osowski, J.J., Ravicz, M.E., Teoh, S.W., Flandermeyer, D., 1999. Measurements of 
middle-ear function in the Mongolian gerbil, a specialized mammalian ear. Au- 

diol. Neuro-Otol. 4 (3–4), 129–136. doi: 10.1159/0 0 0 013831 . 
yan, A., 1976. Hearing sensitivity of the mongolian gerbil, Meriones unguiculatis. J. 

Acoust. Soc. Am. 59 (5), 1222–1226. doi: 10.1121/1.380961 . 

mith, H. , 1943. Audiometric effects of voluntary contraction of the tensor tympani 
muscles. Arch Otolaryngol 19 (369), 72 . 

eoh, S.W., Flandermeyer, D.T., Rosowski, J.J., 1997. Effects of pars flaccida on sound 
conduction in ears of Mongolian gerbil: Acoustic and anatomical measurements. 

Hear. Res. 106 (1–2), 39–65. doi: 10.1016/S0378-5955(97)0 0 0 02-6 . 
an der Heijden, M., Joris, P.X., 2003. Cochlear phase and amplitude retrieved from 

the auditory nerve at arbitrary frequencies. J. Neurosci. 23 (27), 9194–9198. 

doi: 10.1523/jneurosci.23- 27- 09194.2003 . 
eggetti, A. , Mascarello, F. , Carpenè, E. , 1982. A comparative histochemical study of 

fibre types in middle ear muscles. J. Anatomy 135 (Pt 2), 333–352 . 
oss, S.E., Rosowski, J.J., Merchant, S.N., Peake, W.T., 2001. How do tympanic- 

membrane perforations affect human middle-ear sound transmission? Acta Oto- 
Laryngol. 121, 169–173. doi: 10.1080/0 0 016480130 0 043343 . 

ickens, B., Floyd, D., Bance, M., 2017. Audiometric findings with voluntary tensor 

tympani contraction. J. Otolaryngol. Head Neck Surg. 46 (1), 1–5. doi: 10.1186/ 
s40463- 016- 0182- y . 

olf, M., Schuchmann, M., Wiegrebe, L., 2010. Localization dominance and the ef- 
fect of frequency in the Mongolian Gerbil, Meriones unguiculatus. J. Compar. 

Physiol. A: Neuroethol. Sens. Neural Behav. Physiol. 196, 463–470. doi: 10.1007/ 
s00359- 010- 0531- 7 . 

heng, Y., Ohyama, K., Hozawa, K., Wada, H., Takasaka, T., 1997. Effect of anes- 

thetic agents and middle ear pressure application on distortion product otoa- 
coustic emissions in the gerbil. Hear. Res. 112 (1–2), 167–174. doi: 10.1016/ 

S0378- 5955(97)00118- 4 . 

https://doi.org/10.1016/b978-0-12-643450-7.50008-1
https://doi.org/10.1038/202195a0
https://doi.org/10.1016/j.heares.2010.12.006
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0009
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0009
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0009
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0009
https://doi.org/10.1016/j.heares.2010.07.010
https://doi.org/10.1016/j.heares.2009.10.014
https://doi.org/10.1007/s10162-014-0452-1
https://doi.org/10.3109/00016486409134578
https://doi.org/10.1016/j.bpj.2013.06.049
https://doi.org/10.1152/physrev.1972.52.1.237
https://doi.org/10.1073/pnas.0603898104
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0017
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0017
https://doi.org/10.1121/1.394749
https://doi.org/10.1121/1.1907723
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0020
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0020
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0021
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0021
https://doi.org/10.1073/pnas.1717948115
https://doi.org/10.1016/S0385-8146(87)80013-5
https://doi.org/10.3109/00016488309130950
https://doi.org/10.1007/s10162-012-0326-3
https://doi.org/10.1016/j.jneumeth.2010.08.023
https://doi.org/10.1097/00129492-200211000-00042
https://doi.org/10.1007/s10162-014-0442-3
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0029
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0029
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0029
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0029
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0029
https://doi.org/10.1017/CBO9781107360150.015
https://doi.org/10.1111/joa.12313
https://doi.org/10.1016/j.heares.2017.01.007
https://doi.org/10.1121/1.4933684
https://doi.org/10.3109/00016486409121413
https://doi.org/10.3109/00016486509126996
https://doi.org/10.1016/b978-0-12-643450-7.50006-8
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0037
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0037
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0037
https://doi.org/10.1177/1084713810381771
https://doi.org/10.1101/2020.07.19.210864
https://doi.org/10.1142/S0218396X17500163
https://doi.org/10.1121/1.3651815
https://doi.org/10.1121/1.1903414
https://doi.org/10.1121/1.1420382
https://doi.org/10.1056/nejm190912301612709
https://doi.org/10.1121/1.423930
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0046
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0046
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0046
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0046
https://doi.org/10.1121/1.2932061
https://doi.org/10.1121/1.404280
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0049
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0049
https://doi.org/10.1007/978-3-7091-6025-1_5
https://doi.org/10.1159/000013831
https://doi.org/10.1121/1.380961
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0053
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0053
https://doi.org/10.1016/S0378-5955(97)00002-6
https://doi.org/10.1523/jneurosci.23-27-09194.2003
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0056
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0056
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0056
http://refhub.elsevier.com/S0378-5955(21)00065-4/sbref0056
https://doi.org/10.1080/000164801300043343
https://doi.org/10.1186/s40463-016-0182-y
https://doi.org/10.1007/s00359-010-0531-7
https://doi.org/10.1016/S0378-5955(97)00118-4

	Time-domain and frequency-domain effects of tensor tympani contraction on middle ear sound transmission in gerbil
	1 Introduction
	2 Methods
	2.1 The sound stimulus
	2.2 Animal preparation
	2.3 Electrical stimulus
	2.4 Measurements

	3 Results
	3.1 Click experiments
	3.2 Zwuis experiments
	3.3 Gain changes with TTM contraction
	3.4 Frequency structure at the umbo
	3.5 LPI and PLP

	4 Discussion
	Declaration of Competing Interest
	Acknowledgements
	Funding sources
	Author statement
	Supplementary materials
	References


