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Abstract

Frogs, and related amphibians, are adapted to live in both air and water, and so good hearing in both mediums is required.
The structure of the frog ear can therefore provide a useful perspective on how sound is sensed and the physical principles in-
volved in hearing. This broad survey of the literature highlights two noteworthy aspects of the frog ear and brings them to-
gether into a single framework. First, the frog ear contains an arrangement of sensing cells which is difficult to understand:
although they are meant to detect sound, the cells are hidden away in recesses and further shielded from incoming sound by
a number of ‘short-circuits’ in the vibratory pathway. Second, there is the operculum, a moveable plate that fits into the oval
window adjacent to the stapes and whose function remains controversial. Both these challenging features can be understood
by noting that all sounds carry both pressure and displacement components, and that form and function can be matched by
focusing on the pressure component, which to date has been largely overlooked. This paper proposes that the hair cells at the
core of the system respond more sensitively to pressure than to displacement. Building on this property, the piston-like oper-
culum, operated by the opercularis muscle, is put forward as a mechanism for adjusting the static hydraulic pressure within
the otic capsule, in this way controlling the global sensitivity, or gain, of the sensing cells within. Both these hypotheses have
wider implications for understanding hearing in vertebrates.
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EL OIDO EXTRAORDINARIO DE RANAS: COMO FUNCIONA EL OIDO
DE VERTEBRADOS

Resumen

Las ranas y otros anfibios relacionados, estan adaptados a la vida tanto en tierra como en agua, por lo que precisan de un buen
oido en ambos entornos. La estructura de la oreja de una rana puede servir, entonces, como un ejemplo de la percepcion del
sonido y también un ejemplo de principios generales para la audicién.

Este amplio estudio, basado en literatura, pone de relieve dos aspectos relevantes del oido de una rana y los combina en el mis-
mo marco. En primer lugar, el sistema del oido de ranas estd dotado de células sensoriales, que es dificil de entender. Aunque
la funcién de estas células es la de detectar el sonido, estdn ocultas en el interior, y separadas ademds por una serie de ‘corto-
circuitos’ en la transmisién de vibraciones. En segundo lugar, en el oido de una rana se encuentra un tapén mucoso, es de-
cir una placa mévil en la ventana oval, junto al estribo, cuya funcién no esta del todo clara. Estas dos caracteristicas curiosas
pueden llevar a la conclusion, de que el sonido se transmite tanto a través del gradiente de presion, como y a través del mo-
vimiento oscilatorio. Esta forma y funcién se pueden combinar a través de la concentracion en el gradiente de la presion, que
hasta ahora ha sido varias veces ignorado.

Este trabajo sugiere que las células ciliadas auditivas en el centro del sistema responden de una manera mas sensible a la pre-
sién que a las vibraciones. Basandonos en esta propiedad, el tapon mucoso que se asemeja a un piston de un motor, que fun-
ciona gracias al musculo opercular, esta representado como el mecanismo para una regulacion de la presion hidraulica esta-
tica dentro de la capsula del oido, controlando de esta forma la sensibilidad global o reforzamiento de las células sensoriales.
Ambas hipdtesis tienen un significado mas amplio para la compresion de la audicion en los vertebrados.

Palabras clave: estimulo efectivo « presion « desplazamiento « tapon mucoso e células ciliadas « compresibilidad
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HEOBBIKHOBEHHOE YXO JIAT'YIIKN: ®YHKIVMOHWNPOBAHME CIIYXA
Y IIO3BOHOYHBIX JKMBOTHbBIX

Nsnoxenne

JIaryuiku, a Taxoke gpyryie CBsA3aHHbIE C HUMU POACTBOM 3€MHOBOJHbIE, IIPUCIIOCOOIEHDI K JKIM3HM KaK Ha 3eMJIe, TaK
U B BOJE, II03TOMY Y HUX HO/DKEH ObITb XOPOIINII CTYyX B 3TUX ABYX cpefiaXx. CTpoeHMe yXa JIATYLUIKY MOXeT IOCITy-
JKITD KaK IPUMepP TOro, KaK BOCCIIPMHUMAETCA 3BYK, M KaK IpUMep IMPOKMUX IIPUHIIUIIOB, KACAIOIUXCA CIyXa. ITO
0o0LIMpHOE MCCIefOBaHNe Ha OCHOBAHIN INTEPATYPBI MOJYePKUBAET IBa BaKHbIE aCHEKTHI yXa JIATYLIKMA M COYUTAET
JIX B Te CaMble paMKI. Bo-IlepBbIX, yXO JIATYIIKM MIMEEeT CUCTEMY YyBCTBUTETbHBIX KJI€TOK, KOTOPYIO TSKE/IO IOHATD.
XoTA KIeTKM JOIDKHBI 0OHapY>KMBATh 3BYK, OHM IITyOOKO CIIPATaHbI, KPOMe TOTO, OHM OTAE/ICHBI PAJOM "3aMbIKaHUIT"
Ha IIyTH IIepefjauyl KoMbI6aHmil. Bo-BTOPBIX, B yXe JIATYIIKM HaXOAUTCA CIM3UCTasA MPOOKa, TO eCTh IOJBVKHAS TN -
Ta B OBA/JIbHOM OKOIIKeE, IIPIJIETAI0NIasA K CTyXOBOI KOCTOUKe, PYHKINA KOTOPOJ HEOAHO3HAYHA. DTI [IBe MHTEpEeCHbIe
YepThI MOTYT BECTH K YTBEP>KIEHIIO, UTO 3BYKM ITepeMeIaloT KaK IPafMeHT JaBIeHNUI], Ta U KoJle6/IIoleecs ABIDKEHIe.
Sra dopMa 1 GYHKLUA MOTYT CMEIIMBAThCS ITyTeM KOHI[EHTPAaLMM Ha IpajiueHTe JaB/IeH)s, KOTOPBII IO CUX ITOP ObLT
3a4acTyIo UTHOpMpoBaH. Hacrosmasa paboTa pepIonaraet, YTO CTyXOBble KIETKM B IIeHTPe CUCTeMbI OTBEYaloT Oorree
YYBCTBUTEILHO HA JIaB/IeHMe, Ye Ha KOMbIOaHm:A. basupys Ha 3Toi 0COOEHHOCTH, CIM3NCTAsA MPOOKA, HATIOMMHAIOIIAS
MOpIlleHb ABUTaTeNs U paboTalolias 6/1arogaps oepKyIsApHOMY MYCKYy, IpeficTaB/ieHHa B BUfie MeXaHNU3Ma [/Is1 pe-
TYIMPOBKY CTATMYECKOTO THIPABIMYECKOrO JaBIeHNs BHYTPU KAIICYIbl yXa, TAKUM CIOCO60M KOHTPOIUPYA OOLIYIO
YYBCTBUTEIbHOCTD VJIN YCUJIEHME YYBCTBUTENLHBIX KIeTOK. DTU 06e TUIOTe3bl MIMEIOT 6ojlee IIMPOKOe 3HAYeHMe LA
TIOHMMAaHMA CTyXa Y 3€MHOBOJHBIX.

KnroueBble cmoBa: 3(1)(1)6KTI/IBHI)II7[ VIMITY/IBC ¢ IABJIEHUE e IIEPEMEIICHNE o CIN3NCTAA r[p061<a e CIIYXOBbI€ KJIIETKU e
CKMMAEMOCTDb

NIEZWYKLE UCHO ZABY: DZIALANIE SLUCHU U KREGOWCOW
Streszczenie

Zaby, oraz inne spokrewnione z nimi ptazy, s3 przystosowane do zycia zaréwno na ladzie jak i w wodzie, dlatego musza mieé
dobry stuch w obu tych $rodowiskach. Budowa ucha zaby moze zatem postuzy¢ za przyklad jak odbierany jest dzwigk i za
przyklad szerokich zasad dotyczacych stuchu. To obszerne badanie na podstawie literatury podkresla dwa wazne aspekty ucha
zaby ilaczy je w te same ramy. Po pierwsze, ucho zaby zawiera uklad komorek zmyslowych, ktory jest trudny do zrozumienia.
Mimo ze komorki te maja wykrywaé dzwigk, sa one ukryte w glebi i dodatkowo odseparowane przez szereg zwar¢ na drodze
przenoszenia drgan. Po drugie, w uchu zaby znajduje si¢ czop $luzowy, czyli ruchoma ptytka w okienku owalnym przylegaja-
ca do strzemiaczka, ktorej funkcja nie jest jednoznaczna. Obie te ciekawe cechy moga prowadzi¢ do stwierdzenia, ze dzwie-
ki przenosza zaréwno gradient ci$nien jak i ruch drgajacy. Ta forma i funkcja moga si¢ taczy¢ poprzez koncentracje na gra-
diencie ci$nieniowym, ktéry dotad byt czesto pomijany. Niniejsza praca sugeruje, ze komorki stuchowe w centrum systemu
odpowiadajg w sposob bardziej wrazliwy na ci$nienie niz drgania. Bazujac na tej wlasciwosci, czop $luzowy, ktéry przypomi-
na tlok w silniku, pracujacy dzigki mig§niowi wieczkowemu, jest przedstawiony jako mechanizm do regulacji statycznego ci-
$nienia hydraulicznego wewnatrz kapsuly ucha, w ten sposéb kontrolujac ogélna czutos¢ lub wzmocnienie komérek zmysto-
wych. Obie te hipotezy majg szersze znaczenie dla zrozumienia stuchu u kregowcow.

Stowa kluczowe: skuteczny bodziec  ci$nienie « przemieszczenie  czop sluzowy « komorki stuchowe o $cisliwos¢

Background

of gain control is needed to prevent overload and enhance
the dynamic range of hearing.

Frogs are remarkable creatures. Their transparent eggs

grow in water until juvenile tadpoles, which are able to
hear, hatch some time later. The tadpoles drastically change
form and transmute into frogs, amphibians which can hear
well on both land and in water [1].

Each species also has its own distinctive call, and their
unique croaks can be as loud as 100 dB at 0.5 m [2]. At
the ear of the frog, of course, the intensity must be even
louder, particularly as their ears connect to the back of the
throat [3]. This arrangement suggests that the sensitivity
of the ear must be damped down during vocalization, as
happens in most animals, including humans. Some form

Unusually among animals that hear, the tympanum of
the frog is located on the outside of the body, making it
both visible and able to be touched (Figure 1). Movement
through the environment must lead to contact with vege-
tation, and immersion in water must cause rapid changes
in pressure. Moreover, the tympanum bulges out visibly
whenever the frog croaks or swallows [4], and the tympa-
num has been observed to efficiently broadcast sound, en-
hancing the loudness of their call [5]. Some mechanism to
accommodate pressure spikes is therefore expected. Frog
ears have a feature unique to amphibians, a plate-like struc-
ture within the oval window called the operculum, which
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Figure 1. The cave frog, Litoria cavernicola, an Australian
frog which, like many amphibians, has a distinctive tym-
panum visible behind its eye. Photo credit: Paul Doughty,
Western Australian Museum

in turn is connected to a muscle, the opercularis muscle.
Also remarkable, some frogs are “earless”, in that they lack
an external tympanum and might be considered anatomi-
cally deaf [6], yet the hearing of these frogs appears to be
comparable in sensitivity and frequency range to species
who do have a tympanum [4].

Other unusual features of frog hearing are that the ears
are connected via the cranium [3], that the ears are often
sexually dimorphic, that the round window and oval win-
dow exchange functions during metamorphosis from tad-
pole to adult [1], that some species can hear ultrasound
[7], and that the males of some species of frogs grow small
sponge-like masses on their tympanum during the mat-
ing season [8].

Most significantly, it is now known that the frog ear is an
active device, so that hearing involves some energy-con-
suming process. Like the ear of humans, the frog ear emits
otoacoustic emissions [9], features indicative of some sort
of ‘cochlear amplifier’ at work, an amplifier whose mode
of operation is still unknown. However, it is clear that
otoacoustic emissions must derive from the sensing cells,
which actively move in the course of detecting sound.
Small quantities of sound emerge from the ear and can
be detected with a sensitive microphone next to the tym-
panic membrane.

Otoacoustic emissions have revolutionized our under-
standing of how animals hear, and a key question is how
the emissions are generated in frogs [10]. This paper takes
the form of a literature synthesis in which the broad ques-
tion of how the frog ear detects sound is surveyed, and a
new model involving the detection of the pressure com-
ponent of sound is proposed. The hypothesis is made that
frogs hear by detecting the pressure component of a sound,
a strategy which increases hearing sensitivity compared to
the standard model in which only the displacement com-
ponent is considered. The theory offers an explanation of
anatomical features and relationships that are otherwise
difficult to understand - the operculum in particular — and
it offers a perspective on how otoacoustic emissions might
be generated. This broad survey of the literature comes to
the conclusion that frog ears and human ears might oper-
ate on similar physical principles.

Bell — The remarkable frog ear
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Figure 2. A perspective view of a frog inner ear showing
the path a sound stimulus takes through the otic cap-
sule. Sound enters the capsule (green arrow at bottom)
through the oval window, which contains the stapes
(also called the columella) and the operculum, and exits
through the round window (green arrow at top). The blue
path shows propagation through perilymph; the red path
shows propagation through endolymph. The broken ar-
rows represent puzzling “acoustic short-circuits” which
appear to bypass the sensing cells (adapted from [11]
and used with permission of Springer-Verlag)

Anatomy of the frog ear, and the standard model
of hearing

The inner ear of a typical frog is shown in Figure 2. Its form
resembles that of other vertebrates, essentially a bony otic
capsule filled with fluid and containing numerous sens-
ing cells. There are two windows, the oval window and the
round window. Figure 2 is a perspective view showing the
geometrical relationship of the major components. To aid
understanding of the mechanics, Figure 3 is a two-dimen-
sional diagram showing the two major groups of sensing
cells, the amphibian papilla (AP) and the basilar papilla
(BP), and adjoining anatomical compartments. The sys-
tem is complex, naturally reflecting the term ‘labyrinth; a
name also applied to the mammalian inner ear.

Acoustic pathways in frog hearing

As in mammals, the inner ear of frogs senses both vibra-
tion and balance, all contained within a bony otic capsule
filled with tissue, cartilage, perilymph, and endolymph. Vi-
bration sensing is done with two patches of sensory cells
within the capsule, the amphibian papilla (AP) and the
basilar papilla (BP), both immersed in incompressible en-
dolymph and surrounded by rigid bone. Sound is picked
up by a tympanum at the surface of the body, transmitted
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Figure 3. The otic capsule is a rigid bony structure (dark shading — bone) filled with incompressible fluids (endolymph
— pink; perilymph — blue). Sound (green arrows) enters the capsule through the compliant oval window (containing
columella and operculum) and exits through the compliant round window at bottom. Two patches of sensory cells
(magenta) lie within the capsule, the amphibian papilla (AP) and the basilar papilla (BP). The figure is adapted from a
drawing by Wever and the thin arrows follow the path of the displacement stimulus which he thought activated the AP
and BP. The physics of the system is much simplified if the AP and/or the BP are actually pressure sensors, not displace-
ment sensors. The columella, or stapes, can be seen to act like an oscillating plunger, generating an alternating hydraulic
pressure throughout the capsule. The columella works against the compliance of the round window to generate an
oscillating pressure field which extends throughout the capsule. In a related action, the opercularis muscle (red) forces
the bony operculum (yellow) into the capsule, this time raising the static hydraulic pressure. Adapted with permission
from E. G. Wever, The ear and hearing in the frog, Rana pipiens. Journal of Morphology 141: 461-477. Copyright © 1973

Wiley-Liss, Inc.

along the middle ear, enters the capsule via a flexible oval
window, and exits via a round window.

Frogs are unique in having two separate sets of audito-
ry receptors. The BP is fairly small and simple, while the
AP, as its name implies, is confined to amphibians and is
larger and more complex anatomically [1,12]. The AP is
largely sensitive to low frequencies, whereas the BP is more
responsive to high frequencies, even ultrasound. The rea-
son for having two separate auditory papillae is unknown.

A landmark work in frog hearing is The Amphibian Ear
published by Wever in 1983 [3]. More recent accounts of
the hearing mechanism of frogs can be found in a paper
by Schoffelen and colleagues in 2008 [12] and another by
Van Dijk and collaborators in 2011 [9]. These works de-
scribe how, as with mammalian ears, sound enters via the
oval window and leaves by the round window. The major
difference is that in mammals the round window opens
into the middle ear cavity, whereas in frogs it opens into
the top of the mouth, protected by muscle tissue (p.82 of
[3]). Inside the frog inner ear there are eight patches of
sensory epithelia [12]: three cristae in the semicircular ca-
nals (for balance); the utricle (linear acceleration); the la-
gena (low-frequency vibration); the sacculus and its oto-
conia (substrate vibration and low-frequency sound); and
finally, of course, the amphibian papilla (low-frequency
sound) and basilar papilla (high-frequency sound). All
are hair cells, with hair bundles projecting from the top of
the cell. Deflection of the hair bundle stimulates the cell, a
finding with a long history of experimental support [13].
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In frogs, therefore, the assumption is made that it is the
pressure difference between the oval window and round
window which is the primary stimulus, and this causes
oscillatory flow of fluid through the system and deflec-
tion of hair bundles [12]. Wever [3] describes the situa-
tion as one in which the auditory hair cells are stimulat-
ed by “fluid surgings” (p. 78).

While there is no doubt that deflection of a hair bundle
stimulates a cell [14], the experiments do not eliminate
the possibility that hair cells may also be sensitive to oth-
er physical stimuli. In particular, a hair cell may also re-
spond to pressure across its cell wall, perhaps via some
stretch-sensitive channel. This review and synthesis sug-
gests that the AP and BP are in fact more sensitive to pres-
sure than displacement. The pressure-sensing hypothesis
is able to provide explanations for a number of anatom-
ical anomalies.

It is significant that the sensing cells of frogs are not ar-
ranged upon a flexible basilar membrane, as they are in
mammals. Instead, cells of the AP and BP are located on
stiff cartilage and are tucked away within the amphibian re-
cess and basilar recess [1]. The implication is that, in terms
of exciting the cells, there is no bending of a membrane
induced by a ‘travelling wave. This supports the idea that
the input stimulus could well be the pressure wave which
travels at 1500 m s~' through the fluids [9]. In this paper
the hypothesis is made that hair cells contain a compress-
ible (i.e., pressure-sensitive) element within their struc-
ture which permits the pressure wave to excite a stretch
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receptor in the cell wall. This second mode of stimulation
could actually work in conjunction with the bending mo-
tion associated with flow, adding to sensitivity. Although
direct deflection of a hair bundle alone might provide a
small degree of sensitivity, it is suggested that a pressure-
stimulated cell could elongate (like outer hair cells in mam-
mals do) and in this way indirectly produce greater bend-
ing of its hair bundle. The projecting cilia and the stretch
receptors are conjectured to form a sensitive feedback loop.

The pressure-sensing model requires that hair cells gen-
erate a response to oscillating pressure. However, such a
model also provides the basis for a closely related pos-
sibility: that hair cells may also give a response to static
pressure. The proposition has already been made that the
mammalian cochlea is sensitive to static hydraulic pres-
sure [15], and this paper also applies that same principle
to frogs, where it provides an explanation for the presence
of a unique structure, the operculum.

Operculum

The oval window of the frog ear contains more than just a
stapes: adjacent to it is another movable plate-like struc-
ture called the operculum (Figures 2 and 3), which is con-
nected to an opercularis muscle. The operculum is usual-
ly comprised of cartilage, not bone (although it can be in
some species), but it appears to be very much like a sec-
ondary stapes. The inner side of the operculum is in di-
rect contact with perilymph; the other side is connected
to the opercularis muscle, which in turn is anchored to
the shoulder. Some dynamical function for the opercu-
lum is indicated.

This paper postulates that the function of the opercularis
system is to control the static hydraulic pressure inside the
capsule, the result of which is to precisely regulate the sen-
sitivity of the cochlear amplifier. A direct, instantaneous,
and non-neural way of controlling the functional gain of
all the enclosed hair cells is a simple and effective way of
adjusting hearing sensitivity. The static pressure — the DC
pressure — controls the AC gain, broadly similar to the way
pressure on an accelerator pedal controls the speed of an
engine. Such a pressure-driven system simplifies the lab-
yrinthine arrangement of the frog’s otic capsule — in es-
sence it becomes a single fluid-filled compartment — and
illustrates an important aspect in which the frog ear and
the human ear may be related.

The functional role of the operculum has generated a di-

versity of views. Wever’s classic book [3] discusses some

possibilities, which date at least to the beginning of the
20th century. A useful historical overview of the various

theories of the operculum has been given by Mason [4],

and the major theories are summarised below. The read-

er is referred to Mason’s review for details.

1. Sensing of substrate vibration. An early explanation, in-
itially made over a century ago but still current, is that
the forelegs of the frog pick up ground vibrations and
transmit them via the opercularis muscle to the inner
ear. The frog could then have a dual detection system,
picking up air-borne vibrations via the stapes and sub-
strate vibrations via the operculum. The opercularis
muscle is considered to be in a constant state of tension

Bell — The remarkable frog ear

when on land, allowing sound transmission through the
muscle, although it could relax when the frog is in wa-
ter. A drawback of the theory is that experimental ma-
nipulations of the muscle do not strongly support the
idea. For example, severing the muscle mostly produces
only small changes, and frogs lying on their backs ap-
pear to respond normally despite there being no foreleg
contact. In general, other experiments have been large-
ly inconclusive.

2. Restraining stapes movement. Wever [3] suggested that
contraction of the opercularis muscles locked the oper-
culum and the stapes together. With the stapes locked in
this way, motion of the stapes was restrained, preventing
acoustic overload. Later authors have drawn attention
to the slow speed of contraction of the opercularis. In
most species it is comprised largely of tonic fibres, which
although fatigue-resistant are slow to contract and re-
lax. Such lack of speed would not enable fast reactions
to sudden sound inputs. Also, the opercularis system
is present in frogs which lack tympanum and middle
ear, making it difficult to build a coherent picture [16].
However, if the operculum’s gain control is exerted hy-
draulically, it follows that a measurement of tympanic
membrane vibration might not be an accurate gauge of
sound input to the cochlea. That is, manipulation of the
operculum might produce only small changes in stapes
vibration amplitude [17] but still have an effect on au-
ditory responses.

3. Augmenting stapes movement. A modification of the pre-
vious theory is that by locking the operculum and the
stapes together, the effective area of the oval window is
increased, magnifying sound input and perhaps improv-
ing the sensitivity of the sensing cells within. However,
the effects of experimentally manipulating the opercu-
laris muscle are not generally consistent with this idea.
Hearing sensitivity at low frequencies is sometimes af-
fected, but at higher frequencies the effects are almost in-
variably small or negligible, which is not what the mod-
el predicts.

4. Pressure buffering. It has been observed that activity of
the opercularis muscle coincides with flow of air into the
lungs. As air enters the lungs, the eardrums bulge out-
wards because of connections between the Eustachian
tubes and the middle ear cavities. The stapes will then be
forced into and out of the otic capsule, prompting Ma-
son’s suggestion that the opercularis muscle might be
working to counteract this motion (see Figure 3). Oth-
ers have suggested that the operculum simply stiffens,
resisting motion, but Mason and Narins [18] consid-
er it may have a more active role: their view is that the
opercularis muscle rhythmically contracts and relaxes in
time with breathing in order to regulate the position of
the stapes. Their hypothesis is that the opercularis sys-
tem works to buffer any change in inner ear fluid pres-
sure, changes which will occur during the frog’s normal
daily activity.

This paper is broadly in keeping with the Mason and Nar-
ins proposal, for which there is a range of evidence (see
p. 172 of Mason 2006), but here the hypothesis is extend-
ed to specify that the regulated pressure directly controls
hearing sensitivity. It is proposed that the opercularis sys-
tem directly controls the gain of sensing cells, an outcome
achieved through altering the static hydraulic pressure
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Figure 4. A sound wave has two physical components:
pressure and displacement. (A) A sound wave propagat-
ing through a medium has regions of enhanced particle
density (compression) and diminished density (rarefac-
tion). (B) A plot of variations in pressure (green) and
displacement (red). (C) Responses of a pressure detector
(such as a microphone diaphragm) to the sound wave.
(D) Response of a particle motion detector (such as a
stereocilium) to the same sound wave. Adapted from
Wehner & Gehring [23]

surrounding the cells. In this way, the opercularis system
acts like the middle ear muscles do in mammals, which
regulate sound input to the cochlea via the acoustic reflex.
The parallel between frogs and mammals may be even
closer: it has been suggested that the middle ear muscles
of mammals regulate cochlear sensitivity by adjusting in-
tracochlear fluid pressure [15].

In summary, frogs and mammals both employ static hy-
draulic pressure to adjust the sensitivity of sensing cells
within the cochlea. The following text describes the hy-
pothesis in more detail. The hypothesis is based on recog-
nising a fundamental acoustic property: that an acoustic
signal propagating through a medium carries two comple-
mentary physical quantities — displacement and pressure.
The role of displacement has been widely acknowledged
in the literature, but the co-existing variable — pressure —
has not been generally recognised as a physiological stim-
ulus in its own right. Although the two acoustic variables
are related, there is a fundamental difference in the design
of a displacement transducer and a pressure transducer,
and this provides a new perspective on how the frog ear
might operate.

The pressure hypothesis: oscillating acoustic
pressure and static regulating pressure

In air, the displacement component of sound is obvious:
sound causes things to vibrate, movement which can even
be sensed with the fingertips. However, there is another
dimension to sound, as a number of water-dwelling crea-
tures have discovered. Fish detect the pressure compo-
nent of sound [19], and it is possible that amphibians like
frogs do as well. The following section explains how de-
tection of displacement and pressure requires different
classes of sensor.

Detecting pressure and displacement

Based on physical principles, a possible conclusion is that
to detect sound in water — as an amphibian must - it is
generally easier to detect the pressure component of sound

22

rather than the displacement component. Figure 4 illus-
trates that a propagating sound wave carries two oscillat-
ing components: pressure and displacement. Each physi-
cal quantity requires a different kind of detector, as shown
in the lower part of the diagram. Detecting the pressure
component calls for something like a rigid box filled with
compressible material, like air, and covered with a flexi-
ble membrane (Figure 4C). A familiar example is a mi-
crophone capsule covered with a thin diaphragm which
moves in response to the varying pressure difference across
it. In contrast, to detect the displacement component, a
flexible shaft projecting into the fluid from a solid base
is needed, and in biology the cilium provides a good ex-
ample. Because hair cells have projecting cilia, it has long
been thought that most animals hear by detecting the dis-
placement component of sound. However, the presence of
a cilium does not rule out that the body of a hair cell could
act as a complementary receiver of sound pressure. In fact,
since pressure and displacement are complementary vari-
ables, both may be involved in sound detection [20-22].

The advantages for detecting the pressure component of
sound in water have been set out in earlier publications
[21,22]. Here, the point is made that a similar strategy pro-
vides advantages for the frog ear. It simplifies what appears
to be a complex anatomical arrangement, and avoids diffi-
culties associated with detection of displacement.

The reason it is preferable for aquatic animals to detect
pressure is that water is nearly incompressible, whereas
air, as a gas, is highly compressible. Acoustically, that dif-
ference is expressed in terms of acoustic impedance, where
the acoustic impedance of water is 1.5x10° rayls, while that
of air is 3600 times less, 415 rayls. The impedance differ-
ence means that, for the same acoustic power, the pressure
of a wavefront passing through water is 60 times greater
than the pressure of a similar wavefront in air, while the
displacement of the particles is 60 times less. Therefore, in
water, detection of pressure is physically easier to achieve
than detection of displacement [19,21,24,25].

As Figure 4C illustrates, for pressure to be detected, some
compressible element is necessary. If any compressible el-
ement is immersed in a nearly incompressible liquid, such
as water, the system becomes a highly sensitive acoustic
detector. If the container enclosing the water is rigid —
perhaps steel, or for biological systems, bone — then any
pressure applied to the water will be instantly transmit-
ted and focused on the most compliant spot — which will
be the compressible detector itself. This valuable proper-
ty was noted by Helmholtz more than a century ago [26],
and was appreciated by Békésy [27] who built a model to
demonstrate how efficiently underwater sound can be de-
tected (Figure 5).

In the frog ear, the compressible element could be with-
in the detector itself: the hair cell. If the assumption is
made that the body of the hair cell contains some high-
ly compressible element, perhaps even air, then when the
pressure in the surrounding fluid increases, the hair cell
is squeezed and pressure-sensitive channels in the wall of
the cell are activated. An alternative model is that the com-
pressible element might reside in the tectorial membrane
itself, an idea following from consideration of Figure 6, or
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Figure 5. An efficient way to hear underwater, as demon-
strated by Békésy [27]. A compressible piece of foam rub-
ber is immersed in incompressible liquid, and enclosed
by a lead block and flexible membranes. When a vibra-
tor was applied to one of the membranes, touching the
foam produced the sensation of strong vibrations. This
arrangement is an ideal model for the otic capsule of the
frog. Reproduced from Bell [21]

fill the bulb often visible at the top of the kinocilium, as
suggested in ref. [22].

The active process within hair cells arises by two separate
mechanisms, one relying on the motility of the hair bun-
dle and the other by the motility of the cell body [28-30].
Either of these processes can provide positive feedback
and lead to oscillations and otoacoustic emissions. Which
process is used depends upon the species, although both
mechanisms are possible within the one animal, and the
processes may be interconnected.

Relevant to the pressure detection hypothesis are obser-
vations that certain pressure-sensitive channels reside in
the basolateral walls of hair cells and that mechanically
sensitive proteins, Piezol and Piezo2, form huge trans-
membrane channels which can directly transduce pres-
sure differences across the basolateral wall [29,31,32]. At
the same time, a puzzling observation is that the trans-
duction channel for sound has still not been identified,
despite a search over more than two decades [29,33]. An
explanation could be that the principal channel resides in
the cell wall, not at the tip link.

There are several reasons why, for the frog ear at least, pres-
sure might be the stimulus targeted for transduction. As
set out below, the compressibility idea simplifies the me-
chanics of the frog’s otic capsule enormously: the pressure
stimulus will automatically find its way to the most com-
pressible elements — the sensing cells — despite a labyrinth
of hydraulic pathways [26]. There are two major puzzles
for the displacement model: firstly, the frog ear contains
a number of hydraulic “short-circuits” which severely at-
tenuate displacement stimuli; secondly, the two auditory
sensors, the basilar papilla and the auditory papilla, are
located within recesses, apparently protecting them and
making it difficult for fluid motion to reach them. In con-
trast, the pressure-sensing hypothesis requires only that
the inner ear be a rigid container of incompressible flu-
id (like Figure 5). The pressure builds up at the oval win-
dow (the flexible membrane at the right of Figure 5), and

Bell — The remarkable frog ear

Sensing

Tectorial body —35777 membrane

Papillar
recess

Papillar nerve

Figure 6. A circle of sensing cells in the papillar recess
of the frog, Scaphiopus hurteri. The circular arrangement
of the hair cell nuclei (black dots) strongly suggests that
the cells are not positioned so as to detect fluid motion
in a particular direction. Instead, it appears as if the cells
are focused on detecting vibration emanating from the
centre of the circle, the middle of the tectorial body. This
is a likely location for a compressible element, such as
an air bubble, and the drawing, from Wever, is consistent
with such an interpretation. The distance between rows
of sensing cells ranges from about 15 um at one end to
about 30 um at the other. From Figures 6-9 of Wever [3]
and used with the permission of Princeton University
Press

works against the compliance of the round window (mem-
brane at left). A practically uniform pressure field is there-
by built up throughout the capsule, and this pressure is
sensed by the AP and the BP (the sensing “finger”). The
model matches form and function, and provides a func-
tionally important role for the operculum.

Evidence in favour of the pressure model

Short circuits, and sensing cells hidden away

Purge and Narins [11] constructed a physical model of how
sound energy progresses through the otic capsule of the
frog, and their anatomical diagram is shown in Figure 2.
The arrows in the diagram show the circuitous pathways
taken by sound from oval window to round window, and
here attention is drawn to the convention that the arrows
represent particle motion as generated by a pressure dif-
ference between oval and round windows. More particu-
larly, it is pressure differences across the AP and the BP
that are meant to produce fluid displacements and to bend
hair bundles. Similarly, in Figure 3, the size and direc-
tion of the arrows drawn by Wever signify displacements.

One potentially confusing factor can be put aside. Figures 2
and 3 show that the inner ear is filled with multiple com-
partments, some filled with perilymph (blue) and oth-
er with endolymph (pink). Anatomically, there are only
thin membranes separating these two types of fluid, and
so these highly compliant membranes cannot resist small
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fluid movements. As in mammals, the membranes act as
barriers to preserve chemical and voltage gradients which
assist hair cells in producing generator potentials. These
thin membranes are effectively transparent to sound [34]
and can therefore be disregarded in terms of affecting pres-
sure and flow within the otic cavity.

However, in terms of displacement, there is still a paradox.
There are a number of situations in which fluid flow across
the papillae is short-circuited by various alternative path-
ways. The problem, as noted by Purgue and Narins [11],
concerns major short-circuiting of the initial fluid displace-
ment produced by the stapes (see Figure 2). The blue line
marks the initial displacement of perilymph, and Purgue
and Narins note that there are two possible paths for the
energy to take. One is straight ahead towards the AP and
BP, via the endolymph, which is shown as the continu-
ous line (blue in perilymph; red in endolymph). The oth-
er path, however, is through the periotic canal, the path
shown as the series of broken blue arrows to the right in
Figure 2. As the authors note, “energy traveling down this
path does not generate flow through either the AP cham-
ber or the BP recess” It is what Purgue and Narins call a
bypass, or hydraulic short-circuit.

Aggravating the problem, there is a second short-cir-
cuit once the signal reaches the endolymph. As shown in
Figure 3, there is a thin membrane between the saccule
and perilymph, a membrane next to which Wever draws
a short arrow. Wever [3] notes that “this thin area acts as
a bypass and allows some fraction of the fluid motion to
go directly into the perilymphatic duct without being de-
tected” (p. 473), and if this were so then, in terms of flu-
id surgings, a larger arrow would be appropriate, given
his comment that thin flexible membranes are practically
transparent to sound (p. 470).

Wever draws a large arrow to represent flow past the BP
(Figure 3), as though this is the stimulus to the hair cells.
However, when the position of the BP is examined more
closely, it is found that the hair cells are placed on the side
wall of a duct (the basilar recess) and are covered by tec-
torial membrane. The rest of the recess’s cross-section is
unfilled, leaving a large lumen through which fluid might
flow almost unhindered. There is now a difficulty, in that
Wever’s text (p. 473) states that the fluid motions consti-
tute the actual stimulus to the auditory receptors, so that
it is essential for the receptors to lie in the path of these
motions. He acknowledges (p. 474) that fluid will, to some
extent, flow by without having an effect, but it is hard to
match such a situation with the need for utmost sensitivity.

Mason et al. [35] agree that this path could act as a bypass.
However, their approach is to turn this apparent draw-
back into a possible advantage by suggesting it could be
a way of preventing acoustic overload. Modelling by Pur-
gue and Narins [36] supports this idea by showing that
the bypass might act as a protective shunt at low frequen-
cies. However, the modelling did not consider the effects
of compressible elements within the otic capsule. More
generally, it is difficult to understand why a vibration de-
tector should be arranged to have such a high sensitivi-
ty that its operation needs to be compromised in order to
avoid overload. A separate gain-control device might be
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Hair cells

Figure 7. The amphibian papilla is an arrangement of
hair cells, covered with tectorial membrane, located on
the dorsal wall (top) of the amphibian recess (AR). In this
hidden position, interception of fluid flow would be dif-
ficult, but detection of hydraulic pressure would not be
impaired. From Wever [3] and used with permission of
Princeton University Press

more effective, such as the middle ear muscles in the hu-
man cochlea. In this way, sensitivity could be usefully re-
tained and only turned down when necessary.

Wever also draws another equally large arrow towards the
AP (upper part of Figure 3). Since fluid volume must be con-
served, it raises the question of where the fluid goes after it
reaches the AP. The AP is located on the stiff limbic wall of
the amphibian recess, which, as its name implies, is another
cavity located out of the way of direct fluid flow. The place-
ment of the AP within the recess is illustrated in Figure 7,
an arrangement which raises questions about how fluid flow
could bend hair bundles. The sensory cells are covered with
a gelatinous tectorial membrane, which blocks full access to
the cavity [9] and appears to offer additional protection to
the hair cells. Wever [3] considered that the tectorial mem-
brane itself was excited by sound (forming a so-called sens-
ing membrane), and that vibration of this membrane is then
directed to the hair cells. The difficulty now is, if the mem-
brane is not fully across the flow, how can back and forth
movement of fluid excite the tectorial membrane? Logical-
ly, the expectation is that the hair bundles should be locat-
ed directly across the fluid path, rather than to one side of
the cavity and covered with protective gel.

Even though short-circuits exist within the otic capsule,
every parcel of fluid displaced by the stapes assists in build-
ing up pressure within it. The fluid within the otic cap-
sule is incompressible, so small displacements of the sta-
pes and operculum will cause an appreciable rise in the
internal hydraulic pressure. If the hair cells are pressure
sensors, not displacement sensors, the hair cells can be lo-
cated anywhere within the capsule and complex fluid path-
ways or internal short-circuits will not affect sensing effi-
ciency. Provided the round window is watertight and the
fluid is incompressible, every nanometre of stapes motion
will contribute to a build-up of pressure and activation of
the sensing cells [34]. Compliance of the round window
is the crucial variable which converts stapes displacement
into intracavity pressure.

In terms of sensing pressure, having the sensing cells im-
mersed in incompressible fluid and surrounded by rigid
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bone provides an ideal arrangement. Every pressure sen-
sor carries some degree of compressibility, and the higher
the compressibility of the material inside a pressure sensor
(which can be air, as in an aneroid barometer), the higher
will be its sensitivity. As Helmholtz noted, any force ap-
plied to a rigid container filled with incompressible flu-
id will naturally seek out the most compressible element
and compress it [26], automatically ensuring that the en-
ergy of the input signal is conveyed directly to the sen-
sor. The conclusion, therefore, is that the hair cells of the
frog should have a measurable degree of compressibility
- a testable prediction.

Like middle ear muscles of mammals

To this point, attention has focused on how, via a simple
hydraulic process, stapes vibrations will be converted into
oscillating pressure variations. That same process means
that a static displacement of the operculum will produce a
static pressure throughout the capsule. In particular, a fixed
displacement of the operculum, driven by the opercularis
muscle, will lead to corresponding variations in static hy-
draulic pressure of the otic capsule’s fluid contents, with
the transfer function between displacement and pressure
regulated by the round window compliance. The round
window’s compliance becomes the all-important master
controller of the system.

Why does the frog require the ability to regulate hydraulic
pressure within its inner ear? A clue comes from a compar-
ison with the middle ear muscles of humans. In this sys-
tem, the muscles protect the cochlea from overload, and
it has been proposed that the way the middle ear muscles
achieve this regulation is by pushing the stapes into the
cochlea. Because the fluid contents are incompressible, the
hydraulic pressure rises, leading to decreased gain of the
sensing cells, in this case the outer hair cells. In the mam-
malian system, the OHCs are assumed to be pressure sen-
sors, and the interplay between triplets of OHCs creates
a standing wave, the amplitude of which defines the gain
of the cochlear amplifier [37]. A significant finding is that
the human cochlea has a small degree of compressibili-
ty [38]. In this model, the AC gain of the cochlear ampli-
fier is regulated by a DC signal, and given the evolution-
ary connections, a similar system might be found in frogs.

On this basis, the opercularis muscle in the frog may be
the equivalent of the tensor tympani in mammals, which
pulls inward on the middle ear ossicles and pushes the
stapes into the oval window. It has been calculated [15]
that when the tensor tympani exerts a force of 1 g on the
oval window, this generates a pressure of 10 kPa within
the inner ear fluids, and here it is proposed that a similar
outcome comes from activation of the opercularis mus-
cle. If static pressure controls hearing sensitivity, then ab-
errations in pressure regulation could have major conse-
quences. Maladies such as Méniere’s disease and elevated
intracranial pressure are associated with abnormal levels
of fluid pressure in the cochlea, so the possible effects of
static pressure on hearing are understandable. Noting that
hearing in water requires different transduction mecha-
nisms than hearing in air [19,39], more fundamental re-
search into the question is needed.

Bell — The remarkable frog ear

Because frogs are amphibious and need to hear well in
both water and air, study of the mechanisms underlying
their hearing provides valuable insights. So far as the mid-
dle and external ear is concerned, frogs have a diversity of
anatomical arrangements, and these complexities — such as
the details of their middle ear muscles, including the sta-
pedius — will not be considered here. The focus will be on
the action of the opercularis muscle, which all frogs have.

Otoacoustic emissions and pressure sensing

Van Dijk et al. [9] emphasise how the frog has no basilar
membrane and no travelling wave, yet it emits otoacous-
tic emissions, a situation which confines the range of pos-
sible explanatory models. Their preferred model is one in
which otoacoustic emissions propagate — in both the for-
ward and backward directions - via fast longitudinal pres-
sure waves (p. 57). The pressure-sensing hypothesis un-
der consideration here is consistent with this model. The
alternative view, in which the hair bundles of the AP and
BP react to bending, not pressure, gives rise to two relat-
ed problems. First, how can bending accurately replicate a
fast pressure wave response, and secondly how can a hair
bundle generate otoacoustic emissions?

The generation of otoacoustic emission has major impli-
cations for the way human hearing works. Is hearing a
matter of detecting fast pressure waves or slow traveling
waves [40]? A proposal has been made that humans hear
by detection of the fast pressure wave [21,41,42], and if
it were the case that frog ears also do so - as the analysis
here supports — then it is possible that human ears and
frog ears are more similar than first thought. Both detect
the pressure component of sound, both create otoacoustic
emissions with similar properties, and both regulate hear-
ing sensitivity via static hydraulic pressure.

A circle of sensing cells

In deciding whether pressure sensing or displacement
sensing is more effective, an important consideration is
that pressure is a scalar quantity, whereas displacement
is a vector. When a wave propagates in an open medium,
the vector displacements are in the direction of propaga-
tion. However, when a wave is confined within a small
volume, as it is in the otic capsule, the wave, travelling at
1500 m/s, will rapidly undergo multiple reflections with-
in the containing fluids. For a structure only a few milli-
metres long, the wave will have undergone a thousand or
more reflections within a millisecond, essentially remov-
ing all directional (vectorial) components and leaving just
a scalar component, pressure.

To detect this pressure signal, sensors can be placed any-
where within the capsule, since it is not necessary to cap-
ture directional information. Consider then a situation
where the sensing cells are arranged in a circle (Figure 6).
Here, the sensing cells surround a spot in the centre, where
there appears to be a hole or inclusion within the tecto-
rial body. This geometry provides an ideal pressure-sens-
ing arrangement in which there is a compressible element
at the centre — possibly an air bubble — which oscillates
in volume in response to the imposed sound pressure.
Schematically, this configuration is the same arrangement
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illustrated in Figure 5. Instead of a finger, there is a circle
of hair cells well suited to detecting waves emanating from
this oscillating bubble. The wave propagates through the
gelatinous tectorial membrane before reaching the cells’
stereocilia. With this configuration, pressure-to-displace-
ment conversion takes place outside the cells, not inside.

A circular arrangement of cells would be largely ineffective
in detecting the displacement component of a wave trave-
ling from oval window to round window, whereas such
an arrangement is ideally placed to sense volume chang-
es caused by pressure oscillations. In addition, the graded
variations in row spacing evident in Figure 6 allow tono-
topic tuning. The end of the semicircle with the smallest
row spacing (at the bottom of the figure) is capable of sup-
porting high frequency standing waves, whereas the other
end, with the greatest row spacing (at the top), can support
lower frequency standing waves. Sensing cells in amphibi-
ans typically exhibit alternating polarity between adjacent
cells (e.g. Figure 3b of [9] where the pattern of polarity is
shown by the double-headed arrows), a design appropri-
ate for supporting standing waves between active elements
[41,42]. A good example of back-to-back cells which could
actively create standing waves between matching pairs is
shown in [3], where Wever’s drawing (his Figure 19-5) de-
picts all the cells on one side of the AP facing one direction
and all the others facing the opposite way. In one specimen
of a caecilian (not a frog but nonetheless in the amphibian
family), Wever finds 368 hair cells facing one way and 384
the other (p. 442). The system could then be tuned across
the mid-line so that there are short, high-frequency stand-
ing waves near the centre and long, low-frequency standing
waves between the furthermost edges. Vibrational energy
could then be sent back and forth between sensing cells, a
process not unlike a tennis volley. A similar pattern of alter-
nating polarity has also been discovered in the ears of liz-
ards, and the same explanation has been put forward [41].

If ripples expand from a central point, it is possible for re-
flection to occur at a boundary and for a standing wave to
form. The length between the nodes of the standing wave
will depend on the frequency. Standing waves are famil-
iar in all resonating structures such as guitar strings and
xylophone bars, and such waves have been put forward
as an explanation for otoacoustic emissions in the human
cochlea, where the outer hair cells appear in three pre-
cisely defined rows [37]. In the human case, the standing
waves are possibly based on “squirting waves” (or Krauk-
lis waves), which have slow propagation velocities; if the
rows have opposite polarity, whole-wavelength standing
waves can form between the rows. In this surface acous-
tic wave (SAW) model, tuning relies on the microscopic
distance between the rows of hair cells, a distance that in
humans varies from 5 to 20 pm. In Figure 6, the distance
between cells ranges from about 15 to 30 pum.

Pressure-to-displacement converters

In 1982, some experiments gave indications that frog ears
were responding to the pressure component of sound, not
particle velocity [43]. However, interpretation of this work
is complicated because of the difficulty in separating the
action of the two sound components. Every compressible
volume is effectively a pressure-to-displacement converter,
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and the experiments cited found that the air-filled mid-
dle ear cavity dominated the situation (see also [19] for
a discussion which extends to mechanisms of fish hear-
ing). Measuring effects due to compressible elements in-
side the inner ear (rather than the middle ear) would re-
quire more detailed investigation.

A related anatomical oddity is the case of certain species
of frogs in which the males grow spongy lumps on their
eardrums during the mating season [8]. In analogy with
Békésy’s piece of foam rubber (Figure 5), if the growths
were to contain compressible material like air, then a pres-
sure-to-displacement converter would exist directly on
their eardrums. This would help the frogs detect sound
underwater, perhaps the calls of other males. Oscillation
of the growths in response to sound pressure would vi-
brate their tympanic membrane and increase the sensi-
tivity of their underwater hearing. The arrangement has a
resemblance to modern middle ear implants which over-
come conductive hearing losses by driving the ossicular
chain directly [44]. At other times of the year, the frogs
may benefit more from hearing air-borne sound, mean-
ing the lumps would then be a liability rather than an as-
set, and the growths would disappear.

In the case of frogs which spend most of their lives in wa-
ter, there may be no great advantage in hearing air-borne
sound at all. This may be the case with “earless” frogs, who
are terrestrial frogs which have inner ears but no external
tympanum [2]. Instead, the middle ear cavity is filled with
loose connective tissue, a perplexing situation which Ja-
slow and colleagues (p. 70) regard as indicating that the
standard impedance matching function of the middle ear
is overly simplistic. A relevant consideration here is that,
in terms of collecting area, a compressible element in wa-
ter collects energy within a distance of half a wavelength
(several metres at 100 Hz), which would make a tympa-
num unnecessary.

Wever gain control measurements

This section considers the evidence of direct observations
of the operculum. The core hypothesis of this paper is that
contraction of the opercularis muscle leads to a change of
hydraulic pressure in the otic capsule, and this static pres-
sure is the parameter which controls the sensitivity of the
hair cells to sound-induced oscillating pressure. Here evi-
dence is assembled that activation of the opercularis mus-
cle reduces hearing sensitivity.

Wever

Wever’s work [3] provides the most direct evidence in fa-
vour of the operculum being a controller of hearing sen-
sitivity. Wever anesthetised Southern leopard frogs and
observed sound-evoked inner ear potentials (hair cell mi-
crophonics) from an electrode inserted into the frog’s otic
capsule. His findings were that the microphonics had a dis-
tinctive V-shaped frequency response, with a maximum
sensitivity at about 1500 Hz. The frequency response had
two almost linear portions, one rising steeply towards high-
er frequencies and another rising more gently towards low-
er frequencies, a pattern shown in Figure 8. The two linear
portions, shown in bold, represent the basic case where
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Figure 8. Spontaneous changes in the hearing sensitiv-
ity of 4 frogs as measured by Wever [3] from inner ear
potentials. Each frog was measured twice, represented by
two traces of each colour. There are drastic changes in
sensitivity, sometimes by as much as 72 dB, which Wever
tracked down to activity of the opercularis muscle. The
most sensitive and most reproducible case is outlined
with the grey bold lines, which is data from deeply an-
esthetised frogs where the muscles are presumed inac-
tive; the other lines are from lightly anesthetised frogs
with more active muscles. The conclusion is that activ-
ity of the opercularis muscle can strongly dampen coch-
lear sensitivity, that is, the muscle can provide overload
protection. Data is replotted from Figures 3-30 to 3-33
of Wever (1985), and the ordinate is sound pressure
(0 dB=1 dyne/cm?=74 dB SPL) required to produce 0.1 pV

the frog is deeply anesthetised and the opercularis muscle
relaxed. However, as anesthesia wears off, Wever observed
that the opercularis muscle became active and, significant-
ly, the inner ear potentials in response to sound became
much smaller. The key result was that the frog ear’s sen-
sitivity to sound could spontaneously change by as much
as 72 dB (4000-fold).

Providing a physical explanation for why the potentials
change so markedly is difficult, and Wever was initially
puzzled. He describes how it took him several months of
investigation, but he finally found that the operculum and
its attached opercularis muscle were responsible. The de-
crease in sensitivity, he suggested, was due to the opercu-
laris muscle becoming active as anesthesia wore off. When
it contracts, it tightens an associated ligament which tends
to push the operculum into the otic capsule (Figure 3-37 of
[3]); according to the pressure model, this motion would
increase the hydraulic pressure in the otic capsule. In fact,
Wever thought the attenuation was due to mechanical lock-
ing between the operculum and stapes, but the pressure
model implies, based on consideration of related evidence
[15], that the effect results from the way in which hydrau-
lic pressure affects hair cell microphonics. Wever’s exper-
iments directly showed that microphonics were affected
by muscle tension: when he artificially pulled on the col-
umella and opercularis muscles, the electrical responses
systematically increased and decreased (p. 67).
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Wever’s protection theory was generally not well received,
and subsequent experiments by Hetherington present-
ed evidence that did not appear to support it. The exper-
iments focused on measuring the amplitude of vibration
of the tympanum, and assumed that tympanum vibrations
were, by lever action, directly and passively transformed
to sound input to the inner ear. Under this arrangement,
the operculum did not seem to govern input sensitivity.
However, it is now known that the inner ear is active and
nonlinear. Later experiments by Hetherington measured
the vibration of the frog’s body, its external ear, middle ear,
and operculum [17], but with no definite trend. It is possi-
ble that varying levels of anesthesia — which Wever found
was a key factor — might have prevented consistent trends
from emerging. Some measurements of microphonics in
alert frogs were made, but a focus on the operculum as a
seismic sensor, rather than a gain control element, gave
inconclusive results. In addition, holes drilled in the otic
capsule to insert electrodes may have been a confounding
factor [45,46]. Although Wever explicitly notes he resealed
holes that were drilled in the otic capsule (p. 27 of [3]),
later workers did not always make clear that they did so.
For whatever reason, no other work besides Wever’s has
directly linked motion of the operculum (which might be
reinterpreted as pressure) to actual inner ear responses.

One persistent criticism of Wever’s protective theory was
that the opercularis muscle contains slow tonic fibres,
not fast twitch fibres, indicating that the muscle may not
be able to rapidly react and introduce sound attenuation
through some form of mechanical disarticulation [47].
This criticism presumes that the opercularis muscle has
to rapidly modulate the motion of the stapes. But if the
muscle’s primary action is to increase hydraulic pressure
by pressing on incompressible fluids within the capsule,
very little motion is required and the pressure can remain
elevated for long periods without additional effort, many
minutes if necessary. Note that the middle ear muscles in
mammals are similarly composed largely of slow tonic fi-
bres, and the general case for pressure control of hearing
sensitivity is made in [15].

An issue of interest is whether the motion of the stapes
and operculum are independent. For a number of years,
Wever and others considered that, because of anatomical
proximity, the two structures were physically connected,
and to exert a protective effect, the operculum needed to
constrain the motion of the stapes, like a brake on a wheel.
But if the structures move independently, as later research
confirmed [2,47], then the brake idea wasn’t feasible, and
so a protective function for the operculum was thought
unlikely. However, the options increase if the two struc-
tures are anatomically and mechanically separate but still
interconnected hydraulically. The braking action of the
operculum can be mediated through the fluids, and act
directly on the hair cells themselves, not on the vibrato-
ry chain. In brief, hydraulics could control the gain of the
cochlear amplifier and affect inner ear potentials.

Experiments by Hetherington and others [46] have isolated
the opercularis system by cutting the muscle or its attached
tendon. The result is that there is only a few decibels of
difference in the physical motion of the tympanum - not
enough to provide protection. But hair cell microphonics

27

DOI: 10.17430/897793



Review papers ¢ 17-30

is a totally different measure to vibration amplitude of the
tympanum, or of any other structure in the chain. Protec-
tion can still be provided at the sensory cell level, via hy-
draulics, even when the vibration amplitude of the external
tympanum is unchanged. Cutting the opercularis muscle
on one side of the frog might also have a limited effect if the
opercularis muscle on the other side is still intact — since
the ears are connected via a fluid channel. This cross-con-
nection might also be why only small effects of disabling
muscle connections to an ear have been seen [45,46,48].

One noteworthy observation which appears to confirm the
operculum’s function as a pressure regulator is recorded
by Wever [3]. He found (this time in a salamander) that
manipulation of the operculum and its muscle had bilat-
eral effects, so when he immobilised or loaded one oper-
culum, it resulted in augmented or reduced effects on the
other side (pp. 317-321). Given the tight fluid connection
between the ears, such bilateral effects are understandable.

Mason

As touched on earlier, Mason [4] has made the case that
the operculum is involved in pressure regulation, but for a
different reason. In a 2006 paper he puts forward reasons
for believing that the opercularis system is an arrange-
ment for “pressure buffering” the inner ear fluid pressure,
since it is somehow necessary to accommodate the obvi-
ous bulging of the ear drum whenever the frog breathes,
calls, or moves. Since the tympanum is connected direct-
ly to the inner ear via the rigid stapes, Mason consid-
ers there needs to be some way of stiffening the system
to limit extreme motions and pressure spikes. Activity of
the opercularis muscle occurs in synchrony with breath-
ing, providing evidence in support of some sort of pres-
sure regulation. However, Mason’s model for linking the
opercularis with breathing can be extended to directly in-
volve the hair cells. Not only does the opercularis mus-
cle regulate fluid pressure to prevent excessive tympanum
excursions, it also regulates hearing sensitivity by lower-
ing the gain of the cochlear amplifier within the hair cells.

Conclusions

Despite marked anatomical differences between frogs and
mammals, the literature surveyed in this paper supports
major similarities in the basic way they detect sound. Van
Dijk and colleagues have already noted that the coch-
lea and the amphibian papilla probably share underly-
ing principles [9]. A similar conclusion has been reached
by Bergevin and colleagues when comparing otoacoustic
emissions [49]. The case made here is that the inner ears
of both kinds of animal work on the principle of detect-
ing sound pressure, not sound displacement. The reason
is that the pressure component of a sound is larger, and
easier to detect, in water than the displacement compo-
nent, and the inner ears of frogs and mammals are both
filled with incompressible fluid, essentially water. In evo-
lutionary terms, of course, human ears derived from crea-
tures who once lived in water, so it follows that humans
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may retain the same mechanism for detecting sound prop-
agating through water [50].

The proposal is that the frog ear is a pressure detector and
that the gain of hair cells in the inner ear is controlled by
the operculum via its effect on static hydraulic pressure.
The hypothesis offers a way of solving a long-standing puz-
zle about the role of operculum. It is suggested that Wev-
er’s original idea, seen in the context of a hydraulic pres-
sure mechanism, provides an explanation which matches
form and function and is consistent with the data.

For many years, the standard view has been that hearing is
a matter of sensing displacement. Because hair cells pos-
sess stereocilia, and stereocilia are sensitive to deflection
[14], the conclusion has been that deflection of hair bun-
dles is the primary, or effective, stimulus for hearing. How-
ever, as has been noted [21,22], a sound stimulus applied
to a hair cell could also be detected via the cell body itself
[41,42]. Motion of the hair bundle associated with a pres-
sure stimulus could be generated by internal cell mecha-
nisms, providing a feedback signal to neighbouring hair
cells. The whole process could produce a standing wave —
a mechanically based cochlear amplifier [37,41,42].

Rather than the compressible element being inside the cell,
another possibility, raised by consideration of Figure 6, is
that it could be outside the cell, perhaps some portion of
the tectorial membrane such as the tectorial body. These
ideas gain relevance in the light of recent experiments
which find that the energy of an oscillating portion of
the mammalian basilar membrane is almost (within 1 dB)
identical to the energy at the stapes [51]. This is consistent
with a basic resonance model of transduction, but more
difficult to place within a travelling wave model. A reso-
nance approach to hearing may therefore be useful not just
for understanding how frogs hear but also broader ques-
tions relating to human hearing.

With a focus on displacement, Békésy’s traveling wave
theory is the dominant model of human hearing. But if
the pressure component of sound is the primary stimulus,
the traveling wave model is not necessary and the possi-
bility arises that the ear’s tuned elements resonate to in-
coming sound - a model we owe to Helmholtz [52,53].
The resonance approach may contribute to a better un-
derstanding of how the human cochlea operates [54], and
also how its function may best be mimicked with a coch-
lear implant [55].

The insights gained from examining the ears of frogs could
produce important advances in understanding the hear-

ing of humans and other vertebrates.
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