Hearing Research 405 (2021) 108231

Contents lists available at ScienceDirect

Hearing Research

Hearing Research

journal homepage: www.elsevier.com/locate/heares

Research Paper

Time-domain and frequency-domain effects of tensor tympani n
contraction on middle ear sound transmission in gerbil

Liam Gallagher? Mohamed Diop?, Elizabeth S. Olson"*

A30TO/HNS, Columbia University Medical Center, New York, United States
Y OTO/HNS and BME, Columbia University, 630 W 168th street, New York, NY 10032 United States

ARTICLE INFO

Article history:

Received 12 January 2021
Revised 17 March 2021
Accepted 20 March 2021
Available online 8 April 2021

Keywords:

Middle ear

Tensor tympani

Umbo motion

Pulse train stimulus
Zwuis multitone

Click

Gerbil auditory system

ABSTRACT

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 ps 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.

1. Introduction

The middle ear efficiently conducts sound from the air of the
ear canal to the fluid of the cochlea, through membrane, bone, and
joint. The movements of the eardrum and ossicles are complex, yet
the sound stimulus at the eardrum ends up quite faithfully repro-
duced in the motion of the stapes at the oval window (Fay et al.,
2006). However, the middle ear is not a purely passive impedance
transformer. The two muscles of the middle ear - the stapedius
muscle and the tensor tympani muscle (TTM) - apply loads to the
ossicles that change the way they move, thus modulating the sig-
nal that is delivered to the inner ear. In human, contraction of the
TTM exerts an anteromedial force on the handle of the malleus
producing an inward deflection and tensing of the tympanic mem-
brane. The stapedius applies a posterior load on the neck of the
stapes, stiffening the annular ligament around the footplate. Tra-
ditionally, these anatomically antagonistic muscles were thought
to be functionally synergistic and to comprise the acoustic reflex
(Gelfand, 1998). Over time, however, the acoustic reflex has come
to be understood as the stapedial reflex, with the TTM playing a
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minor role or no role at all (Gelfand, 2009). The function of the
TTM has remained a subject of interest and some mystery.

There are numerous theories about the function of the TTM,
many of which are as old as our knowledge of the muscle it-
self. In 1600, a few decades after the muscle was originally de-
scribed by Eustachius, the first theory of the function of the mus-
cle was proposed: that it serves to protect the eardrum from loud
sounds (Borg et al., 1984). Not much later, the idea emerged that
the muscle might selectively tune the ear to certain frequencies
(Borg et al., 1984). Others offered the analogy of the ciliary mus-
cle of the eye, suggesting that the TTM contributes to the dynamic
range of audition through accommodation. Over the decades and
centuries, important theories of TTM function and mechanism have
emerged and evolved. These include: 1) protection against inju-
rious sounds; 2) frequency-tuning; 3) ossicular support/fixation;
4) labyrinthine pressure control; 5) pneumatic Eustachian func-
tion; 6) sound localization; 7) dampening self-generated sounds
(Borg et al., 1984). Each of these theories has sought to integrate
our knowledge of the muscle’s anatomy, triggers, neuronal input,
and its effect on hearing in humans and important animal models.

Relative to the neural circuit of the stapedial reflex, the neu-
ronal inputs to the TTM are complex (Mukerji et al., 2010). This
complexity is consistent with observations that the TTM con-
tracts with not only intense sounds, but also self-generated sounds,
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non-auditory stimuli, and even voluntarily (Megller, 1984). In con-
trast, case reports of voluntary control of the stapedius mus-
cle are notably absent from the literature. Although the TTM is
less acoustically active than the stapedius, anticipation of a loud
noise or startle can cause contraction (Djupesland, 1964). Non-
auditory triggers such as forceful eye closure and orbital air jets
have been shown to produce strong TTM contractions in hu-
mans (Rock, 1995)(Bance et al., 2013). As a muscle innervated by
the mandibular nerve, it has been argued that the TTM should
be considered a muscle of mastication and that it is responsi-
ble for attenuating sounds produced by eating and vocalization
(Ramirez et al., 2007). In cat, the TTM contracts in anticipation
of vocalizations and also with large bodily movements (Galambos
& Rupert, 1959)(Carmel & Starr, 1964). Although the muscles in
the group innervated by the mandibular nerve are traditionally re-
ferred to as the muscles of mastication, these also include muscles
involved in Eustachian tube function, notably the tensor veli pala-
tini. In fact, the TTM is intimately related to the tensor veli palatini,
and some have suggested that the two muscles may act in concert
to open the Eustachian tube and normalize middle ear static pres-
sure (Honjo et al., 1983).

Observations of individuals with voluntary control of the mus-
cle were some of the earliest investigations and indicated that the
muscle might have a frequency-dependent effect. As early as the
19th century, Politzer observed the effects of the TTM on sound
transmission: “during the contractions the hearing distance was di-
minished, the deep tones became deadened and indistinct, and the
high tones ascended about one quarter of a tone” (Politzer, 1909).
When audiometry became available, quantitative analysis of volun-
tary TTM contraction was shown to be consistent with Politzer’s
earlier qualitative impressions (Smith, 1943). Other more recent
case reports and case series of individuals with voluntary TTM con-
trol have repeated earlier findings that the muscle can produce
low-frequency hearing loss and tinnitus, often described as “crack-
ing” or “rumbling” (Angeli et al., 2013)(Wickens et al., 2017).

Experimental investigations of the acoustic effects of the mus-
cle have been conducted in cadaveric human temporal bones, cat,
rabbit, and guinea pig. In cadaveric human temporal bones, sec-
tioning the TTM had minimal effect on umbo displacement, sug-
gesting that the muscle does not exert a passive effect in the ab-
sence of contraction (Gyo & Goode, 1987). More recently, static
pulls on the TTM in human cadaveric temporal bones were re-
ported to produce a six-fold decrease in sound-driven umbo dis-
placement and 200 ps reduction in middle-ear delay at frequen-
cies below 1kHz (Cho et al., 2019). This 200 ps delay represents a
significant fraction of the maximum interaural delay which might
indicate that the muscle plays a role in enhancing lateralization
cues.

There is a long history of experimental investigations in animal
models focused on both middle-ear muscles (MEMs) and the TTM
specifically. Many early experiments measured the cochlear micro-
phonic or middle ear impedance (Avan et al., 1992). In one report,
cochlear microphonic in unanesthetized cats was measured chron-
ically over months after cutting the middle-ear muscles on one
side (Galambos & Rupert, 1959). Cochlear microphonic in the intact
ear was attenuated relative to the side with the muscles cut when
the sound stimulus exceeded the amplitude threshold required to
evoke MEM contraction. Isolating the two muscles indicated that
the stapedius was primarily responsible for these effects. Similar
experiments in rabbit produced similar findings: that attenuation
of cochlear microphonic was primarily due to the stapedius mus-
cle and greatest at low frequencies (Borg, 1972b). In guinea pig,
changes in middle ear impedance with spontaneous contractions
of the middle ear muscles indicated that the muscles attenuate
low frequencies but have complex effects at higher frequencies
(Funnell, 1972).
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Nuttall measured cochlear microphonic in guinea pigs while
eliciting TTM contraction with a voltage pulse train stimulus,
where earlier experiments had relied upon the acoustic reflex,
spontaneous contractions, or the application of artificial tension
to the tendons of the MEMs (Nuttall, 1974). The use of electrical
stimulus to contract the TTM allowed for specific and physiolog-
ical contraction of each MEM. Each muscle produced frequency-
dependent effects on the cochlear microphonic. The studies of Nut-
tall followed decades of observations in which contraction-induced
changes in cochlear microphonic have been used to assess middle-
ear sound transfer (Borg, 1972a)(Mpgller, 1964)(Meller, 1965).

The Mongolian gerbil, meriones unguiculatus, has served as
an important model animal for study of the mammalian audi-
tory system, for example (Wolf et al., 2010)(Lenarz, 2002)(Dong
& Olson, 2013)(Carney et al., 2011). The audible frequency ranges
of the human and gerbil are reasonably similar, although the
gerbil's range extends to higher frequencies (Rosowski et al.,
1999)(Ryan, 1976). Mongolian gerbils, like other desert mam-
mals, have relatively large middle ear spaces which facilitates sur-
gical investigation of the muscles and other structures therein
(Mason, 2016). Many gerbil vocalizations are ultrasonic (higher
than 20kHz), and hearing sensitivity at those frequencies is af-
fected by their surroundings (Nishiyama et al.,, 2011). Specifically,
experiments have shown enhancement in the cochlear micro-
phonic response, but only when a gerbil was alert and interacting
with a companion gerbil (Miyawaki et al., 2015). The mechanism
of this enhancement has not been described.

The study here used two different types of broadband stim-
uli in two separate sets of experiments in two separate sets of
animals. The broadband nature of the stimuli was important be-
cause it allowed for rapid data collection during the time when
the muscle was electrically stimulated. Thus, any time-dependent
changes in TTM contraction would occur at all the frequencies
concurrently and not introduce a frequency-dependent bias. Clicks
were our first broadband stimuli. Transient sounds like clicks, frica-
tives, and sharp rustling noises are common sounds whose per-
ception and localization is important for communication and sur-
vival. Significant changes to transmission upon TTM contraction
such as changes in transmission delay or changes in response per-
sistence might be more apparent when visualized in the time-
domain. Moreover, the click stimulus and response can be cast
into the frequency domain to find the frequency-dependent trans-
fer function. However, the click was not a perfectly flat broadband
stimulus and contained less sound energy at frequencies below ~2
kHz and above ~35 kHz. The second set of experiments used zwuis
multitone stimuli, calibrated to provide a uniform sound pressure
level at each of the included frequencies. We used three different
multi-tone zwuis probes, with low, medium and wide-band fre-
quency representation.

The experimental approach employed in this report can be un-
derstood as an evolution of that employed by Nuttall, using a volt-
age pulse train to stimulate the muscle. Our experimental priori-
ties were to: 1) produce a physiological, near-maximal contraction
of the muscle; 2) probe with a broadband sound stimulus; 3) pre-
pare an acoustically intact middle ear space; 4) use vibrometry to
measure middle ear motion changes at points along the chain of
transmission. A desire for realism guided these priorities. Deliver-
ing an electrical stimulus to the muscle produced a highly repeat-
able, contraction-mediated load on the malleus. Using click and
zwuis sound stimuli enabled measurement of time-domain and
frequency-domain responses with a full-strength muscle contrac-
tion. Opening the bulla is known to affect middle ear transmission
(Ravicz et al., 1992), particularly at low frequencies. It is also at low
frequencies where the effects of TTM contraction are expected to
be large. In our set of multitone experiments we sealed the bulla
after electrode placement to more fully investigate the frequency-



L. Gallagher, M. Diop and E.S. Olson

Sound pressure click

-2 L I |
0 0.5 1

Time (ms)

Pascals

Hearing Research 405 (2021) 108231

Sound pressure spectrum

20
Frequency (kHz)

30 40 50

Fig. 1. A. Click stimulus measured just outside the ear canal. B. Frequency domain representation. Expt 4-30-19 run 3.

structure of TTM contraction. Finally, most investigations on the
effect of the TTM have focused on cochlear responses, which are
indirect measurements of middle ear vibration, so it was impor-
tant to elucidate the more proximate effects the TTM has on the
movement of the eardrum and ossicles.

2. Methods

We present results on the effect of TTM contraction on middle
ear transmission from 13 young adult gerbils, aged 2-3 months and
weighing between 40 and 60 grams. The experiments using a click
stimulus were numbered (dated): 4-9-19, 4-17-19, 4-30-19, 5-6-19.
The experiments using zwuis stimuli were numbered (dated): 7-
30-20, 8-13-20, 9-10-20, 9-18-20, 10-5-20, 10-14-20, 10-16-20, 11-
3-20, and 11-13-20. Several additional gerbils were used in the de-
velopment of the study.

2.1. The sound stimulus

Two different broadband sound stimulus types were used, click
and multitone. In all experiments, the sound stimulus was deliv-
ered open-field ~1cm from the ear canal and measured by the
microphone, which was placed just outside the ear canal, within
~5 mm of the eardrum. The first set of experiments used a click.
To create the acoustic click, a TDT (Tucker Davis Technologies,
Alachua, Florida) RX6 signal processor, sampling at 5 ps, produced
a voltage that went from 0 to a peak value in 5 ps, stayed up for
two samples and then ramped back down to 0. This voltage sig-
nal drove a TDT HB7 headphone buffer, which drove a JIX earbud.
This resulted in an acoustic click ~ 20 ps in duration. A perfect
20 ps rectangular pulse stimulus cast into the frequency domain
is a broad-band stimulus, that drops to a factor of ~0.7 at 25 kHz
and to zero at 50 kHz, followed by side lobes. When cast into the
frequency domain the click showed structure below 5 kHz, was
nearly flat from ~ 5 to 20 kHz, and then sloped downward irreg-
ularly but contained significant energy up to ~40 kHz (Fig. 1.) The
click responses were measured over 2 ms, thus 500 Hz is the reso-
lution of the frequency-domain representation. For the click exper-
iments, the acoustic stimuli and velocity responses were recorded
and time-averaged (~500 averages) by a LeCroy oscilloscope sam-
pling at 500 MHz, whose sweeps were triggered by the voltage
pulses driving the speaker. The averaged responses were trans-
ferred to a computer for offline analysis using software written in
MATLAB. The microphone was a Sokolich probe tube ultramicro-
phone. The velocity was measured with a laser interferometer, de-
scribed later.

The multitone stimulus was a set of zwuis complexes, which
deliver many frequencies at the same time without overlap of
higher-order distortion products (Van der Heijden & Joris, 2003).

The middle ear is linear to very high sound level, (Huang et al.,
2012) so this aspect of the zwuis is not as critical for middle ear
measurements as for cochlear measurements, but it was useful for
providing a well-controlled multi-tone level. An earbud was used
as speaker and was driven by the TDT RX6 signal processor, atten-
uator PA5, and HB7 headphone buffer. The acoustic and velocity re-
sponses were recorded into the TDT RX6 and analyzed with MAT-
LAB. Three different but overlapping zwuis complexes were used:
1) a Low Frequency probe with 20 tones between 200 Hz and 2
kHz (termed VLFZ for “very low frequency zwuis”), 2) a Medium
Frequency probe with 40 tones between 400 Hz and 20 kHz (MFZ),
and 3) Wide Frequency probe with 40 tones between 1500 Hz and
50 kHz (WFZ). As shown in Fig. 2, the distribution of frequencies in
the WFZ becomes sparse above 45 kHz. All zwuis complexes were
5s in duration. A cosine envelope with a 0.5 ms on/off ramp was
applied to the zwuis signal to reduce onset/offset transients. The
voltage to the speaker was calibrated to produce equal sound level
at each frequency. The frequencies in the zwuis stimulus were set
so their periods fit evenly within the data collection window. An
FFT was applied to the recorded time waveform of the response to
find the frequency domain response. Generally, the zwuis probes
were delivered at either 70 or 80dB SPL (per tone) to maximize
the signal-to-noise, although some early series were conducted at
50 and 60dB SPL. (SPL is for “sound pressure level” where the stim-
ulating pressure amplitude can be found using SPL = 20log(P/Pref),
where Pref is 20pPa.) Spectra of each zwuis complex as delivered
by the earbud speaker at 70dB and measured by the Sokolich ul-
tramicrophone are in Fig. 2.

2.2. Animal preparation

The experimental protocol was approved by the Institutional
Animal Care and Use Committee of Columbia University. The ger-
bils were sedated with ketamine and anesthetized with pentobar-
bital (doses: 3 mg ketamine, 40 mg/kg pentobarbital). Subsequent
doses of pentobarbital were given as indicated by the presence of
a response to a toe-pinch. Buprenorphine was given for analgesia,
dosed every six hours (dose: 0.2 mg/kg). The eyes were not treated
with lubricant as these were acute non-survival surgeries. Body
temperature was monitored and maintained with a rectal probe
and thermostatic heating pad. The skull was affixed to a head-
holder. A tracheostomy was performed to maintain a patent air-
way. The pinna was removed and the tissue overlying the bulla
was dissected and removed. The bony meatus overlying the umbo
was cut back without entering the middle ear cavity, to improve
the viewing angle to the umbo. A 27 gauge needle (outer diame-
ter 0.4mm) was used to make a vent in the bulla to account for
the 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.
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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.

cause the middle ear space to become pressurized (Zheng et al.,
1997). An opening in the bulla was made inferiorly and medially
and expanded only as much as necessary to visualize the middle
ear muscles. In the click set of experiments the stapedius was in-
tact. In the zwuis set the stapedius tendon was sectioned near its
insertion on the neck of the stapes. (Sectioning of the stapedius
was included to ensure that incidental contraction of the stapedius
was not contributing to the effects we measured but did not result
in a significant change in the results.) Using a micromanipulator, a
tungsten electrode was placed such that the tip touched the belly
of the TTM, as shown in Fig. 3. A silver wire was placed in a mus-
cle in the neck of the gerbil to provide the reference for the voltage
stimulus.

2.3. Electrical stimulus

Nuttall’s experiments in guinea pig (Nuttall, 1974) guided our
choice of the electrical stimulus used to stimulate the TTM. The
pulse train stimulus consisted of voltage pulses 100 ps in dura-
tion, delivered at a rate of 100 Hz. The voltage stimulus caused
a brisk, visible contraction of the muscle and displacement of the
eardrum, which was monitored via the video camera that is part of
the Polytec laser vibrometer. The sound stimulus was delivered af-
ter this rapid deflection of the eardrum was observed. The electri-
cal stimulus was discontinued as soon as the sound stimulus was
over. Two minutes were allowed between each stimulation of the
muscle. 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).

ically 5V, based on visualization of muscle contraction when set-
ting up the experiment. With the zwuis experiments, we tested
various amplitudes and found that the visual intensity of the con-
traction saturated around 4V, and this was corroborated by the ve-
locity response data. Thus, a 4V pulse size was used in this set. A
solid but slightly submaximal contraction was desirable since the
muscle was stimulated dozens of times in each experiment over
a period of hours. The data indicate the contraction produced by
the stimulus remained highly consistent run-to-run and over the
course of the experiment.

2.4. Measurements

The head was oriented so the beam of the laser interferome-
ter was initially focused on the umbo. A laser Doppler vibrometer
(LDV) was used to record the velocity responses of the umbo and
other locations along the ossicular chain (Polytec LDV OFV-534,
and VD-06 decoder). The LDV’'s Helium-Neon laser was focused on
the preparation with a 5x Mitutoyo lens with 33.5 mm focusing
distance and focused spot size of diameter ~ 3 pm.

For the click set of experiments the bulla was open, which re-
duced the umbo response at frequencies below ~ 5 kHz. In order
to probe this lower frequency region more accurately, in the sec-
ond, zwuis set of experiments, after placing the electrode, surgi-
cal Ethicon bone wax was placed around the electrode to seal the
opening. Opening the bulla is known to affect middle ear transmis-
sion, and these effects have been studied in gerbils. When using
a sound source that is sealed within the ear canal, progressively
opening the bulla decreased the stiffness of the middle ear which
increased low-frequency responses, shifted down the main middle
ear resonance, and produced an antiresonance that increased in
frequency with the extent of bulla opening (Maftoon et al., 2014).
In our setup, in which the sound was delivered open-field, our pri-
ority was to prepare an acoustically intact bulla that would not al-
low an accessory route for sound waves to stimulate the eardrum
from the back. We investigated the efficacy of closing the bulla
opening with bone wax by measuring sound-stimulated umbo mo-
tion with the bulla 1) vented (0.4mm diameter) but otherwise in-
tact, 2) opened as necessary for placement of the electrode, and 3)
once that opening was closed with wax. Our results, shown in the
section below, indicate that bone wax closure successfully reversed
the effects of opening the bulla on umbo motion. The bulla was
open in the click experiments as the closure technique had not yet
been developed during the first series of experiments. This differ-
ence will be discussed later with a comparison of the frequency-
structure of the data from the click and multitone experiments.

The velocity response at the umbo was measured in a series
of repeating runs with a single stimulus (click or zwuis) with the
TTM stimulated every other run. The number of runs in a series is
indicated in the reported data. In the zwuis experiments, following
a series of umbo measurements the pars flaccida (PF) was removed
to allow the laser to be focused on the LPM, LPI and PLP (lateral

PLP

Umbo

Pars Tensa

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).

process of the malleus, long process of the incus and the plate of
the lenticular process). The method of opening the pars flaccida to
measure along the ossicular chain has been described in detail in
earlier reports from our group (de La Rochefoucauld et al., 2010).
Fig. 5 diagrams these measurement sites. For LPI and PLP measure-
ments, effort was made to orient the laser to the axis of the piston
motion of the stapes.

3. Results
3.1. Click experiments

In keeping with the chronology of the experiments, the time
domain click stimulus results are presented first. Fig. 1A shows the
acoustic click in the time domain, and Fig. 4A shows the corre-
sponding umbo velocity response - these are baseline measure-
ments, without TTM stimulation. In Fig. 1B and Fig. 4B, the time
domain acoustic and motion measurements were cast into the fre-
quency domain. The acoustic frequency response was reasonably
flat and within a factor of ~10 from ~2 to 28 kHz, beyond which
it dropped off. The velocity response was flat within a factor of
~10 from ~2 to 30 kHz, beyond which it also dropped off, as
expected given that the sound stimulus had dropped off. In or-
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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.)

der to estimate the noise level in the click data, we performed
a Fourier transform of the second half of the velocity time re-
sponse (from 1 to 2 ms) where the response had largely died
out. The upper-bound noise level of the velocity response varied
depending on the reflectivity but was generally ~ .003 mm/s. In
the frequency-domain version of the click responses, below ~ 2
kHz and above ~ 35 kHz the umbo velocity responses were close
enough to this noise level that differences between the contracted
and non-contracted state were not reproducible. In Fig. 4 B and C
and responses above 35 kHz and below 2 kHz are grayed over to
convey that in these frequency regions, the results on the effect of
contraction were not robust, and when frequency-domain versions
of the click responses are presented in Fig. 14, results are shown
from 2 - 35 kHz. Fig. 4C, the ratio of umbo velocity to sound pres-
sure frequency responses illustrates the broadband response of the
middle ear, where from 2 to 35 kHz, the transfer function is rea-
sonably flat at ~ 1-2 (mm/s)/Pa.

Fig. 6 summarizes the time-domain umbo velocity results from
two experiments of the click series. Fig. 6A-B are runs 14 to 30
from Expt. 4-9-19 with the uncontracted cases in A and the con-
tracted cases in B. Fig. 6 C-D are runs 19 to 44 from Expt. 4-17-
19 with the uncontracted cases in C and the contracted cases in
D. TTM contraction was alternated between runs. These repeated
measurements convey the subtle but repeatable changes observed
upon contraction of the TTM. Fig. 7 A-D are averages of data like

that in Fig. 6 A-D - each panel reports a different experiment. In
Fig. 7 E-H the initial segments of the data from Fig. 7 A-D are
expanded to explore contraction-induced size and timing changes
in the main peak and valley of the response. In all data sets, re-
peatable changes were observed with TTM contraction, but consis-
tency between preparations was not observed. When the TTM was
contracted, the size of the first positive peak in the umbo veloc-
ity response was reduced slightly in Fig. 7 E and G, and the size
of the first negative peak was increased slightly in Fig 7 E, F and
H. In Fig. 7B, the ringing that followed the initial response was a
lower frequency in the contracted versus relaxed condition and in
Fig. 7D, the opposite was true. changes in delay were very small
Evaluated quantitatively by considering the difference in the times
the response crossed from positive to negative at the end of the
positive peak, the following times were found: Expt 4-9-19: 0.7 ps
(contracted condition was delayed relative to uncontracted by this
amount), Expt 4-17-19: 0.4 ps, Expt 4-30-19: 0.8 ps, Expt 5-6-19:
-1 ps. These differences are at most a microsecond, are not consis-
tent in direction, and deemed insignificant.

3.2. Zwuis experiments

The zwuis tone complexes produced velocity responses with
clear 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.
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Fig. 9. A bone wax closure of the surgical opening in the bulla reversed the changes
in umbo motion produced by the opening.

of the velocity response at the umbo for each zwuis from experi-
ment 10-16-20.

We investigated the efficacy of our use of bone wax to close
the bulla for the zwuis experiments. Umbo motion in response to a
zwuis tone complex was measured three times each with the bulla
vented, opened, and once the electrode was placed and the surgi-
cal opening occluded with bone wax, but with the vent remaining
patent.

Fig. 9 shows the results of once such series, which were re-
peated in multiple animals with consistent results. The data show
that opening the bulla produces substantial changes in umbo mo-
tion and that these changes are reversed when the opening is oc-
cluded with bone wax. (Recall that sound delivery is open field,
and the open bulla allows for sound to stimulate the back of the
eardrum; closing the bulla eliminated this path.)

We investigated the effect of varied levels of electrical stimula-
tion of the TTM by varying the amplitude of the voltage pulse train
stimulus. Our subjective observations that the visible intensity of
the TTM contraction saturated at an amplitude of 4V was corrobo-
rated by our measurements of the gain at the umbo with various
stimulus amplitude. These results, presented in Fig. 10, show that
a 4V stimulus produced a near maximal contraction of the muscle
vis-a-vis its effects on umbo motion.

Although velocity measurements of the umbo and ossicles are
less likely to be directly (artifactually) affected by an electrical
stimulus than the cochlear microphonic measured by Nuttall, we
controlled for this possibility by testing the stimulus with the elec-
trode removed from the muscle by about Tmm. We also measured

Umbo Motion with Different Stimulus Amplitudes (7-30-20)
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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.

the effect of the muscle contraction after the tendon had been cut.
We investigated whether the physical deflection of the pars tensa
might create an artifact by displacing the point on the umbo where
the interferometer laser was focused. Fig. 11 presents these data,
which show that the stimulus had no effect on umbo motion when
the electrode was not touching the muscle or when the muscle
was not attached to the malleus.

3.3. Gain changes with TTM contraction

We present results organized by zwuis frequency range and site
measured. We investigated the effect of the TTM contraction at
multiple points along the middle ear transmission chain: umbo,
lateral process of the malleus (LPM), long process of the incus (LPI),
plate of the lentiform process of the incus (PLP). (For the LPI and
PLP the pars flaccida was removed so the middle ear was open
during these measurements.) The number of alternating runs in
each series ranged from 4 to 10. These series produced repeatable
and consistent velocity data from run to run. Fig. 12 is an example
of all of the velocity response data from one experiment in which
each zwuis probe was tested at each site of measurement on the
ossicular chain.

In the uncontracted state, the amplitude of the gain varied with
frequency and point measured. Gain was greatest at the umbo and
ranged between 0.01 and 1 mm/s/Pa, comparable with earlier re-
ports (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.

downstream with gain at the LPM slightly less than that at the
umbo. The decrease in gain amplitude downstream of the LPM
was greater, but gain at the LPI and PLP were very similar to each
other. The velocity response data measured at the PLP, as a proxy
for the stapes footplate motion, are comparable to those reported
by other investigators (Overstreet & Ruggero, 2002)(Ravicz et al.,
2008). The frequency structure was similar across the points mea-
sured - fairly flat above 5kHz. The LPI and PLP measurements were
made with the pars flaccida removed for visualization, and in those
cases the responses below 5 kHz were attenuated, and a mild peak
was present at ~ 5kHz. TTM contraction mostly reduced middle
ear vibrations but did produce an increase in response from ~ 4-
8 kHz (umbo and malleus) and 6-8 kHz (LPI and PLP). The effect
produced by stimulating the muscle was consistent in the over-
lapping frequencies of the different multitone stimuli. At the high-
est frequencies probed, the velocity responses were less repeat-
able, particularly at the PLP and LPI, which may be a result of
poorer frequency resolution of the zwuis complex above 45 kHz
and spatial non-uniformity of the sound field. Additionally, ossic-
ular motion becomes more complex at higher frequencies, which
could produce variability in incus vibrations (de La Rochefoucauld
et al.,, 2010)(Decraemer et al., 2014).

Each of the alternating series shown in Fig. 12 can be con-
densed and represented as an average ratio of the gains of the ear
with versus without stimulating the TTM. Each gain ratio was cal-
culated by dividing the averaged gain of the stimulated runs by
the averaged gain of the unstimulated runs for a given alternat-
ing series. The data from experiment 10-16-20 in Fig. 12 and other
multitone experiments will be presented as gain ratios and average
phase differences, averaged within individual preparations. Not all
stimuli were used in all experiments, for example the VLFZ stimu-
lus set was added after several experiments had been done.

3.4. Frequency structure at the umbo

Contraction of the TTM produced effects on umbo motion that
were repeatable and consistent across experiments. Fig. 13 shows
the average gain ratio and average phase difference at the umbo
using each zwuis probe from each experiment in which these mea-
surements were taken.

The data from the VLFZ and MFZ probes show that the TTM
attenuates umbo motion by about 2-5 times at the lowest fre-
quencies. The data from the WFZ reveals that the muscle atten-
uates frequencies above 35 kHz by a comparable degree. In gen-
eral, the umbo gain ratios were consistent across experiments, but
there were certain frequency ranges in which the TTM'’s effect ap-

peared particularly conserved. For example, the frequency above
which the muscle begins to enhance umbo motion (i.e., when the
gain ratio crosses 0) was always very close to 4 kHz, while the
maximally enhanced frequency varied from about 5 kHz to 7 kHz.
The frequency-structure where there was overlap between zwuis
multi-tones was consistent. The effects of TTM contraction ob-
served with the MFZ stimulus, including 40 frequencies spanning
400 Hz to 20 kHz, were consistent where this probe overlapped
with the VLFZ stimulus. The phase difference (contracted - uncon-
tracted) showed a lead that generally grew to almost 0.2 cycles at
~ 4 kHz, and then dropped, passing through zero at ~ 6 kHz and
then meandering through two mild and broad variations from 6 to
50 kHz.

As noted above, two sound stimuli were used in these experi-
ments, a click and a zwuis. The time-domain data using the click
stimulus have already been described. The zwuis stimuli were in-
tended to probe the frequency-structure of TTM contraction, but it
is also possible to present the gain ratio of the frequency-domain
representation of the click experiment results.

Fig. 14 shows the gain ratio curves from the click experiments
in black compared with the gain ratio curves from the Wide Fre-
quency zwuis series at the umbo in gray. As noted above, the click
stimulus responses were robust only from ~ 2 to 35 kHz. Within
this range the frequency-structure of TTM effect across the click
and zwuis stimulus types was consistent with the exception of
some differences below 5 kHz, where structure is seen in two of
the four click results. The click measurements were done with an
open bulla and, as Fig. 9 showed, opening the bulla could intro-
duce a notch and a peak into the umbo response at frequencies
below 5 kHz. Contraction-induced changes in a region of a notch
or peak can introduce large changes in the gain ratio. Investigat-
ing the unaveraged data (not shown) corroborates this explanation
as the basis for the increased structure in two of the click experi-
ments.

3.5. LPI and PLP

The behavior of the middle ear downstream of the umbo was
also of interest, so velocity responses were measured at the LPI
and PLP. The PLP is part of the incus but is tightly coupled to the
head of the stapes. The angle of measurement with the vibrometer
through the opened pars flaccida closely approximated the piston-
axis of the stapes. As such, the PLP velocity response served as a
proxy for footplate motion and, by extension, middle ear output.

Measuring velocity response at the LPI and PLP was compli-
cated 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.

the middle ear. This was a delicate step in the experiment and
not always successful. Additionally, the pars flaccida is an acous-
tically significant structure, particularly at low frequencies. Experi-
ments have suggested that that it may serve as a shunt around the
pars tensa for sound, reducing the effective input to the middle ear
(Teoh et al., 1997). Opening the PF should enhance this shunting
effect. The effects of eardrum perforations on sound transmission
have been studied in human ears as well (Voss et al., 2001). We
found that opening the pars flaccida did attenuate umbo motion
at low frequencies, which made the use of the VLFZ probe difficult
at the LPI and PLP. We considered that the absence of the PF might
interact with the contraction of the TTM. To investigate this ques-
tion, we compare the gain ratios produced by TTM contraction at
the umbo before and after opening the PF.

Fig. 15 shows that, with an opened PF, TTM contraction pro-
duced an area of relative enhancement around 3 kHz. The pres-
ence of a similar enhancement in the gain ratios at the LPI and
PLP - discussed below - is likely the result of the open state of
the pars flaccida during the measurements.

Fig. 16 shows that the effect of TTM contraction at the LPI at
low frequencies was variable, sometimes enhancing and at others
attenuating. Referring back to Fig. 12, from 4-8 kHz there is a mild
response peak that shifts between the contracted and uncontracted

states and gives rise to the somewhat erratic gain ratio in that fre-
quency region in Fig. 16A. At frequencies below 4 kHz, the com-
plications of PF removal (Fig. 15) might have made the results less
robust. Above 10 kHz, the gain ratio remained below 1 in most ex-
periments, with the exception of expt. 7-30-20 in which the gain
ratio briefly crossed 1 around 24 kHz. At higher frequencies, the
attenuation became larger as shown in Fig. 16 A and B. The phase
difference generally showed a lead to ~ 7 kHz, followed by a mild
lag, and then was close to zero to ~ 30 kHz where it again devel-
oped a broad mild lag.

Measurement at the PLP was technically more difficult than at
the LPI, requiring repositioning of the gerbil in relation to the LDV
and consequently removal and replacement of the electrode.

The PLP was successfully probed three times. The gain ratio
curves across experiments were more consistent than than those
measured at the LPI, but the frequency structure at the LPI and
PLP was overall similar. This apparent relative consistency of the
PLP data could be incidental because the PLP was measured fewer
times compared to the LPI. Compared to the umbo, the TTM'’s at-
tenuating effect tends to predominate. The area of enhancement
around 3 kHz may be the result of the opening the PF - a similar
enhancement region was observed (Fig. 15) in the umbo motion
data 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.
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Fig. 14. Frequency structure of TTM effect on umbo motion was consistent across experiments using Click and zwuis multitone stimuli.

4. Discussion

In the time domain responses, TTM-induced changes were sub-
tle but repeatable. A significant finding of the time-domain mea-
surements was that the contraction of the TTM did not change
the delay of sound transmission by the eardrum, as measured at
the umbo. This finding is at odds with the idea that a role of

10

the TTM is to introduce a delay to enhance timing-based later-
alization cues (Cho et al., 2019). This role might be present in
species other than gerbil. By casting the click domain results into
the frequency domain, frequency dependent effects were observed
and as in the time-domain were subtle but repeatable. They were
consistent with the frequency domain results observed with the
zwuis multitone stimulus (Fig. 14), and we emphasize the multi-
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Gain Ratio: Umbo before and after Pars Flaccida Opening TTM contraction was based on that of the guinea pig study of
‘ Nuttall (Nuttall, 1974), and that study’s analysis is useful to un-
derstanding the band of enhancement, and low frequency attenua-
tion. In the guinea pig study, the effect of stapedius and TTM con-
traction on sound-induced cochlear microphonic (CM) was mea-
sured over a frequency range of 70 Hz - 6 kHz. The data were pre-
sented as magnitude and phase change, as in our gain ratio results
(Fig. 13). In the guinea pig, contraction of the TTM produced atten-
uation of ~20dB for frequencies below 1 kHz, that then shifted to
a mild peak in which the contraction caused positive gain from ~
2 to 4 kHz, peaking at ~5dB. With contraction the CM phase un-
derwent an increasing phase lead to 1.5 kHz, where it peaked at ~
1 1/4 cycle, then the lead decreased back to zero. Qualitatively, our
findings share similarities with the guinea pig study, with similar
s s ! features shifted to slightly higher frequencies. Contraction of the
0 5 10 15 20 TTM caused umbo motion attenuation of ~ 10 dB at frequencies
Frequency (kHz) from 200 Hz to 1 kHz (Fig. 13A), and the attenuation was similar or

Fig. 15. The condition of the pars flaccida interacted with the contraction of the slightly larger at the PLP (Fig. 17A). The gain ratio became positive
TTM. Notably, this produced a second area of relative enhancement around 3 kHz, from ~ 4 to 10 kHz with a mild peal( at ~5-6 kHz of a factor of ~2
where the solid (PF-) curves diverge from the dashed (PF+) curves. (6 dB) when measured at the umbo (Fig. 13C). The phase difference
was a lead of up to almost 0.2 cycle, with the lead persisting to ~

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

Gain ratio

tone stimuli when discussing frequency domain results, because zero through two broad variations, and the gain ratio also mean-
they covered a wider frequency range. dered through two peaks and valleys although above 30 kHz the

Contraction of the TTM attenuated motion at low and high fre-  gain ratio was always less than one - the TTM contraction caused
quencies. However, it produced a relative enhancement of trans- attenuation.

mission in a frequency band around ~6 kHz. Our voltage-elicited
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Fig. 16. TTM gain ratios and phase differences at the LPI 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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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.

In the relatively narrow frequency range of Nuttall’s guinea pig
study, the frequency-structure of the response to TTM contrac-
tion could be quantitatively fit by a second order lumped element
model of middle ear transmission composed of a spring-mass-
resistance in series. In the model, contraction of the TTM produced
an increase in stiffness and decrease in resistance. The increased
stiffness attenuated the low frequency responses and shifted an
overdamped spring-mass resonance to a slightly higher frequency,
causing increased gain over a narrow range. This resonance-
shifting effect has been observed in other experimental investiga-
tions of the TTM (Mgller, 1965). The increased stiffness extended
the low frequency stiffness-dominated region in which velocity
leads pressure to higher frequencies, causing a phase lead of the
contracted relative to the uncontracted case. A simple illustration
is given in Fig. 18. This model and explanation would work for fre-
quencies 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
too simple to explain the changes we observed at higher frequen-
cies.

Above a few kilohertz, the eardrum and ossicles exhibit com-
plex vibrations, and the eardrum behaves as a distributed wave
system that allows for transmission of high frequency sounds
(Funnell et al., 1987)(Puria & Allen, 1998)(de La Rochefoucauld &
Olson, 2010)(Milazzo et al., 2017). Several computational models
have been developed to explore middle ear operation through a
wide frequency range. One published model - a combination of
rigid bodies and finite elements - was designed to consider the ef-

12

fects of the TM’s angle, conical shape, and radial fibers (Fay et al.,
2006). This model found that increasing the depth of the TM’s
shape - as the medially directed load the TTM places on the
manubrium does - would cause a decrease in gain at frequencies
up to ~ 2 kHz, and an increase from 2 to 10 kHz, followed by more
random variations in gain. The deepening of the TM’s conical shape
also caused a phase lead up to ~ 4 kHz that was ~ 0.15 cycle at 2
kHz. While the lumped-element resonant circuit model is useful
for developing basic understanding of the effect of TTM contrac-
tion, in particular the mild peak in gain ratio that follows the pre-
dictable reduction at low frequencies, a distributed model like that
of (Fay et al., 2006) is likely to be required to understand the full
effect of TTM contraction observed in our study.

While contraction-induced changes in gain were described
above as occurring over fairly broad frequency ranges, relatively
sharp frequency variations were also observed. When they ap-
peared at the lowest and highest frequencies, these variations were
sometimes due to noise, because at these frequencies the vibra-
tions could be relatively small and were further attenuated by TTM
contraction. For example, in Fig. 12 the contraction-induced trends
were highly repeatable, but all of the sharp variations were not re-
peatable, particularly below 1 kHz, and above 45 kHz at the LPI
and PLP. However, many sharp variations were robust. For exam-
ple, the expt. 10-16 gain ratio in Fig. 16A showed a sharp notch
at 1 kHz and wiggles at 3 and 5 kHz. The individual run data
condensed in that ratio are shown in Fig. 12H; through three cy-
cles 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. 12B results, compare C&D to Fig. 13 B&E.
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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).

dependent variations were repeatable. Another example is Fig. 13B,
where a sharp valley at 5-6 kHz is observed in data set 10-5. This
was a robust and repeated variation in the basic data, even af-
ter PF removal, as shown in Fig. 19. Sharp frequency-dependent
contraction-induced variations are not predicted by the simple fil-
tering that was described in Fig. 18 but are consistent with a
view 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
nature. One is the question of whether the muscle acts uni-

laterally or bilaterally. The stapedius is thought to act bilat-
erally, although experiments using the acoustic reflex to pro-
duce contraction have found differences in intensity of contrac-
tion between the ipsilateral and contralateral stapedius mus-
cles (Mgller & Moore, 2001). A sufficient sound stimulus pro-
duces contralateral contraction of the TTM; however, the con-
tralateral contraction has been observed to be considerably
weaker than the ipsilateral contraction (Mpgller, 1965). It ap-
pears likely that the action of the TTM is not perfectly
symmetrical.
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Although the time-domain data from our click experiments do
not support the idea that TTM contributes to lateralization cues via
interaural delay differences, intensity differentials are also power-
ful lateralization cues (Erulkar, 1972). If the TTM contracts asym-
metrically, it likely modulates these interaural pressure differen-
tials, possibly playing a role in localization or attention. A recent
report found that in humans and monkeys saccadic ocular move-
ments produce movements of the eardrums even in the absence
of auditory stimuli (Gruters et al., 2018). These oscillating move-
ments of the eardrums, possibly the products of MEM contraction,
were directionally consistent with directional eye movements. In-
deed, further investigation has shown that eye movement-related
eardrum oscillations (EMREOs) are a function of eye movement
and absolute eye position (Murphy et al., 2020). The mechanism
of this interaction between sight and hearing has not been fully
elucidated, however, should MEMs be found responsible for these
EMREOs, the muscles would appear to have a spatial orientation
function of some kind.

The zwuis experiments were designed to measure the fre-
quency structure of TTM effects on middle ear transmission. The
frequency-domain data revealed repeatable patterns of middle ear
transmission modulation, which at the lower frequencies can be
explained by an increased stiffness. Aside from a range of enhance-
ment at the frequency of shifted overdamped spring-mass reso-
nance (about 6 kHz in our gerbils), the TTM predominantly atten-
uated umbo and ossicle vibrations. It was not an expected finding
that the TTM attenuated transmission at higher frequencies by the
same degree it attenuated low frequencies. It is notable that the
frequency range with the least attenuation was about 20 kHz to 30
kHz. In this range, the muscle’s effect was close to neutral on aver-
age. Gerbil vocalizations are tonally and temporally complex, with
80% at frequencies above 20 kHz (Nakayama & Riquimaroux, 2017).
Vocalizations in the 20 kHz to 30 kHz range are biologically im-
portant and include mating and greeting calls. One group of in-
vestigators found that cochlear microphonic responses at ultra-
sonic frequencies were enhanced by 2-5 dB when gerbils were
paired with a companion gerbil (Nakayama & Riquimaroux, 2017).
Cochlear responses below 20 kHz did not display this companion-
enhancement effect. At the umbo our gain ratio show a mild peak
from 20-30 kHz that produced a gain ratio slightly greater than 1
(mild enhancement) (Fig. 13C). At the LPI and PLP, the TTM pro-
duced attenuation above 10 kHz but the attenuation was smaller
in the 20-30 kHz range. One can imagine a coordination of middle
ear modulation and cochlear efferents that might be able to pro-
duce the observed enhanced response in the cochlear microphonic.

While the TTM may help gerbils hear the calls of their mates
and companions, hearing is a specialized sense; it is possible that
the muscle may have a function that varies across species. Mid-
dle ear anatomy varies widely among terrestrial animals to accom-
modate specific hearing needs (Rosowski, 2003). Within Rodentia,
middle ear morphology is particularly variable (Mason, 2015). Os-
sicular shape, arrangement of connective tissues, cavity size and
shape all vary considerably between species. The histochemistry of
the middle-ear muscles is also variable, and the TTM, in particular,
demonstrates wide inter-species variation in cellular structure and
histologic development (Veggetti et al., 1982) (Mascarello et al.,
1983). Interspecific variation in the TTM provides both a window
and veil for investigations into its function. Structural, cellular, be-
havioral, and acoustical variation in the muscle placed in the con-
text of a particular animal’s auditory needs may enhance our un-
derstanding; however, it also limits the inferences we may draw
from animal models to inform human hearing.

It will be important to correlate the TTM-mediated effects mea-
sured here and previously with the actual incidence of TTM con-
traction in the natural life of a gerbil, other important auditory
model animals, and humans. More direct observations of when
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the muscle contracts in alert gerbils are needed. We considered
a few approaches to this investigation. Fortunately, the TTM pro-
duces a visually obviously movement of the eardrum. This was true
for our electrically stimulated contraction, and other investigations,
such as those by Funnell (Funnell, 1972) and in our own guinea
pig work, found that spontaneous contractions of the muscle were
plainly visible in the motion of the eardrum. The approaches we
consider take advantage of this fact. Fine endoscopes are widely
commercially available and may allow for direct visualization of
the eardrum. The anatomy of the bony meatus in gerbil, however,
could complicate the use of these devices in intact ears. Miniature
contact-lens scleral coils have been used to measure ocular mo-
tions in mice (Kaneko et al., 2010). Such technology could be ap-
plied to the detection of movement of the eardrum relative to the
head. Alternatively, we considered using a small mirror placed on
the umbo and light-sensor device glued to the ear canal, in which
TTM contraction moves the reflected light on or off the sensor. In-
vestigations such as these will provide important context to the
physiological findings we have reported here.
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