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Stellingen behorende bij het proefschrift

Auditory Mechanics of the Frog Basilar Papilla
Richard L.M. Schoffelen

7 oktober 2009

1. Hoewel de basilaire papilla van de kikker wordt beschouwd als evolutionair
homoloog aan de cochlea van zoogdieren, vertoont de cochlea meer anatomis-
che en functionele overeenkomsten met de amfibische papilla. – dit proefschrift

2. De beweging van het tectoriaal membraan in de basilaire papilla van de luipaard-
kikker onder akoestische stimulatie is vergelijkbaar met die van een kattenluik.
– dit proefschrift

3. De mechanische response van het tectoriaal membraan in de basilaire papilla
van de luipaardkikker is de basis voor de frequentieafhankelijkheid van de neu-
rale response in de afferente zenuwvezels die met deze papilla verbonden zijn.
– dit proefschrift

4. De bovengrens van de neurale response in de afferente zenuwvezels die met de
basilaire papilla verbonden zijn wordt niet bepaald door de maximale mecha-
nische response van het tectoriaal membraan. – dit proefschrift

5. De waardering voor wetenschap en techniek lijkt negatief gecorreleerd met de
mate waarin de samenleving ervan afhankelijk is.

6. Als alles goed is, gaat er niks mis. – Emile de Kleine

7. It’s supposed to be hard. If it wasn’t hard, everyone would do it. The hard... is
what makes it great. – Jim Dugan (Tom Hanks, in ‘A league of their own’)

8. In evolution, getting it right doesn’t matter. It’s not getting it wrong that’s im-
portant. – Beau Lotto

9. Want ’t giet zoas ’t giet; Ook al denk ie soms van nie. – Daniël Lohues

10. Voor een Limburger blijft de slogan ‘Er gaat niets boven Groningen’ een onbe-
grijpelijke stelling.
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CHAPTER 1

Introduction



2 CHAPTER 1

Even in their simplest form, biological sensory systems depend on complex physiology in or-
der to function. From a physical and engineering standpoint, the vertebrate auditory system
may very well be the most intriguing sensory system: In the inner ear, fluid dynamics are
generally combined with the mechanics of coupled membranes, adaptive detection thresh-
olds and active amplification, to form a non-linear acoustic detector. It is testament to the
complexity of this system that almost half a century has passed since Georg von Békésy
published his landmark work ‘Experiments in hearing’ (1960) and won the Nobel prize for
Physiology or Medicine for his ‘fundamental discoveries concerning the dynamics of the in-
ner ear’ (1961), yet a complete physiological model of the inner ear remains illusive despite
the efforts of many great investigators.

1.1 The vertebrate inner ear
In general, the vertebrate peripheral auditory system consists of three parts: the outer ear,
the middle ear, and the inner ear. The system functions to pick up sound –air-pressure
fluctuations– from the environment, and transform it into neural signals (Yost 2000). The
specific area of interest in this dissertation is the inner ear. The inner-ear anatomy shows
wide variations across vertebrate species, but there are a number of shared features (Lewis
et al. 1985; Manley and Clack 2003).

All known vertebrate species have two inner ears, located on either side of the skull. They
are fluid-filled cavities containing two membranous labyrinths: the endolymphatic space and
the perilymphatic space. The sensory organs of hearing and balance are located within the
endolymphatic space. Depending on the species, these senses are distributed across four to
nine separate end organs. In terrestrial and amphibian species, one or two of the end organs
are dedicated to the detection of airborne sound (Lewis et al. 1985).

All the inner-ear end organs have hair cells as their sensory cells. On their apical side,
these cells have hair-like protrusions –stereovilli– which extend into the fluid-filled space of
the inner ear. Deflection of the stereovilli initiates a bioelectrical response, that ultimately
triggers neural activity in the nerve fibers connecting to the basal side of the cell (Pickles
1988; Yost 2000). In essence, the hair cells are mechano-electrical transducers, and they have
been compared to strain gauges (Lewis et al. 1985).

The primary point of entry for auditory signals into the inner ear is generally the oval
window. Here, the membranous wall of the perilymphatic space connects to the bony middle-
ear ossicles to receive the acoustic signals from the environment. The acoustic energy then
passes through the fluids of the inner ear, to its detection site at the hair cells of the auditory
end organ.

The hair cells of the auditory end organs are set on a flexible basilar membrane (BM)
in most classes of terrestrial vertebrates –the one exception being anuran amphibians–. The
stereovillar bundles of the hair cells protrude into the endolymphatic space. The hair bundles
are often covered by a continuous tectorial membrane (TM), while in some species the TM
is not continuous, or lacking altogether (e.g. Lewis et al. 1985; Manley 2006; Manley and
Köppl 2008).

The afferent neurons connecting to the auditory epithelium exhibit a frequency-selective
response, characterized by a characteristic frequency and a tuning sharpness. The charac-
teristic frequency in many vertebrate hearing organs, among which the mammalian cochlea,
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changes with the location at which the afferents connect to the epithelium. This implies that
sound frequencies in these organs are detected at a specific place; this relationship between
frequency and location of detection in the sensory epithelium is called tonotopy. Through-
out the vertebrate species, the sharpness of tuning and the sensitivity are generally similar to
those in mammals (Evans 1975b). Thus, a range of structurally different ears apparently have
functionally very similar receptors.

In the mammalian cochlea, the frequency selectivity is reflected in the mechanical re-
sponse of the BM (Ruggero et al. 1992; Narayan et al. 1998). The response of the BM at
a specific location in the cochlea matches the properties of the neural-tuning curves. Von
Békésy (1960) was the first to establish the mechanical basis for the frequency-selective
response by showing a frequency-dependent mechanical response of the BM in the post-
mortem inner ear. Later measurements significantly altered the picture presented by these
classical experiments. Specifically, the active contribution of the outer hair cells was found to
shape the mechanical response of the membrane (Johnstone et al. 1986); their active somatic
motility contributes directly to the mechanical response of the BM (Robles and Ruggero
2001). This contribution results in a significant sharpening of the tuning curves, which is of
obvious importance to the ability to distinguish between frequencies.

Mammalian outer hair cells have the ability to actively change their soma length. In-
terestingly, this specific active process seems to be restricted to the mammalian cochlea,
and appears to be absent non-mammalian vertebrates. Rather, active hair-bundle motility,
as observed in the amphibian saccular hair cells, may serve as a mechanism for active am-
plifications of sound signals (Martin and Hudspeth 1999; Hudspeth 2008). Recently, this
mechanism was suggested to exist in mammalian hair cells as well (Fettiplace 2006).

The response of the BM has only been studied in a few species. Manley et al. (1988)
found no mechanical tuning of the BM response in the lizard Tiliqua. In such cases, the
frequency-selective response, and thus the tonotopic organization, may be based on the me-
chanical properties of the tectorial membrane. Also, mechanical properties of the hair bundles
(Freeman and Weiss 1990) and electrical properties of the cell bodies (Ashmore and Attwell
1985) may contribute to the frequency selectivity.

In conclusion, various vertebrate inner ears show a number of shared features, and a large
range of anatomical and functional variations. It is expected that the functional significance of
the various substructures in the vertebrate inner ear may be determined from the comparative
study of the relation between structure and function across species.

1.2 Auditory mechanics of the basilar papilla
The term auditory mechanics refers to the mechanics of the entire peripheral auditory system.
The work presented in this dissertation was aimed at understanding the auditory mechanics
of the basilar papilla in the frog inner ear. In particular, the focus was on the mechanical
response of the tectorial membrane to acoustic stimulation of the oval window.

The basilar papilla is one of the frog’s two auditory end organs. It covers the high-
frequency part of the frog’s auditory range, and is tuned to a single frequency (Ronken 1990,
chapter 2). It lacks a BM. The hair cells of the relatively small sensory epithelium are set
on the cartilaginous wall of its tubular lumen. A tectorial membrane is suspended over the
epithelium (Wever 1985, chapter 3).

Acoustic energy stimulating the basilar papilla enters the lumen on the lateral side, and
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exits through the contact membrane on the medial end (Purgue and Narins 2000b). It pre-
sumably deflects the hair bundles of the epithelium, with the tectorial membrane playing a
role in conveying the fluid displacement to the hair bundles.

1.2.1 Outline of this dissertation
In chapter 2, we present a review of the state of knowledge of the frog inner ear. This review
is focused on the inner-ear mechanics, rather than the physiology of the sensory end-organs.
In order to form hypotheses about the mechanics in the frog inner ear, this chapter com-
bines a model from literature, and a report on direct measurements of inner-ear structures
with anatomical observations on frog auditory end organs and literature on measurements of
nerve-fiber responses and otoacoustic emissions.

Chapter 3 describes the results of detailed exploration of the anatomy of the basilar
papilla and its lumen in the northern leopard frog, Rana pipiens pipiens. The use of scanning
electron microscopy and light microscopy led to the most extensive description of the organ
in this species, to date.

Chapter 4 reports on measurements of the frequency selectivity of the tectorial-membrane
response in the frog basilar papilla. We investigated the response of the tectorial membrane
to displacement of the oval window, using light microscopy and optical-flow analysis.

For chapter 5, the same techniques were used to investigate the input-output characteris-
tics between the oval-window displacement and the tectorial-membrane response.

Chapter 6 reflects on the findings of the preceding chapters, and discusses to what extent
the aim of understanding the auditory mechanics of the frog basilar papilla was achieved.

1.2.2 Relation to published work
Chapter 2 through 5 were written as individual research papers. Three of these four chapters
have been published in, or submitted to scientific journals. The differences between these
papers and the chapters here are limited to the numbering of the chapters and sections, and
the addition of cross-references between the chapters.

Chapter 2 was published in the May 2008 issue of the Journal of Comparative Physiology
A as "R.L.M. Schoffelen, J.M. Segenhout, P. Van Dijk. Mechanics of the exceptional anuran
ear." (Volume 194 (5), pages 417-428).

Chapter 4 was published in the September 2009 issue of the Journal of the Association for
Research in Otolaryngology as "R.L.M. Schoffelen, J.M. Segenhout, P. Van Dijk. Tuning of
the tectorial membrane in the basilar papilla of the northern leopard frog" (Volume 10 (3),
pages 309-320).

Chapter 5 was submitted to Hearing Research as "R.L.M. Schoffelen, J.M. Segenhout, P.
Van Dijk. Input-output characteristics of the tectorial membrane in the frog basilar papilla"
in April 2009.
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Abstract:
The anuran ear is frequently used for studying fundamental properties of vertebrate auditory
systems. This is due to its unique anatomical features, most prominently the lack of a basi-
lar membrane and the presence of two dedicated acoustic end organs, the basilar papilla and
the amphibian papilla. Our current anatomical and functional knowledge implies that three
distinct regions can be identified within these two organs. The basilar papilla functions as
a single auditory filter. The low-frequency portion of the amphibian papilla is an electri-
cally tuned, tonotopically organized auditory end organ. The high-frequency portion of the
amphibian papilla is mechanically tuned and tonotopically organized, and it emits sponta-
neous otoacoustic emissions. This high-frequency portion of the amphibian papilla shows a
remarkable, functional resemblance to the mammalian cochlea.

2.1 Introduction
The anatomy and physiology of the amphibian ear show both remarkable resemblances and
striking differences when compared to the mammalian auditory system. The differences be-
tween the human and the amphibian auditory system are too significant to warrant direct
generalizations of results from the animal model to the human situation. However, studying
hearing across species helps to understand the relation between the structure and function of
the auditory organs (Fay and Popper 1999). Thus, we hope and expect that the knowledge
gained about the amphibian auditory system fits into our understanding of auditory systems
in general.

Over the course of history a number of diverse amphibian species developed. Currently
only three orders remain: anurans, urodeles, and caecilians. Their evolutionary relationship,
as well as the evolutionary path of the individual orders, is still under debate. However,
they are generally grouped into a single subclass Lissamphibia of the class Amphibia (Wever
1985).

The ancestral lineage of amphibians separated from the mammalian lineage approxi-
mately 350 million years ago, in the paleozoic era. Many of the important developments in
the auditory systems emerged after the ancestral paths separated (Manley and Clack 2003).
This implies that shared features, like the tympanic middle ear, developed independently in
different vertebrate lineages.

The anurans -frogs and toads- form the most diverse order of amphibians. The living
species are classified into two suborders, Archaeobatrachia and Neobatrachia (Wever 1985).
Both within and between these suborders there is a large variation in the anatomy and phys-
iology of auditory systems. The most thoroughly studied species belong to family Ranidae,
as is reflected in the work referenced in this paper.

The hearing organs of anurans are often falsely assumed to be more primitive than those
of mammals, crocodiles, and birds. The relatively simple structure and functioning of the
amphibian ear offer an excellent possibility to study hearing mechanisms (e.g. Ronken 1990;
Meenderink 2005). On the other hand, the sensitivity of the frog inner ear, which appears
to be able to detect (sub)angstrøm oscillations (Lewis et al. 1985), shows that the frog ear
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functions as a sophisticated sensor.
While the ears of most vertebrate species contain one dedicated acoustic end organ, the

frog ear has two, the amphibian papilla and the basilar papilla1. Like in other vertebrates,
these organs contain hair cells for the transduction of mechanical waves into electrical (neu-
ral) signals. In mammals, birds and lizards, the hair cells are set on a basilar membrane.
The frog inner ear lacks such a flexible substrate for its sensory cells. The hair bundles of
the frog’s auditory organs are covered by a tectorial membrane, as they are in all terrestrial
vertebrates except for some lizards species (Manley 2006).

In mammals the mechanical tuning of the basilar membrane is the primary basis for fre-
quency selectivity. In absence of the basilar membrane, the frog’s auditory organs must rely
solely on the tectorial membrane and the hair cells themselves for frequency selectivity.

Recently, Simmons et al. (2007) and Lewis and Narins (1999) published reviews of the
frog’s ear anatomy and physiology. In the current paper, we focus on the mechanics of the in-
ner ear, specifically on the mechanics of the tectorial membrane. Only one publication exists
on direct mechanical/acoustical measurements of structures in the frog inner ear (Purgue and
Narins 2000a). Therefore, many of our inferences will result from indirect manifestations
of inner ear mechanics, as observed in anatomical, electro-physiological and otoacoustic-
emission studies. Nevertheless, these studies provide a consistent view of the mechanics of
the anuran inner ear.

2.2 Anatomy
2.2.1 Middle ear
The ears of most terrestrial vertebrates can be divided into three principal parts: the outer
ear, the middle ear and the inner ear. In mammals, the outer ear consists of a pinna and an
ear canal, which terminates at the tympanic membrane. In most frog species the outer ear is
absent2, and the tympanic membrane is found in a bony ring, the tympanic annulus, in the
side of the skull.

The tympanic membrane defines the distal boundary of the middle-ear cavity. This air-
filled cavity is spanned by the ossicular chain, which serves to transfer vibrations of the
tympanic membrane to the oval window of the inner ear. In the frog, the ossicular chain
consists of two structures, the extra-columella and the columella (Jørgensen and Kanneworff
1998; Mason and Narins 2002a). The cartilaginous extra-columella is loosely connected to
the center of the tympanic membrane. Medially, it flexibly connects to the partially ossified
columella. The columella widens to form a footplate at its medial end, where it attaches to
the oval window of the inner ear. Acoustic stimuli primarily enter the inner ear through the
oval window.

The middle-ear’s primary function is to compensate for the impedance mismatch between
the air and the fluid-filled inner ear. There are two contributions to this compensation (Jaslow
et al. 1988; Werner 2003). The first contribution results from the small area of the oval
window relative to the area of the tympanic membrane. This causes a concentration of the
external force exerted on the tympanic membrane. The second contribution involves a lever
action of the columella footplate. The footplate attaches to the otic capsule along its ventral

1See section 2.2 for an explanation of the anatomical terms used.
2Some species, like Amolops tormotus (Feng et al. 2006), have a cavity in front of the tympanic membrane

which is considered to be an ear canal and thus an outer ear.
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edge. This bond is suggested to be the location of the hinging point of the middle ear lever in
the frog (Jørgensen and Kanneworff 1998; Mason and Narins 2002b). The lever action serves
as a force amplification mechanism and contributes to the impedance matching between the
outside air and the fluids in the inner ear. Both effects result in pressure amplification be-
tween the tympanic membrane and the columella footplate, thus overcoming the impedance
mismatch between air and the inner-ear fluids.

Middle earInner ear

Amphibian

papilla 

Basilar

papilla

Sacculus

m. opercularis m. columellarisRound window

Columella

Operculum

Tympanic

membrane

Airborne

sound

Figure 2.1: Schematic drawing of a transverse section through the frog ear (adapted from Wever 1985).
The division into the middle, and inner ear is indicated above the image; a selection of features is
indicated in the image. The grey arrows indicate the paths of vibrational energy through the inner ear.
Airborne sound enters the inner ear through the columellar path; substrate vibrations putatively through
the middle-ear muscles and the operculum. The combined acoustic vibration passes through the fluid-
filled inner ear to the round window. The dark grey areas in the inner ear represents the perilymphatic
fluid, the light grey area the endolympatic fluid.

An additional bony disk is flexibly attached to the oval window in amphibians: the oper-
culum. The presence of an operculum in anurans is unique among vertebrates. The opercu-
lum’s position in the oval window can be modulated through the m. opercularis, which also
connects it to the shoulder girdle.

The function of the operculum is not entirely clear. Possibly, it serves to transfer substrate
vibrations to the inner ear (Lewis and Narins 1999; Mason and Narins 2002b). The putative
path for these vibrations includes the front limbs, the shoulder girdle and the m. opercularis
(Hetherington 1988; Wever 1985).

Alternatively, the operculum-columella system is proposed to protect the inner ear’s sen-
sory organs from excessive stimuli. This protection hypothesis takes two different forms.
Wever (1985) suggests that the operculum and the columella footplate can be locked together
through muscle action. In this manner, the flexibility of the connection to the oval window
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decreases and the input impedance increases, which in turn decreases the input-signal ampli-
tude of the pressure wave in the inner ear. It has also been suggested that the action of the m.
opercularis could uncouple the operculum and the footplate (Mason and Narins 2002b). This
would allow the operculum to move out of phase with the footplate. The out-of-phase motion
could absorb part of the inner ear fluid displacement caused by the motion of the footplate.
Effectively this creates an energetic by-pass and decreases the amplitude in the inner ear.

A tympanic middle ear as described above is considered to be the typical situation (Jaslow
et al. 1988), which can be found in the family of Ranidae. However, a wide range of vari-
ations in middle ear structures is found across species. In some species a bony disk occu-
pies the tympanic annulus rather than a membrane, e.g. Xenopus leavis (Wever 1985), and
there are a number of ‘earless’ frogs. The tympanic membrane and the tympanic annulus
are absent in these species. A functioning inner ear and a partial middle ear usually exist,
although the middle ear cavity may be filled with connective tissue (e.g. Telmatobius exsul,
Jaslow et al. 1988), or not exist at all (e.g. species in the Bombina family, Hetherington and
Lindquist 1999; Wever 1985). Remarkably, some of these ‘earless’ frogs have a mating call
and exhibit neurophysiological responses (Bombina bombina, Walkowiak 1988; Atelopus,
Lindquist et al. 1998) at typically auditory frequencies, which implies they have another path
for the transfer of airborne sound to the inner ear (Jaslow et al. 1988), for example through
the lungs (Narins et al. 1988; Lindquist et al. 1998; Hetherington and Lindquist 1999).

2.2.2 Inner ear
The inner ear in the frog has two membranous windows: the oval window and the round
window. As mentioned above, acoustic energy primarily enters the inner ear through the
oval window. The round window is the main release point of this energy (Purgue and Narins
2000a). A similar lay-out can be found in other terrestrial vertebrates. However, the round
window of the frog does not open into the middle ear as it does in mammals. Rather, it can
be found in the top of the mouth cavity, under a lining of muscle tissue.

Within the inner ear there are two intertwined membranous compartments: the perilym-
phatic and the endolymphatic labyrinths (see figure 2.1). The perilymphatic labyrinth con-
nects to both the oval window and the round window. Starting at the oval window and going
medially, it passes through a narrow foramen, and widens into the otic cavity, forming the
periotic cistern. Continuing medially, it narrows again into the periotic canal. This canal
connects the periotic cistern with the perilymphatic space at the round window (Purgue and
Narins 2000b).

Between the lateral perilymphatic cistern and the round window, part of the endolym-
phatic space can be found. The endolymphatic space also includes the semi-circular canals
located dorsally from the otic system. It contains the sensory organs of hearing and balance.
In the frog inner ear, there are eight sensory epithelia (Lewis and Narins 1999; Lewis et al.
1985), located as follows:

• three cristae in the semi-circular canals, which are sensitive to rotational acceleration
of the head,

and one each in:

• the utricule, which detects linear acceleration,

• the lagena, which detects both linear acceleration and non-acoustic vibrations (Caston
et al. 1977),
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• the sacculus, which is sensitive substrate vibrations up to approximately 100 Hz, and
also detects high level low-frequency airborne sound, (Narins 1990; Yu et al. 1991)

• the amphibian papilla, which detects low-frequency acoustic stimuli (Feng et al. 1975),
and

• the basilar papilla, which is sensitive to high-frequency airborne stimuli (Feng et al.
1975).

Hair cells are the sensory cells in all of these organs. Like all hair cells, these cells have a
stereovillar bundle on their apical surface. Deflection of the bundle as a result of an acoustical
vibration or a mechanical acceleration, initiates an ionic transduction current into the cell.
This initial current causes a cascade of ionic currents, eventually resulting in the release of
neurotransmitter at the basal surface of the cell. The released neurotransmitter triggers neural
activity in the nerve-fiber dendrites that innervate the basal portion of the hair cell (Pickles
1988; Yost 2000; Keen and Hudspeth 2006).

As in most vertebrates, a tectorial membrane covers the sensory cells of the auditory end
organ. This membrane is a polyelectrolyte gel, which lies on the stereovilli (Freeman et al.
2003). The function of the tectorial membrane is not well understood, and may vary between
classes. However, since the stereovilli in most vertebrate ears connect to this membrane, it
obviously plays an important role in the conduction of acoustic vibrations to the hair cells3.

2.2.3 Basilar papilla
The basilar papilla is found in a recess that opens into the saccular space at one end, and
is limited by a thin contact membrane at the other. The contact membrane separates the
endolymphatic fluid in the papillar recess from the perilymphatic fluid at the round window
(Lewis and Narins 1999; Wever 1985). The recess perimeter is roughly oval in shape; in the
bullfrog, Rana catesbeiana, its major axis is approximately 200 µm long, while the minor
axis measures approximately 150 µm (Van Bergeijk 1957). In the leopard frog, Rana pipiens
pipiens, it is of similar size (personal observation, RLMS & JMS, chapter 3).

The oval perimeter of the lumen is formed from limbic tissue; a substance unique to
the inner ear, and similar to cartilage (Wever 1985). The sensory epithelium is approxi-
mately 100 µm long. It occupies a curved area, which is symmetrical in the major axis of
the elliptical lumen. It contains approximately 60 hair cells (measured in Rana catesbeiana),
from which the stereovilli protrude into the lumen and connect to the tectorial membrane
(Frishkopf and Flock 1974). Typically the orientation of the hair cells, as defined by the di-
rection to which the v-shape of the stereovilli bundle points (Lewis et al. 1985), is away from
the sacculus in Ranidae.

The tectorial membrane spans the lumen of the papillar recess. It occludes about half
the lumen, and consequently takes an approximately semi-circular shape when viewed from
the saccular side (Frishkopf and Flock 1974; Wever 1985). The membrane has pores at the
surface closest to the epithelium, into which the tips of the hair bundles project (Lewis and
Narins 1999)4.

3In the mamallian ear the inner hair cells, which are the primary sensory cells, do not connect directly to the
tectorial membrane. However, their deflection is presumably closely associated with the kinematics of the tectorial
membrane (e.g. Nowotny and Gummer 2006)

4Some images from the basilar papilla suggest that there are free-standing hair bundles in the anuran’s basilar
papilla (e.g. Lewis et al. 1985), and chapter 3.
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Figure 2.2: Schematic drawing of the amphibian papilla of the bullfrog, Rana catesbeiana, (adapted
from Lewis et al. 1982, rotated to match orientation of fig. 2.1). Labels: TM - tectorial membrane,
AP - amphibian papilla. a: General overview of the AP; the dashed outline indicates the location of the
sensory epithelium, b: hair cell orientation in the sensory epithelium; dashed line indicates the position
of the tectorial curtain. The numbers along the perimeter indicate the characteristic frequency of the
auditory nerve fibers connecting to that site (in Hz).

2.2.4 Amphibian papilla
The amphibian papilla can be found in a recess, that extends medially from the saccular space
and, in frogs with derived ears, bends caudally to end at a contact membrane. Like the basilar
papilla’s contact membrane, the membrane separates the endolymphatic fluid in the papilla
recess from the perilymphatic fluid at the round window.

The sensory epithelium is set on the dorsal surface of this recess (Lewis and Narins 1999).
The epithelium itself has a complex shape; it consists of a triangular patch at the rostral
end, and an s-shaped caudal extension towards the contact membrane (see fig. 2.2). The
exact shape and length of the caudal extension varies across species, with the most elaborate
extensions occurring in species of the family of Ranidae (Lewis 1984), while some species
lack the s-shaped extension alltogether (Lewis 1981).

In the epithelium, the hair cell orientation follows a complicated pattern (see fig. 2.2b).
In the rostral patch the cells are orientated towards the sacculus. On the rostral half of the
s-shaped extension, they are oriented along the s-shape. However, on the caudal half, the
orientation rotates 90! to become perpendicular to the s-shape (Lewis 1981).

An elaborate tectorial membrane is found on the hair bundles. A bulky structure covers
the rostral patch, while the membrane gets thinner along the caudal extension (Lewis et al.
1982). A tectorial curtain spans the papilla recess approximately halfway between the saccu-
lus and the contact membrane (Shofner and Feng 1983; Wever 1985). The curtain, also called
the sensing membrane (Yano et al. 1990), spans the entire cross section of the lumen. A small
slit in the tectorial curtain may function as a shunt for static fluid-pressure differences (Lewis
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Figure 2.3: Overview of measurements of the frog inner ear; comparison between Rana (left) and Hyla
(right). The dashed lines indicate the separation between the amphibian papilla and the basilar papilla. a,
b: Distributions of characteristic frequencies of auditory nerve fibers in Rana pipiens pipiens, and Hyla
cinerea. c: Example of the response of the contact membrane in R. catesbeiana; the black line represents
the amphibian papilla, open markers the basilar papilla. d,e: Distributions of spontaneous otoacoustic
emissions in ranid species (combined data from R. pipiens pipiens and R. esculenta), and hylid species
(combined data from H. cinerea, H. chrysoscelis, and H. versicolor). f: Example of stimulus frequency
otoacoustic emissions in R. pipiens pipiens at indicated stimulus levels. g, h: Examples of DP-grams
measured in Rana pipiens pipiens, and Hyla cinerea.
Panels a, b, d, e, g and h are taken from Van Dijk and Meenderink (2006). There, they were reproduced
from Ronken (1990), Capranica and Moffat (1983), Van Dijk et al. (1989), Van Dijk et al. (1996),
Meenderink and Van Dijk (2004), and Van Dijk and Manley (2001), respectively. Panel c is taken from
Purgue and Narins (2000a), and panel f is an adapted presentation of data from Meenderink and Narins
(2006) (graph created with data provided by Dr. Meenderink).

et al. 1982).

2.3 Response of the auditory end organs
As mentioned in section 2.2.2, the oval window serves as the primary entry point of acoustic
energy into the inner ear; the round window presumably serves as the primary release point.
After the energy passes through the oval window, it enters the periotic cistern. Between this
relatively large perilymphatic space and the round window there are two possible routes:
through the endolymphatic space, or through the periotic canal, bypassing the endolymphatic
space and the sensory organs altogether (Purgue and Narins 2000a). The bypass presum-
ably serves to protect the sensory organs against low-frequency overstimulation (Purgue and
Narins 2000b).

The vibrational energy that ultimately stimulates the auditory end organs predominantly
may enter the endolymphatic space through a patch of thin membrane in its cranial wall near
the sacculus. This entry-point was identified by Purgue and Narins (2000b) by mechanically
probing the perimeter of the endolyphatic space. After entering the endolymphatic space the
energy may pass either through the basilar papilla’s or the amphibian papilla’s lumen to the
round window.

Measurements of the motion of the respective contact membranes show that there is a
frequency-dependent separation of the vibrational energy between paths through the amphib-
ian and the basilar papilla (Purgue and Narins 2000a; see figure 2.3c). The accompanying
dynamic model of the energy flow through the bullfrog’s inner ear (Purgue and Narins 2000b)
indicates that this separation may occur based on the acoustic impedances of the paths.

The perilymphatic path through the periotic canal may serve as a shunt for acoustical
energy to the round window. As its impedance exponentially increases with frequency, low-
frequency vibrations will most effectively utilize this path. The endolymphatic path, on
the other hand, presumably has a relatively constant impedance throughout the frog’s au-
ditory range. The respective lumina of the amphibian and basilar papilla have a frequency-
dependent impedance of their own. According to the model mentioned above these impedances
are dominated by the characteristics of the contact membranes (Purgue and Narins 2000b).
The respective peak displacements of the contact membranes correspond to the detected fre-
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Figure 2.4: Tuning curves measured in the auditory nerve in R. catesbeiana (unpublished measure-
ments by JMS & PvD, 1992; various specimens). The numbers in italics indicate Q10dB values
(Q10dB = CF

!f ).

quencies in the associated organs (Purgue and Narins 2000a).

2.3.1 Basilar papilla
The basilar papilla’s tectorial membrane is presumably driven by a vibrating pressure gradient
between the the sacculus and the basilar papilla’s contact membrane. No reports have been
published on direct measurements of the mechanical response of the tectorial membrane,
or on the basilar papilla’s hair-bundle mechanics. However, the hair-cell orientation in the
basilar papilla implies that the tectorial membrane’s primary mode of motion is to and from
the sacculus.

Auditory nerve-fiber recordings from the frog basilar papilla show a frequency-selective
response (see figure 2.4 for examples of tuning curves). The range of characteristic fre-
quencies in nerve fibers from the basilar papilla is species dependent. In the leopard frog,
they are approximately between 1200 and 2500 Hz (Ronken 1991); in the bullfrog they are
slightly lower, between 1000 and 1500 Hz (Shofner and Feng 1981; Ronken 1991). In the
Hyla-family the characteristic frequencies appear to be significantly higher; in Hyla cinerea,
the green treefrog, they range from 2.8 to 3.9 kHz (Ehret and Capranica 1980; Capranica and
Moffat 1983), and in Hyla regilla roughly from 2 to 3 kHz (Stiebler and Narins 1990; Ronken
1991). Where studied in other species, the characteristic frequencies of the basilar papilla’s
nerve fibers fall roughly within the bounds defined by the bullfrog at the low end and the
green treefrog at the high end (Scaphiopus couchi: approximately 1-1.5 kHz, Capranica and
Moffat 1975,Ronken 1991; Eleutherodactylus coqui: approx. 2-4 kHz, Narins and Capranica
1980, Narins and Capranica 1976, Ronken 1991; Physalaemus pustulosus group: around 2.2
kHz, Wilczynski et al. 2001).

In each individual frog the tuning curves of the auditory nerve fibers appear to have a
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Figure 2.5: Comparison of the filter quality factor Q10dB vs. the characteristic frequency (CF) of nerve
fibers from the cat cochlea (adapted from Evans 1975a) and the leopard frog (adapted from Ronken
1991). In the leopard frog graph, the triangular symbols correspond to nerve fibers from the amphibian
papilla; the circles to fibers from the basilar papilla. The black line indicates the upper limit of the
amphibian papilla’s frequency domain. The grey area in the upper (cat) graph corresponds to the area
of the lower (frog) graph. The loops indicate the approximate perimeter of the fiber populations in the
lower graph for the amphibian papilla and the basilar papilla.

nearly identical shape and characteristic frequency (Ronken 1990; Van Dijk and Meenderink
2006). This suggests that the entire basilar papilla is tuned to the same frequency. Because
of this collective tuning, characterized by one characteristic frequency and a single tuning-
curve shape, throughout the organ, the basilar papilla may be referred to as a ‘single auditory
filter’. In comparison, the mammalian cochlea, and the anuran amphibian papilla (see below),
consist of a combination of a large number of auditory filters (Pickles 1988).

The quality factor, Q10dB (e.g. Narins and Capranica 1976; Shofner and Feng 1981),
is lower than that of other vertebrate hearing organs in the same frequency range, (Evans
1975a, see figure 2.5), and ranges from approximately 1 to 2 in both the leopard frog and the
bullfrog (Ronken 1991, see figure 2.5). For other anuran species the ranges are somewhat
different, with the lowest minimum values (approximately 0.5) reported for Hyla regilla, and
the highest maximum values (approximately 2.8) in Scaphiopus couchi. Thus, the basilar
papilla’s frequency selectivity is relatively poor.

As illustrated in figure 2.3, there is no correspondence between the range of character-
istic frequencies in the basilar papilla and the range of spontaneous-otoacoustic-emission
frequencies (Van Dijk and Manley 2001; Van Dijk and Meenderink 2006; Van Dijk et al.
2003; Meenderink and Van Dijk 2004; Meenderink and Van Dijk 2005; Meenderink and
Van Dijk 2006; Meenderink and Narins 2007). Since it is generally assumed that otoacoustic
emissions of a particular frequency are generated at the detection site for this frequency, this
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suggests that the basilar papilla does not generate spontaneous emissions. However, it does
emit distortion-product otoacoustic emissions (Van Dijk and Manley 2001), and stimulus-
frequency otoacoustic emissions (Palmer and Wilson 1982; Meenderink and Narins 2006).
The peak amplitudes of the distortion-product otoacoustic emissions match the characteris-
tic frequencies of the auditory nerve fibers innervating the basilar papilla (Meenderink et al.
2005b).

The amplitude and phase characteristics of the distortion product otoacoustic emissions
can be qualitatively modeled by assuming the basilar papilla to be a single passive non-linear
auditory filter (Meenderink et al. 2005b). Thus, nerve-fiber recordings, otoacoustic-emission
measurements and a model based on these measurements show that the basilar papilla func-
tions as a single frequency band auditory receptor. This frequency band is relatively broad,
and the center frequency may depend on species and individual animals.

The hypothesis that considers the basilar papilla as a single resonator was originally put
forward by Van Bergeijk (1957). He investigated the mechanical response of the tectorial
membrane in a scale model consisting of a thin rubber tectorium spanning a lumen in a stiff
wall. A number of different vibration modes existed in this model. Although Van Bergeijk’s
model is vastly oversimplified, the basic idea that the mechanical tuning of the tectorial mem-
brane may be the basis of the basilar papilla’s frequency selectivity is still viable.

2.3.2 Amphibian papilla
As in the basilar papilla, the tectorial membrane in the amphibian papilla is presumably driven
by a vibrating pressure difference between the sacculus and the round window. Due to the
more elaborate tectorial membrane and the more complex pattern of hair cell orientations,
the motion of the membrane may be expected to be more complex than that of the basilar
papilla’s tectorial membrane. The tectorial curtain is in the sound path through the papilla,
and presumably plays a role in conveying vibrations to the tectorial membrane and the hair
bundles.

Electro-physiological recordings from and subsequent dye-filling of single fibers of the
auditory nerve show that the amphibian papilla has a tonotopic organization (Lewis et al.
1982). The fibers innervating the triangular patch have low characteristic frequencies, down
to approximately 100 Hz. The frequencies increase gradually along the caudal extension. In
the bullfrog, the upper frequency is about 1000 Hz; an overview of the tonotopic organization
is given in figure 2.2b5.

The frequency selectivity of the amphibian papilla’s nerve fibers is similar to that of mam-
malian auditory nerve fibers with the same characteristic frequency. This is in contrast to the
significantly poorer frequency selectivity in the basilar papilla’s nerve fibers (Ronken 1990;
Evans 1975a, see also figure 2.5).

In the low-frequency, rostral part of the papilla, the hair cells are electrically tuned (Pitch-
ford and Ashmore 1987; Smotherman and Narins 1999a). This tuning stems from the elec-
trical properties of the cell membrane’s ion channels. The hair-cell tuning characteristics
parallel the tonotopy of the single nerve-fiber recordings. Therefore, frequency selectivity in

5In some species of the Hyla-family the upper frequency in the amphibian papilla is markedly higher than in the
bullfrog (Ronken 1991), up to approximately 2.8 kHz in H. cinerea (Ehret and Capranica 1980). However, even in
these species the vast majority of the recorded fibers from the amphibian papilla have best frequencies below 1250
Hz.
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the rostral part of the amphibian papilla appears to be primarily determined by the electrical
characteristics of the hair cells.

However, there is a fundamental discrepancy between the tuning characteristics of the
hair cells and the auditory nerve fibers. While hair cells exhibit a second-order resonance
(Pitchford and Ashmore 1987) auditory neurons display a higher-order filter characteristic
(Lewis 1984). Nevertheless, due to the parallels in the tonotopic organization, the assumption
that the frequency selectivity is determined by the electrical tuning seems viable for the rostral
part of the amphibian papilla. The higher-order responses in the neural signal may result from
coupling between hair cells, which may be mechanical, for instance through the tectorial
membrane.

Neurons innervating the rostral portion of the amphibian papilla display non-linear two-
tone suppression similar to that in other vertebrates (Capranica and Moffat 1980; Benedix
et al. 1994). Another manifestation of non-linear behavior can be found in the response
to noise: second-order Wiener kernels of low-frequency neurons show off-diagonal compo-
nents, which are an indication of non-linearity (Van Dijk et al. 1994; Van Dijk et al. 1997a).
The spectro-temporal receptive fields constructed from these Wiener kernels exhibit suppres-
sive side bands besides the main characteristic-frequency band of the fiber (Lewis and Van
Dijk 2004).

Hair cells caudal to the tectorial curtain do not display electrical resonance (Smotherman
and Narins 2000). Therefore, the tuning of this high-frequency, caudal region of the papilla
must result from the mechanical properties of the tectorial membrane and the hair cells.

Based on the hair cell orientation, displayed in figure 2.2b, the tectorial membrane mo-
tion in the amphibian papilla is expected to be far more complex than in the basilar papilla.
Assuming that the hair bundles are orientated in such a way that they are maximally deflected
by the connected tectorial membrane, the rostral patch of the membrane should be moving
to and from the sacculus, if the appropriate stimuli are presented. The rostral part of the s-
shaped extension is moving along its major axis, whereas the extension caudal to the tectorial
curtain should be moving in a transverse direction.

The amphibian papilla appears to be the only source of spontaneous otoacoustic emissions
in the frog inner ear (Van Dijk et al. 1989; Van Dijk et al. 1996; Long et al. 1996; Van Dijk
and Manley 2001; figure 2.3d-e). The frequency distribution of these emissions corresponds
to the range of best frequencies of the neurons projecting to the portion of the amphibian
papilla caudal to the tectorial curtain. It is generally assumed that an otoacoustic emission
of a specific frequency is generated at the location in the inner ear where that frequency is
detected. Under this assumption, the presence of spontaneous otoacoustic emissions indicates
that the caudal portion of the amphibian papilla exhibits spontaneous activity. Presumably,
this activity is related to active amplification of input signals in this area.

The caudal region of the amphibian papilla is also involved in the generation of distortion-
product otoacoustic emissions (Van Dijk and Manley 2001; Meenderink and Van Dijk 2004),
and stimulus-frequency otoacoustic emissions (Meenderink and Narins 2006). The distortion-
product otoacoustic emissions from the amphibian papilla are more vulnerable to metabolic
injuries than those from the basilar papilla (Van Dijk et al. 2003). Also, both the spontaneous
(Van Dijk et al. 1996) and distortion-product (Meenderink and Van Dijk 2006) otoacoustic
emissions display a clear dependence on body temperature. These results combine to indicate
that the s-shaped extension of the amphibian papilla caudal to the tectorial curtain functions
as an active hearing organ.
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2.4 Discussion
Our aim in this review is to outline what is known about the mechanical response properties of
the amphibian and basilar papilla. Only one published report exists of the direct mechanical
measurements of structures associated with these papillae (Purgue and Narins 2000a). The
measurements show that the response of the contact membrane is frequency dependent for
each papilla. The movement of the contact membrane may be assumed to reflect the fluid
motion within the respective papilla. The contact membrane of the amphibian papilla shows a
maximum response when the ear is stimulated with relatively low acoustic frequencies, while
the basilar papilla’s contact membrane exhibits a maximum response to higher frequencies.

The amphibian and the basilar papilla are the only hearing organs found in terrestrial
vertebrates in which the hair cells are not on a flexible basilar membrane. Instead the hair cells
are embedded in a relatively stiff cartilaginous support structure. Any frequency-selective
response, therefore, most likely originates from the mechanical or electrical properties of the
hair cells, or the mechanical properties of the tectorial membrane, or a combination of these
factors. Since there are no direct mechanical measurements of either the hair cells in the
papillae or the tectorial membranes, we cannot come to any definite conclusions regarding
their properties. However, the available morphological and functional data allow for some
hypotheses.

The most conspicuous functional characteristic of the amphibian papilla is its tonotopic
organization (Lewis et al. 1982). Rostral to the tectorial curtain the hair-cell orientation
is essentially parallel to the tonotopic axis. In this low-frequency region of the amphibian
papilla the tectorial membrane apparently moves in a rostro-caudal direction. In contrast, the
hair-bundle orientation suggests that the tectorial-membrane motion is perpendicular to the
tonotopic axis in the high-frequency, caudal region of the papilla. The tectorial membrane’s
caudal end, therefore, appears to vibrate in a markedly different direction than its rostral end.

In the low-frequency region of the amphibian papilla the hair cells display electrical tun-
ing. The tuning properties of the hair cells parallel the tonotopic organization as measured
from the afferent nerve fibers (Pitchford and Ashmore 1987). This strongly suggests that the
tuning characteristics of the nerve fibers are primarily determined by the electrical hair-cell
resonances. The auditory nerve-fiber recordings reflect the presence of high-order filtering
(Lewis 1984), whereas hair cells essentially function as second-order resonances. It is, there-
fore, likely that coupling between the hair cells shapes the frequency responses in the nerve
fibers. Such coupling may be mechanical, e.g. by the tectorial membrane, or electrical, or a
combination of mechanical and electrical.

Hair cells in the high-frequency, caudal region do not display any electrical resonance
(Smotherman and Narins 1999a). This implies that the frequency selectivity must be based
on mechanical tuning, probably by the tectorial membrane. The caudal region of the amphib-
ian papilla shares some notable characteristics with the mammalian cochlea (see also Lewis
1981):

1. the papilla is elongated, and it exhibits a tonotopic gradient along the long axis;

2. the orientation of the hair cells is perpendicular to the tonotopic axis, indicating that the
hair cells are stimulated most efficiently by a deflection perpendicular to the tonotopic
axis;

3. frequency selectivity –very probably– relies on mechanical tuning;
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4. frequency selectivity is similar, with Q10dB-values ranging from 0.8 to 2.2; and

5. both spontaneous and distortion-product otoacoustic emissions are generated. These
emissions are physiologically vulnerable.

The presence of spontaneous otoacoustic emissions shows that at least part of the amphibian
papilla’s caudal extension functions as an active hearing organ. In this respect it is similar to
the mammalian cochlea and other vertebrate hearing organs (Lewis and Narins 1999). One
active mechanism in the mammalian cochlea is the prestin-mediated active somatic length
changes in the outer hair cells (Brownell et al. 1985; Yost 2000; Zheng et al. 2000; Liber-
man et al. 2002; Dallos 2003). However, this mechanism is probably exclusively present
in mammalian outer hair cells. Active hair bundle movements have been reported as an al-
ternative active mechanism in anuran saccular hair cells (Martin and Hudspeth 1999; Martin
et al. 2003; Bozovic and Hudspeth 2003); this mechanism may be present in the auditory
organs as well. Although the fundamental active mechanism may differ between species, the
functional result seems to be very similar across vertebrates: high auditory sensitivity and
good frequency selectivity (Manley 2000).

The basilar papilla seems to function in a much simpler manner. Both neural recordings
and otoacoustic emission measurements suggest that it functions as a single auditory filter.
Since the hair cells in the basilar papilla are unlikely to be electrically tuned, its frequency
selectivity most likely results from mechanical tuning, probably via the tectorial membrane.

The basilar papilla is remarkable in that no spontaneous otoacoustic emissions have been
recorded in its frequency range. The absence of such emissions can either be caused by the
fact that they are not generated within the papilla, or by the fact that the transmission of such
emissions to the tympanic membrane is inhibited. However, distortion-product otoacoustic
emissions can be recorded in this range (e.g. Van Dijk and Manley 2001). This implies that
the outward transmission is not inhibited, and therefore that spontaneous emissions are most
likely not generated within the basilar papilla.

Furthermore, the amplitude of the basilar papilla’s distortion-product otoacoustic emis-
sions depends less on temperature than that of the amphibian papilla’s (Meenderink and
Van Dijk 2006). Also, emissions from the basilar papilla are less sensitive to the disrup-
tion of oxygen supply (Van Dijk et al. 2003). Apparently, emissions from the basilar papilla
are relatively independent of the metabolic rate, and therefore, it has been suggested that the
basilar papilla is not an active hearing organ (Vassilakis et al. 2004; Van Dijk and Meenderink
2006).

In conclusion, the frog inner ear takes an exceptional place among the hearing organs of
terrestrial vertebrates. It includes two auditory end organs, which both lack the basilar mem-
brane present in every other terrestrial vertebrate species. Instead the hair cells are embedded
in a relatively stiff structure. They are stimulated by the motion of the tectorial membrane.
Although the basilar and amphibian papilla are similar in this respect, they appear to function
by different mechanisms. In fact, even within the amphibian papilla two distinctly differ-
ent functional regions can be identified. The low-frequency portion, rostral to the tectorial
curtain, contains hair cells that exhibit electrical tuning. The hair cells are most sensitive to
deflection along the tonotopic axis, thus this is presumably the tectorial membrane’s direction
of vibration. By contrast, the region caudal to the tectorial curtain shows more similarities to,
for example, the mammalian cochlea: the hair cell orientation is perpendicular to the tono-
topic axis, and the presence of spontaneous otoacoustic emissions suggests that it functions
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as an active hearing organ. Finally, the basilar papilla is yet different: it appears to function
as a single passive auditory filter. Thus the frog inner ear includes two auditory end organs
with three functional regions.
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Abstract:
The basilar papilla is one of two dedicated auditory end organs in the frog inner ear. Due to
the lack of a basilar membrane (BM), it appears to be a functionally and anatomically simpler
organ than found in other vertebrates.
In this paper we present a detailed description of the basilar papilla (BP) of the northern
leopard frog (R. pipiens pipiens) based on scanning-electron-microscopy (SEM) and light-
microscopy (LM) images. Our findings are in line with those reported earlier in related
species, and form a basis for the interpretation of the mechanical measurements on the basilar
papilla.

3.1 Introduction
Anatomical studies provide a valuable addition to physiological and mechanical measure-
ments for understanding the functioning of the inner ear. Besides forming the basis of mod-
eling approaches, they provide hypotheses for the mechanics of the various structures in the
inner ear.

Due to its relatively simple anatomy and physiology the frog inner ear provides us with a
unique opportunity to study fundamental processes in vertebrate hearing. The frog inner ear
contains eight sensory epithelia for the senses of hearing and balance (Wever 1985; Schoffe-
len et al. 2008, chapter 2), including two end organs dedicated to the detection of auditory
signals: the amphibian papilla (AP) and the BP. While both the AP and the BP have sensory
hair cells, neither has the BM that is present in all other terrestrial vertebrates as a flexible
substrate for these cells. This, presumably, makes the inner-ear mechanics in the frog less
complex than those in, for example, mammals. Both of the frog’s auditory end organs have a
tectorial membrane (TM) that covers the entire or part of the sensory epithelium.

The AP is the frog’s low-frequency detector. Its anatomy exhibits considerable variations
across species (Lewis 1984). The AP has a tonotopic organization with the detected frequen-
cies increasing from the rostral to the caudal side of the organ (Lewis et al. 1982). The
species-dependent upper limit is between 0.4 and 1.4 kHz, and is correlated with the length
of the organ’s extension in the caudal direction (Lewis 1981; Simmons et al. 2007). The BP
covers the high-frequency part of the frog’s auditory range. This organ is tuned to a single
frequency that varies between species and individuals of the same species (Capranica and
Moffat 1983). It may be as low as 1.0 to 1.5 kHz in the bullfrog (Shofner and Feng 1981;
Ronken 1991), and as high as 2.5 to 3.9 kHz in Hyla cinerea (Ehret and Capranica 1980)
or Eleutherodactylus coqui (Narins and Capranica 1980). In the leopard frog, it is approxi-
mately between 1.2 and 2.5 kHz (Ronken 1990; Ronken 1991; Smotherman and Narins 2000;
Schoffelen et al. 2009b, chapter 4).

In anuran species, the BP is located in a tubular recess that extends directly from the
saccular space (Van Bergeijk 1957; Frishkopf and Flock 1974; Lewis and Narins 1999). It
ends at the contact membrane (CM), which forms the separation between the endolymphatic
space within the recess and the perilymphatic space beyond it. The epithelium of the anuran
BP lies deeply within the recess. This is in contrast with the BP in many other amphibians,
where the BP may cover all of its recess and extend into the lagenar recess (caecilians and
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urodeles, Lewis and Narins 1999).
The anuran BP’s TM is a thin semicircular structure that extends from the hair cells closest

to the contact membrane to a strand of tectorial material spanning the width of the papillar
recess (fig. 3.3; Lewis and Narins 1999). This strand is also referred to as the ‘terminal
chord’ (Van Bergeijk 1957; Bergeijk and Witschi 1957; Geisler et al. 1964). Along part of its
semicircular edge, the TM connects to the hair cells of the epithelium. The two or three rows
of hair cells closest to the contact membrane appear to extend into pores in the TM, while
the other hair cells may not be directly connected to the TM (Lewis 1977; Lewis and Narins
1999).

In the various organs of the anuran inner ear, a variety of different inner-hair-cell types is
found (Lewis and Li 1975; Smotherman and Narins 1999a). However, there are none sim-
ilar to mammalian outer hair cells among them. Within the BP of the bullfrog, Lewis and
Li (1975) identify three different types of hair cells based on the morphology of their stere-
ovillar bundle. The stereovilli in all three types are organized in an systematic manner from
shortest to tallest villi. The hair cell is maximally sensitive for deflection towards the longest
villus, the kinocilium. This direction is defined as the hair-cell polarization. Mappings of the
hair-cell polarizations within an epithelium give an indication of the presumed predominant
direction of deflection of the hair bundles, and through it an insight into the mechanics of the
inner ear. Hair-cell polarization maps of the BP show rather wide variations between anuran
species. However, in species with the most derived inner ears, including Rana, Xenopus and
Pipa the hair-cell polarization is uniformly from the sacullar side of the papilla to the CM
(Lewis et al. 1985; Lewis and Narins 1999).

Recently, functional studies in the anurans from the Rana-family have been predomi-
nantly performed in either the bullfrog, R. catesbeiana, (e.g. Yu et al. 1991; Martin and
Hudspeth 1999; Purgue and Narins 2000a; Bozovic and Hudspeth 2003) or the leopard frog,
R. pipiens (e.g. Ronken 1990; Benedix et al. 1994; Van Dijk et al. 2002; Meenderink
2005). Anatomical studies of the basilar papilla in this family have been largely confined to
the bullfrog (Geisler et al. 1964; Frishkopf and Flock 1974; Lewis 1977; Auer et al. 2008),
although other species were studied as well (Wever 1985). In this paper, we report on a de-
tailed exploration of the BP of the northern leopard frog, Rana pipiens pipiens. Our findings
corresponded closely to those reported in the bullfrog (Frishkopf and Flock 1974) and other
members of the Rana-family (Wever 1985).

3.2 Materials and methods
Inner-ear specimens were used from northern leopard frogs that were killed for the investi-
gation of the mechanical response of the TM (Schoffelen et al. 2009b, chapter 4; Schoffelen
et al. 2009a, chapter 5). The animal experiments were conducted in compliance with the
current legislation in the Netherlands. Part of these requirements is the approval of the exper-
imental procedure by the Institutional Animal Care and Use Committee prior to the start of
the measurements.

The animals were obtained from a commercial supplier (Charles D. Sullivan Co. Inc.,
Nashville (TN), USA via Exoterra Schaudi GmbH, Holzheim, Germany). They were killed
using a double-pith procedure, and the ears were excised. After excision, the ears were kept
submerged in amphibian ringer solution (Carolina Biological Supply Company, Burlington
(NC), USA), while the endolymphatic space remained closed. For SEM and LM imaging, we
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used BP’s from ears that were used for TM-response measurements (Schoffelen et al. 2009b,
chapter 4; Schoffelen et al. 2009a, chapter 5), as well as from ears that were not included in
those measurements.

Of the ears to be used for imaging, the otic capsules were opened and the BP lumina were
isolated. The BPs were then fixated by immersion in a solution of 2.5% glutaraldehyde in
0.1-M Na-cacodylate buffer (pH = 7.4; 400 Mosm) and 2 mM calcium chloride. Some of the
BPs were subsequently prepared for scanning electron microscopy (SEM), while others were
used for light miscroscopy (LM).

Scanning Electron Microscopy Post-fixation for SEM imaging was performed according
to the OTOTO non-coating technique (OsO4 - Thiocarbohydrazide - OsO4 - Thiocarbohy-
drazide - OsO4; Malick and Wilson 1975). This technique involves alternating submersion
of the preparation in OsO4 (in a 0.1 M Na-cacodylate buffer) and in the ligand thiocarbohy-
drazide, as prescribed by the OTOTO sequence (detailed in Jongebloed et al. 1992). After
post-fixation, the BP preparations were dehydrated in a graded ethanol series (30% vol.-50-
70-90-100-100). Finally, they were critical-point dried with liquid carbon dioxide.

The resulting preparations were studied with a field-emission gun scanning microscope
(type 6301F, JEOL Ltd, Tokyo, Japan), operated between 2 and 3 kV.

Light microscopy For LM, post-fixation was performed by submerging the BP in a solu-
tion of 1% OsO4 and 1% K4Ru(CN)6 for two to three hours, followed by careful rinsing
with distilled water. Subsequently, the specimen was dehydrated in a graded ethanol series,
followed by submersion in propylene oxide. It was then infiltrated for two hours with a 1:1
mixture of propylene oxide and Spurr’s low-viscosity resin, followed by over-night infiltra-
tion with pure Spurr’s resin. Afterwards, resin polymerization took place at 70!C.

Semi-thin (" 1 µm) sections were cut of the resin-encapsulated BPs, and stained with
toluidine blue. The stained sections were analyzed under a light microscope (type DM-RXA,
Leica Microsystems GmbH, Wetzlar, Germany).

Non-fixated preparations During fixation and post-fixation, any soft tissue in the prepara-
tion may be dislocated, distorted and reduced in volume, due to the dehydrating treatment. In
the SEM and LM images, we observed significant reduction of the TM in the BP. Therefore,
photos of non-fixated preparations were used to complement the observations from the SEM
and LM images. The photos were taken as part of the mechanical-response measurements
(Schoffelen et al. 2009b, chapter 4; Schoffelen et al. 2009a, chapter 5), using an optical
micoscope (BX51WI, Olympus Corporation, Japan) equipped with a scientific-grade mo-
nochrome digital camera (1412TE Cooler Camera, DVC Company, Austin, TX, USA). For
these measurements, the perilymphatic space had been opened at the round window. Images
were taken through the BP’s CM, while the endolymphatic space remained closed. Thus, the
images show the BP in a fresh preparation in its normal fluid environment.

3.3 Results
The leopard frog’s BP is situated in its own recess in the wall of the saccular space. The
sensory epithelium is located on the dorsal wall of the lumen. An SEM overview of the
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Figure 3.1: LM images of the BP. The left panel (a) was taken from a slice along the length of the
epithlium, the right panel (b) perpendicular to it. Key structures in the BP are indicated, as well as the
directions along which various dimensions of the lumen were determined. The TM is reduced in size
and detached from the epithelium due to the preparation process.

basilar papilla in its lumen is displayed in figure 3.31. The lumen is roughly cylindrical in
shape. Its opening into the saccular space forms the lateral end of the lumen. The medial end
is partially formed by the CM (fig. 3.1a).

3.3.1 The BP’s lumen
For the purpose of this description we defined the length of the lumen to be parallel to the
basal side of the epithelium (fig. 3.1a). This direction is parallel to the predominant hair-
cell orientation (see below), and coincides with the measured direction of motion of the TM
(Schoffelen et al. 2009a, chapter 5). A cross-section perpendicular to the length was approx-
imately oval in shape over most of the length of the lumen (fig. 3.1b), while it was more
circular between the epithelium and the CM. The short axis of the oval cross section is called
the width of the lumen, while the long axis is the height.

The length of the lumen was estimated to be in the order of 500 µm. Its height decreased
regularly from the lateral (saccular) to the medial (CM) side. Based on LM images, the taper
was determined to be between 20! and 40! across preparations. Along the length of the
sensory epithelium (" 100 µm, fig. 3.1a) the average lumen height ranged from 350 µm to
400 µm across ears.

The width of the lumen varied in a less regular manner. It was constant at approximately
270 µm over the length of the epithelium. Between the epithelium and the saccular space, the

1As is customary in descriptions of the frog basilar papilla (e.g. Van Bergeijk 1957; Frishkopf and Flock 1974;
Wever 1985; and Lewis and Narins 1999) we chose to display it with the epithelium at the bottom of the lumen
throughout this paper.
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Figure 3.2: Histogram of hair-cell counts in 19 BPs. The number of hair-cells was determined by
counting the hair bundles in SEM images. The dashed and the solid vertical line indicate the median
(med) and the average (avg), respectively.

width decreased slightly before widening into the saccular space.

3.3.2 The epithelium
The epithelium of the BP was located approximately 50 µm from the CM at the medial end
of its recess. Its total length was approximately 100 µm. The epithelium consisted of sensory
hair cells, and supporting cells covered with microvilli.

The hair cells occupied an approximately rectangular area on the curved lumen boundary.
This area measured about 55 µm (SEM, n=4, range 53-64 µm) along the length of the lumen,
and 275 µm (LM, n=4, range 224-340 µm) along the curved perimeter of the lumen (width).
Across the specimens examined in SEM, the number of hair cells ranged from 63 to 95
(average=76, median=74). In figure 3.2, a histogram is displayed of the hair-cell counts in 19
preparations.

The hair cells were set in six to eight rows. The two to three rows closest to the CM
generally had a dense and a regular organization (fig. 3.4), while those closer to the saccular
space appeared to be set in a more random pattern.

Based on the shape of the hair bundles, we identified four types of hair cells (SEM, fig.
3.5). In the first type (type D, classification according to Lewis and Li 1975), the hair bundles
were circular with a relatively low maximum villus length (" 3-4 µm), a small slope from
the shortest to the longest villus (" 35!), and a bulbed kinocilium. In the second type (type
F), the maximum villus length was higher (" 5-8 µm) and the slope steeper (" 55!); the
kinocilium was unbulbed. The third type (type E) was similar to the type-F cells, except this
type had a bulbed kinocilium. The third type (type A) had relatively short stereovilli and a
tall unbulbed kinocilium with a length in the same range as the maximum length in the type-F
and type-E cells (" 5-8 µm). On average, all four types of hair cells had approximately 30
stereovilli. The stereovilli in the type-A cells were thinner, resulting in a smaller diameter of
the hair bundle than in the other three types.

Type-D cells occupied the larger part of the first two to three rows at the medial (CM) side
of the epithelium. Type-F cells were located at the sides of the epithelium in the medial most
half. In the center area of the epithelium, type-E cells were found. Type-A cells were located
at the saccular side of the epithelium. The hair-cell polarization was almost uniformly from
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Figure 3.3: SEM image of the BP, viewed from the saccular side. The TM, with its extensive coupling
to the lumen boundary is visible, as well as the hair bundles in the epithelium. The TM is reduced in
size and detached from the epithelium due to the preparation process. The CM is located behind the
epithelium and invisible in this view.
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Figure 3.4: SEM image of part of the sensory epithelium in the BP. A regular organization of the hair
cells is visible in the two rows at the CM side of the epithelium.



28 CHAPTER 3

5 µm

Type D Type F Type AType E

Figure 3.5: Four different types of hair cells identified in the BP. The individual panels are zoomed-in
parts taken from different SEM images of the epithelium. The classification is according to Lewis and
Li (1975). In type-D cells, the slope of the hair bundle is relatively low, and the maximum villus length
is ! 3-4 µm; the kinocilium is bulbed. Type-F bundles have a steeper slope, a maximum height of
! 5-8 µm, and an unbulbed kinocilium. Type-E cells are similar to type-F cells except for a bulbed
kinocilium (indicated by white arrow). Type-A cells have relatively short stereovilli and a tall unbulbed
kinocilium (! 5-8 µm).

the saccular side to the CM side of the epithelium. As an illustration, we superposed the dis-
tribution of the various types of hair cells across the epithelium and the hair-cell polarizations
onto an SEM image of the BP in figure 3.6.

3.3.3 The tectorial membrane
The tectorial membrane had a semicircular shape. At a height of 100 to 150 µm (fig. 3.1)
above the base of the epithelium (as displayed in the figures), a voluminous strand of tectorial
material spanned the width of the lumen on the CM side of the epithelium. As is visible in
figure 3.3, the connections of this strand to both sides of the lumen are bulky and project
towards the sacculus along a large part of the length of the lumen. The width at the top of the
TM was approximately 250 µm (determined from LM images).

From the strand of tectorial material, the TM extended towards the epithelium. In the
images of non-fixated preparations, the TM could be observed to extend all the way onto the
epithelium (fig. 3.7). From SEM images, additional information about the relationship be-
tween the TM and the epithelium could be obtained, although the direct connection between
the epithelium and the TM had been lost due to the dehydration during post-fixation. In the
images, the TM exhibited two to three rows of holes along its width on the side facing the
epithelium (fig 3.8a). On the epithelium surface, remnants of connective tissue were visible
on and around the hair bundles of the first two to three rows on the medial side of the epithe-
lium (CM side, fig. 3.8b). Presumably, these rows of hair bundles extended into the holes in
the TM, while the membrane itself connected to the microvilli surrounding the hair bundles.

The thickness of the TM (along the length of the lumen) was determined from images of
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Figure 3.6: Distribution of the various types of hair cells across the epithelium and hair-cell polariza-
tion, superposed on a SEM image of the BP. Each arrow indicates an individual hair cell. Type-D cells
(white) are located in the first rows on the CM side of the epithelium. Type-F cells (semi-dark gray)
are found to the sides of the first rows of the epithelium. Type-E cells (light gray) are located in the
center of the epithelium. Type-A cells (dark gray) occupy the sacullar-side of the epithelium. The type
indications are given in white in the figure. The arrows indicate the hair-cell polarizations, based on the
hair-bundle shape.

non-fixated preparations. In four preparations we chose six regions on the semicircular TM
(fig. 3.9): in the middle near the top (region 1), on both sides near the lumen boundary at
approximately half the height (regions 2 and 3), two near the epithelium in the lower part of
the TM (regions 4 and 5), and one in the center of the TM (region 6). By moving the focal
plane of the microscope along the lumen’s length, the sharpness of the structure of the TM in
each region indicated whether the focal plane was within or outside of the TM, and produced
a measure of its thickness. On average the TM was 33 µm thick (range 18-50 µm). In the
center (region 6), and near the top it was thicker, 38 µm (range 34-44 µm) and 46 µm (range
42-50 µm), respectively. At the epithelium, the TM was thinnest, on average 23 µm (range
18-36 µm). From the connective-tissue remnants on the epithelium in SEM images (e.g. fig.
3.8b), we determined the TM to epithelium connection to be about 20 µm, as well. Thus, the
TM tapered towards its connection to the epithelium.

3.3.4 Overall image

In order to bring together the results from sections 3.3.1 through 3.3.3, an overview of the
BP was created in blue-print style (fig. 3.10). The drawing displays the average BP of the
northern leopard frog to the best of our current knowledge. In the overview, we combined the
measurements discussed above.
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Figure 3.7: LM image of a non-fixated preparation. The TM, the epithelium and the connecting nerve-
fibers are indicated. The TM extends to the epithelium. Adapted from Schoffelen et al.(2009b), figure
2; chapter 4
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Figure 3.8: SEM image of the BP. a: Overview of the lumen, the TM and the epithelium. The holes
are visible on the bottom part of the TM. The holes in the TM mirror the regular organization of the
first two to three rows of hair cells (fig. 3.4) b: Zoomed image of the epithelium at the CM side of the
lumen. The remnants of the connective tissue are visible on and between the upper rows of hair bundles
in the image.
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Figure 3.9: Thickness of the TM. The left panel shows the numbering of the zones used for determining
the thickness of the TM in four preparations. In the right panel, the average thickness of the TM per
zone is given in µm.

3.4 Discussion
For our images we used the ears of adult leopard frogs, aged from several months to about a
year and a half. The data presented in this paper were collected over a period of approximately
one year. We did not investigate the influence of age or sex of the animal on our results.
Overall, our data from the northern leopard frog is in correspondence with earlier reports on
related species. The general shape of the organ and its lumen corresponded to those reported
in other derived anuran basilar papillae (e.g. R. catesbeiana, Van Bergeijk 1957, Frishkopf
and Flock 1974, Lewis 1977; Xenopus laevis, Bergeijk and Witschi 1957; overview in Wever
1985).

The dimensions of the BP lumen were larger than those reported for the bullfrog. There,
the width of the lumen is approximately 150 µm (Bergeijk and Witschi 1957), while its height
is reported to be about 200 µm by Bergeijk and Witschi (1957). However, it appears to be
somewhat larger in some specimens (Frishkopf and Flock 1974, fig. 2). The width (270 µm)
and height (350-400 µm) we determined were considerably higher. This difference may be
due to the fact that the bullfrog estimations were done on young adult specimens (Bergeijk
and Witschi 1957; Frishkopf and Flock 1974), or even tadpoles (Bergeijk and Witschi 1957),
while our measurements resulted from full-sized adult specimens. Another explanation may
lie in different definitions of the width and height of the lumen. These are not detailed by
Bergeijk and Witschi.

The average number of sensory hair cells in the BP was 76, based on SEM images. The
variation between individual preparations was considerable (63 to 95), and we even counted
as many as 115 hair cells, in one LM preparation. Coinciding with the larger dimensions
of the lumen, we found more hair cells than were found in the bullfrog (" 60, Bergeijk and
Witschi 1957; Geisler et al. 1964), although Wever (1985) reports hair-cell counts of 95
and 99 in a bullfrog. Our average was within the expected range for the family of Ranidae
(47-115 across various species, Wever 1985).

We identified four types of hair cells in the basilar papilla based on the shape of their
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Figure 3.10: Cross sections of the BP, viewed from three directions. Sizes are based on the measure-
ments described in the Results section. Some estimations and inferences have been used in the drawing,
especially for the shape of the TM and the diameter of the CM.

ciliary tufts. This is one more type than Lewis and Li (1975) report for the BP of the bullfrog.
While we identified type-A, type-D, type-E and type-F cells in the BP of the northern leopard
frog, Lewis and Li do not report finding type-E cells in the BP of the bullfrog. The four types
of cells were distributed systematically over the epithelium (fig. 3.6). The hair-cell polar-
ization was uniformly from the saccular to the CM side of the epithelium. This polarization
coincided with that reported in the bullfrog (Frishkopf and Flock 1974), and with polarization
maps of other derived basilar papillae in anurans (Lewis et al. 1985; Lewis and Narins 1999).

Due to its tendency to shrink during fixation and dehydration procedures used in prepara-
tion for LM and SEM (see above, Frishkopf and Flock 1974), the determination of the TM’s
size and shape had more uncertainty than the other measurements reported here. From the
SEM images and images of non-fixated preparations, the general shape of the TM was found
to correspond to that reported in the bullfrog (Bergeijk and Witschi; Van Bergeijk; Geisler
et al. 1964). It was semi-circular in shape, about 100 to 150 µm heigh, and approximately
250 µm wide at its maximum. Its thickness was on average 33 µm, at the connection to the
epithelium it was about 20 µm. Even at the connection to the epithelium the thickness was
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considerably higher than the reported measurement for R. utricularia sphenocephala (12 µm,
Wever 1985).

The TM appeared to connect to the hair cells only at the most medial (CM) side of the
epithelium. The pattern of the holes in the TM facing the epithelium appeared to mirror the
dense and regular setting of the hair cells in the first rows on that side of the epithelium.
Therefore, we infer that most likely the hair-bundles of the type-D cells (in the medial two
to three rows of the epithelium) protrude into the holes in the TM. It is unclear whether
the type-F cells protrude into the holes in the TM. We did not find any indication that the
remaining hair cells (types E and A) were directly associated with the overlying TM. We
therefore presume that these cells are in fact free-standing, in agreement with Lewis (1977)
and Lewis and Narins (1999) and in disagreement with Wever (1985).

The dense packing and regular pattern of the hair cells connecting to the TM form an
interesting correspondence between the frog’s basilar papilla and other vertebrate hearing
organs (e.g. the outer hair cells of the mammalian cochlea; Yost 2000). In mammals, the
regular pattern of the outer hair cells has been suggested to play a key role in the tuning of the
cochlea through the associated micro-fluid dynamics (Bell and Maddess 2009). At this point
we can not exclude, nor support, a similar significance of the hair-cell pattern in the frog BP.

Overall, our detailed exploration of the northern leopard frog’s basilar papilla did not
produce any remarkable new results. As mentioned above, our findings were in line with de-
scriptions of comparable species. The data presented in this paper must therefore be viewed
as an incremental addition to the knowledge of the anuran basilar papilla. It is, to our knowl-
edge, the most extensive description of the organ in this particular species.
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Abstract:
The basilar papilla (BP) in the frog inner ear is a relatively simple auditory receptor. Its hair
cells are embedded in a stiff support structure, with the stereovilli connecting to a flexible
tectorial membrane (TM)1. Acoustic energy passing the papilla presumably causes displace-
ment of the TM, which in turn deflects the stereovilli and stimulates the hair cells. Auditory
neurons that contact the BP’s hair cells are known to have nearly identical characteristic fre-
quencies and frequency selectivity.
In this paper we present optical measurements of the mechanical response of the TM. Results
were obtained from five specimens. The TM displacement was essentially in phase across the
membrane, with the largest amplitudes occurring near the hair cells. The response was tuned
to a frequency near 2 kHz. The phase accumulated over at least 270! across the measured
frequencies. The tuning quality Q10dB values were calculated; the average Q10dB was 2.0 ±
0.8 (standard deviation). Our results are comparable to those of neural-tuning curves in the
same and a similar species. Also they are in agreement with the response of an associated
structure –the contact membrane– in a closely related species. Our data provides evidence
for a mechanical basis for the frequency selectivity of the frog’s BP.

4.1 Introduction
The anuran inner ear provides us with an opportunity to study a variation of the vertebrate
auditory receptor that seems a lot less complex than the mammalian cochlea. The anatomy
of the frog inner ear (fig. 4.1) differs significantly from that of the mammalian inner ear.
It contains two auditory end organs, the amphibian papilla (AP) and the BP. Both the AP
and the BP have hair cells as their mechano-electrical transducers. However, they lack a
basilar membrane as the flexible substrate for these cells. Instead, the hair cells are set in
limbic tissue (Wever 1985), with the stereovilli protruding into the endolymphatic space and
connecting to the overlying TM.

The AP is the frog’s low-frequency detector. It is the more elaborate and complex of the
two auditory end organs; it contains more hair cells, with varying orientations; it has a more
elaborate TM; and it is –partially– efferently innervated (Simmons et al. 2007). Functionally,
the AP exhibits tonotopy (Lewis et al. 1982), with neural characteristic frequencies from
approximately 100 Hz up to 1400 Hz; with the upper limit depending on the species (reviewed
in Ronken 1991). Neural tuning sharpness in the AP is similar to that of other vertebrate
auditory organs in the same frequency range (Evans 1975b). Also, spontaneous otoacoustic
emissions are present (Van Dijk et al. 1996; Van Dijk and Meenderink 2006) and distortion-
product otoacoustic emissions are physiologically vulnerable (Van Dijk et al. 2003) in the
frequency range of the AP.

The BP (fig. 4.1c) covers the higher portion of the frog’s auditory frequency range. It is
a small organ, with only about 60 hair cells in the bullfrog (Frishkopf and Flock 1974), and
about 75 in the northern leopard frog (personal observation, JM Segenhout & RLM Schoffe-
len; chapter 3). It has no known electrical tuning and the presence of efferent innervation may

1See chapter 3; only part of the hair-cells connect directly to the TM
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Figure 4.1: Frog ear anatomy and orientation in the measurement setup. a: Schematic cross section
of the frog ear (adapted from Wever 1985). On the right, the air-filled middle ear is displayed with
the tympanic membrane and the columella. On the left, the fluid-filled inner ear is shown, with the
perilymphatic fluid in white and the endolymphatic fluid in gray. The tectorial membranes of both the
AP and the BP are drawn in their respective lumina. The oval window is covered by the footplate
(F) of the columella, and the operculum (Op). b : Schematic of the preparation and its orientation in
the experimental setup. The preparation is rotated approximately 90! relative to panel a. The arrow
indicates the microscope’s viewing direction; the dashed line indicates the line of sight. The stimulator
(S), placed against the operculum, is indicated on the left. The dashed gray outline indicates the area
detailed in panel c. c: Cross-section of the frog’s BP anatomy (based on Frishkopf and Flock 1974; R.
catesbeiana). The arrow again indicates the viewing direction. Labels: AP - amphibian papilla, BP -
basilar papilla, CM - contact membrane, E - endolymph, Ep - epithelium, F - columella footplate, MM
- middle-ear muscles, N - nerve fibers, O - microscope objective, Op - operculum, P - perilymph, S -
stimulator, Sacc - sacculus, TM - tectorial membrane.
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be species dependent (Robbins et al. 1967; Frishkopf and Flock 1974). Afferent nerve fibers
connecting to the BP have very similar tuning curves within an individual animal, and the
sharpness of tuning is lower than that observed in other tectorial hearing organs in the same
frequency range (Ronken 1990; Evans 1975b). In other words, the BP is broadly tuned to a
single characteristic frequency. This frequency may vary between individuals of a particular
species, and ranges from about 1.2 kHz to 4 kHz across species studied (reviewed Ronken
1991; Schoffelen et al. 2008, chapter 2).

In contrast with the AP’s frequency range, no spontaneous otoacoustic emissions can
be recorded in the BP’s range (Van Dijk et al. 1996). In addition to that, distortion-product
otoacoustic emissions in the BP’s range are less vulnerable to physiological insults than those
in the AP’s range (Van Dijk et al. 2003). Recently, Meenderink et al. (2005a) showed
that both the amplitude and phase characteristics of the BP’s distortion-product otoacoustic
emissions can be –qualitatively– explained by assuming that the BP functions as a single
passive non-linear auditory filter.

In the current study, we focus on the response of the TM in the frog’s BP. Purgue and
Narins (2000a) measured the response of the contact membrane of both the papillae. In
case of the BP, the contact membrane is close to the sensory epithelium and separates the
endolymphatic space from the perilymphatic space (fig. 4.1c). Its response is tuned to a
frequency close to the typical characteristic frequencies of afferents connecting to the BP.
Based on this correspondence, we hypothesize that the tuning of the BP must be mechanical
in nature. Therefore, the tuning should be observable in the response of the TM. As will be
shown in our results, the mechanical response of the TM can indeed account for the frequency
selectivity as observed in the auditory neurons.

4.2 Materials and methods

4.2.1 Animals and surgical procedures
Northern leopard frogs, Rana pipiens pipiens, were used in all experiments; data presented
here was obtained from five animals ((71±29) g; one male, four females). The animals
were obtained from a commercial supplier (Charles D. Sullivan Co. Inc., Nashville (TN),
USA via Exoterra Schaudi GmbH, Holzheim, Germany) and housed at the University of
Groningen laboratory-animal facilities. All the experiments described were conducted in
compliance with the current legislation on animal experiments in the Netherlands. Part of
these requirements is the approval of the experimental procedure by the Institutional Animal
Care and Use Committee prior to the start of the measurements.

The animal was killed using a double-pith procedure at the start of the experiment. The
posterior part of the skull, containing the ears, was isolated and split sagitally. This resulted
in two preparations, each containing an ear. Each of the preparations was kept submerged
in amphibian ringer solution (Carolina Biological Supply Company, Burlington (NC), USA)
during all further procedures. One preparation was chosen for immediate further treatment
and subsequent experimentation. The other preparation was stored in a refrigerator, at ap-
proximately 5!C. It remained there until approximately an hour before the experiments on
the first preparation would end. At that time, it was brought out and underwent the same
treatment as the first preparation. The storage at low temperature did not appear to affect the
specimen to any degree observable by inspection under the microscope, or in the outcome of
our measurements. Therefore the distinction between the first and the second preparation is
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not explicitly made from this point on.
The tympanic membrane, and the lateral part of the columella were removed. Any soft

tissue and most of the bone were removed, leaving part of the skull in place for clamping
the preparation. The perilymphatic space was opened at the round window to allow a direct
view into the basilar papilla’s lumen through its contact membrane. The dissection procedure
allowed for the endolymphatic space to be kept intact, except for the duct to the endolym-
patic sac in the brain cavity. In a control experiment, the contact membrane of the basilar
papilla was punctured. The resulting mixing of endolymph fluid and ringer solution lead to
visible degeneration of hair cells, as observed by somatic swelling. Such swelling was never
observed in the regular experiments, suggesting that the endolymph fluid is well separated
from the surrounding ringer solution.

Finally, a perspex cylindrical prosthesis was glued onto the operculum to facilitate the
application of the stimulus device (see below).

4.2.2 Measurement setup
The heart of the measurement set-up was a trifocal microscope (Olympus Corporation, Japan)
which sat on a vibration-isolation table inside a sound-isolating booth. Any equipment that
was not mounted directly on the microscope was kept outside of the booth, except for the
stimulator’s amplifier (see below). The sound-isolating booth was darkened to avoid scattered
light from being picked up by the camera.

The microscope had 5x (NA=0.10) and 40x (NA=0.80) objectives. The focal plane of
the 40x objective could be controlled with a piezo-electric positioner (Physik Instrumente
GmbH & Co., Karlsruhe, Germany). The microscope’s lighting system was adapted to house
a green Luxeon power LED (Lumileds Lighting, San Jose (CA), USA). A scientific-grade
digital camera (DVC Company, Austin (TX), USA) was mounted on the microscope with
0.5x video adapter. Its sensor was a 1392x1040 pixels (8.9 mm x 6.7 mm) monochrome
CCD chip with 12-bit pixel depth.

The stimulation device was a closed-loop piezo actuator (Physik Instrumente). The ac-
tuator was placed in a micro-positioner (Kanetec, Co., Ltd., Kyoto, Japan) sitting on the
microscope table. A needle on the piezo stack was used to connect it to the preparation’s
operculum prosthesis.

An industrial-grade computer (National Instruments, Austin (TX), USA) was used to au-
tomate the experiment. Signal control, image acquisition and data storage were programmed
in LabView v8.2 (National Instruments). A camera-interface card and a high-frequency
I/O-card (both National instruments) were used to connect to the measurement hardware.
A signal generator (Stanford Research Systems Inc., Sunnyvale (CA), USA) triggered the
start of stimulation and illumination signals. The feedback of the piezo actuator was read out
using an analogue oscilloscope (Hameg Instruments GmbH, Mainhausen, Germany).

4.2.3 Measurement procedure
The preparation was placed under the microscope and clamped firmly into place (fig. 4.1b).
The needle of the stimulator was aligned with the operculum’s prosthesis. The needle’s tip
was initially placed closely to the prosthesis. The application of the probe to the prosthesis
was done under the 5x objective. Using the micro-positioner, it was moved against the cupped
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Figure 4.2: The basilar papilla of the northern leopard frog as seen from the round window. a: Light-
microscopy image with definition of the x- and y-directions; the z-direction points into the image plane.
b : Indication of important structures in panel a. Labels: E - endolymphatic space, Ep - epithelium, N -
nerve fibers, TM - tympanic membrane.

center of the prosthesis; forward motion was stopped at the first observation of movement of
the operculum.

Next, the specimen was positioned to optimize the view of the BP’s TM under the 40x
objective. The camera was rotated to orientate the edge of the TM vertically in the image.
Illumination time and LED voltage were adapted to optimize the use of the camera’s pixel
depth. The objective’s positioner was used to determine the range of focal planes to be used,
based on the sharpness of the tectorial structures in the image.

The stimulator displaced the operculum with a sine-wave signal. Stimulation frequencies
ranged from 0.5 kHz to 3.0 kHz, and were presented in a random order. A 100-ms sinusoidal
ramp up and ramp down was used for switching the signal on and off, respectively. The
duration of the stimulation signal was determined by the required illumination time to fill the
CCD to a sufficient degree (50 to 75% of the full range); typically between 1.5 s and 3 s. The
average stimulus amplitudes used for the various preparations ranged from -23 dB to -29 dB
(all reported decibel values are referenced to 1 µm).

The dynamic displacement of the piezo-electrical stimulator was frequency dependent.
By adapting the driving voltage, the stimulation amplitude was kept constant within 2.5 dB.
In data analysis, the TM response amplitudes were corrected linearly for variations of the
stimulus amplitude.

The LED stroboscopically illuminated the specimen with a 10% duty-cycle. No illumi-
nation took place during ramp up and ramp down of the stimulus. Images were taken for
eight values of equidistantly spaced phases relative to the stimulus signal. The camera was
activated throughout the duration of the stimulation. After deactivation, the camera’s CCD
was read out and stored.

This procedure was repeated for at least 30 focal planes spaced 1 µm apart. Each mea-
surement sequence started on a focal plane at the round-window side of the BP and progressed
towards planes on the saccular side. The resulting data consisted of at least 240 images per
measurement sequence (stimulus frequency; 30 planes x 8 phases). These images combined
to produce a 3D movie of the TM during one cycle of the stimulation signal. We limited the
total measurement time on each preparation to a maximum of four hours.
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An example of an individual measurement image is given in figure 4.2a, with the impor-
tant anatomical features indicated in figure 4.2b. The TM occludes approximately half of the
BP’s lumen. It has a free edge (at the top in fig. 4.2), and an approximately semi-circular
area, when viewed from the round-window side. The free edge is firmly attached on both
sides to the lumen boundary, and thick compared to the rest of the TM (personal observation
from scanning electron microscopy; chapter 3). The TM thickness, i.e. the extent along the
viewing direction, is approximately 50 µm (Schoffelen et al. 20072). The sensory epithelium
is located under the curved perimeter of the TM (fig. 4.2b).

4.2.4 Data analysis
Pre-processing Pre-processing and motion detection were performed on a dedicated Debian-
linux system, using the nD image-analysis package for motion detection (Research Labora-
tory of Electronics, Massachusetts Institute of Technology, USA; Davis and Freeman 1998).
The recorded binary streams were transferred to the nD file format using custom additions to
the package. The images were scaled to have a constant average gray value across recorded
phases and planes. The correction factor was generally less than 10%. All further image
analysis steps were performed on these scaled versions of the images.

The data was analyzed using two separate procedures, which are described below. Both
procedures use the nD’s optical-flow algorithms for the estimation of the displacement values.
Optical-flow algorithms were originally used for robot vision (Horn and E. J. Weldon 1988).
They work under the assumption that the intensity of features remains constant between two
recorded images (Davis and Freeman 1998). Any variations in intensity between images are
then the result of the motion of features relative to the camera. The motion of features can be
estimated by taking the two recorded images, defining a region of interest (ROI) to trace in
one of them, and using a linear least-squares fit to calculate the displacement that minimizes
the difference between the images.

Conventions The most effective means of stimulating a hair cell is to deflect its hair bundle
towards its longest stereovillus (e.g. Lewis 1976). This direction is called the hair-cell orien-
tation. If we approximate the surface area of the hair cell covered by stereovilli with a circle,
the hair cell orientation is the direction along a diameter of that circle towards the longest
stereovillum. The hair-bundle orientation in the BP of ranid frogs is uniform and always
from the sacculus towards the round window (Lewis and Narins 1999; personal observation,
JM Segenhout & RLM Schoffelen; chapter 3). We expected the major component of any
sound-induced displacement of the TM to be in the direction of the hair-bundle orientation,
i.e. to and from the sacculus. This expectation was based on the hair-cell orientation in the
BP, on one hand, and the anatomy and expected fluid displacement, on the other hand (Purgue
and Narins 2000a; Purgue and Narins 2000b).

Our measurement set-up allowed us to look into the BP’s lumen and onto the TM from
the round-window side of the lumen (see fig. 4.1). We defined the direction along the line of
sight to be the z-direction. The y-direction was the horizontal direction in the image displayed
in figure 4.2, and the x-direction was the vertical direction in the same image. As a result of
the positioning of the specimen and the camera, the y-direction was parallel to the free edge

2The difference between this measure and that reported in chapter 3 is due to the inclusion of areas close to the
connections to the lumen boundary for the determination 2007
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Figure 4.3: a: A schematic view of the BP’s lumen and TM; oriented as it is placed under the mi-
croscope. The viewing direction is z; from the round window to the sacculus. One xz-plane and one
yz-plane, used in image analysis, are indicated in the figure. The half-moon shaped area indicates the
TM. b : a schematic view of an xz cross section. Hair bundles are drawn on the left, with the gray rect-
angle representing the TM covering them. The dashed rectangle indicates the TM, as it is expected to be
displaced by acoustic stimulation. The double-headed arrow indicates the expected direction of the TM
motion. c: Definition of the zones for the region-of-interest analysis. Zone 1: near the TM edge; zone
2: TM center; zone 3: near the hair cells; zone 4: in the lumen boundary/nerve fibers. The symbols to
the right of the zone-numbers correspond to those in fig. 4.6. These drawings assume perfect alignment
of the TM displacement with the viewing direction. Our measurements indicate significant components
of TM motion exist in both the z-direction and the x-direction, indicating that the epithelium was tilted
by about 30!.

of the TM and the x-direction was by definition perpendicular to it, and in the image plane.
The z-direction was perpendicular to the image plane.

In figure 4.3 a highly schematic view of the BP’s lumen, and its TM, was drawn with
an indication of the xz and yz cross sections used below. The hair-bundle orientation was
presumed to be predominantly in the negative z-direction, with the x- and y-directions per-
pendicular to it.

Cross-sectional views In order to get an overview of the motion of the TM in the basilar
papilla, we used the nD’s built-in voxel-analysis functions. The 3D analysis method did not
work effectively on our data set, presumably due to insufficient contrast and sharpness in
parts of the images. Therefore, we analyzed the motion in planes oriented in the xz- and the
yz-directions (see fig. 4.3a). Within these planes we obtained displacement estimates for the
two orthogonal directions within the plane. An overview of the motion in 3 dimensions was
created by combining the estimates in the perpendicular planes. This method gave us the
displacements over time in the x- and y-directions and two estimates for the displacements in
the z-direction.

In order to analyze the displacement in planes oriented in the xz-direction, we took the
xz cross sections of our data set for a range of y-values containing the TM. For each value
of y within this range, this gave us an xz-image for each recorded phase ! of the stimulation
signal. An 80x10 grid of voxels was created in the xz-plane. The displacement of each voxel
relative to its initial location was estimated for each recorded value of !, in both the x- and
the z-direction.

The obtained displacements were then averaged in the z-direction. Next, a sinusoidal
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function in ! was fitted to the averaged data. This resulted in 80 fitted amplitude and phase
values for both the x- and the z-direction, and for each value of y within the range.

These fitted values were averaged in the y-direction, in order to smooth the results and
create the same resolution in the x- and the y-directions. The resulting data gave an overview
of the x- and the z-displacement amplitudes and phases, projected onto an xy-plane.

The analysis was performed for each measurement frequency. For the estimation of the
displacements in the y-direction and the second estimate in the z-direction, the procedure was
repeated for planes oriented in the yz-direction of the original data set. Here, a 60x10 grid of
voxels in the yz-plane was used, reflecting the smaller size of the image in the y-direction.

The resulting data were read into Mathematica (version 5.2, Wolfram Research, Inc.,
Champaign (IL), USA) running on an Apple PowerMac computer. The amplitude data was
linearly corrected for the variation in the stimulus amplitude; it was further smoothed using a
running average over a 7x7 square of voxels.

ROI analysis For a more quantitative analysis of the data we defined four zones (fig. 4.3c):
1. at the edge of the TM, 2. at the center of the TM, 3. at the hair-bundle-to-TM connection,
and 4. outside the lumen in the surrounding tissue, generally in the nerve fibers (‘lumen
boundary’).

Within each zone, we chose several ROIs with sufficient contrast to allow for a 3D dis-
placement analysis. The number of ROIs was at least two and at most five per zone. The
displacement data were then read into Matlab (version 7.5, The MathWorks, Natick (MA),
USA) running on an Apple PowerMac computer. Displacements were averaged across the
ROIs within each zone. For each direction, the data was fitted with a sinusoidal function in
!. This resulted in an estimate of the displacement amplitude and phase for each of the three
spatial directions, and for each zone.

4.3 Results

4.3.1 Cross-sectional views
Figure 4.4 displays the displacement amplitudes for an individual preparation as color-coded
density plots. In the plots, the analyzed image is partially displayed; only the area containing
the TM and its direct surroundings are shown.

The amplitude of the displacement and the displaced area varied with frequency. The peak
responses occurred at 2.0 kHz for all three spatial directions, while at 0.5 kHz, 1.0 kHz and
3.0 kHz the responses did not clearly exceed those of the lumen boundary. The highest peak-
response amplitudes were between -10 and -15 dB, and in the z-direction. They occurred
over a rather extensive area of the TM, including the zone near the hair-bundle attachments.
This peak amplitude of the TM was approximately 15 dB larger than the stimulus amplitude
at the operculum.

The overall response amplitude was lower in the x- and y-directions. Here, the peak was
at approximately -15 dB. Also in these directions the amplitude distribution of the response
was more clear: the peak responses occurred near the connections between the stereovilli and
the TM. The shape and location of the TM became apparent from the amplitude graphs. The
edge of the TM appeared to be displaced very little, especially near both connections to the
lumen boundary.
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Figure 4.4: Overview of amplitude responses in three directions for various measurement frequencies
projected onto the xy-plane. The first and second columns indicate the displacement in the x- and y-
direction respectively, the third and fourths columns give both estimates of the z-displacement; the third
column as calculated from the xz-cross sections, the fourth as calculated from the yz-cross sections.
The stimulus amplitude was 0.05 µm (= -26 dB re. 1 µm) at the operculum. A sketched indication of
the lumen boundary, and of the location of the TM was drawn into the top row of graphs. Labels: N -
nerve fibers, TM - tectorial membrane.
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Figure 4.5: The phase response for selected frequencies, superimposed on a photo of the TM. The
arrows indicate the phase of the displacement relative to the stimulus signal; phase 0! is indicated by
an arrow to the right. The TM displays an increasing phase lag with increasing frequency. The phase
data displayed are for the x-direction. The y- and z-directions give similar results.

The measured displacement of the lumen boundary was relatively high in the z-direction
(up to -18 dB). In the x- and y-directions the response of the lumen boundary was as low
as -30 dB, or lower. The difference between the in-plane directions (xy) and the z-direction
could be ascribed to the difference in resolution. In order to evaluate the noise in our results,
we conducted and analyzed measurements without any displacement of the operculum. The
resulting amplitude overviews (not displayed) were similar to the response overviews at 500
Hz.

In figure 4.5, an overview is shown of the phase of the x-direction response for the spec-
imen used for figure 4.4. Arrows indicating the phase were superimposed onto an image of
the BP from this specimen. The phase of the TM relative to the stimulation signal changed as
a function of frequency, while the phase of the surrounding tissue remained constant across
frequencies. The phase was approximately constant across the TM for each frequency, in-
dicating that there were no frequency-dependent spatial modes of vibration within the BP’s
TM, or traveling waves in the x-direction. Phase overviews in the y- and z-directions are not
shown. They gave the same general image of in-phase motion across the entire membrane,
and a similar frequency dependence of the phase.
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4.3.2 ROI analysis
The ROI analysis provided a more quantitative description of the TM response in the three
spatial directions. Figure 4.6 displays the amplitude and phase response for the specimen of
figures 4.4 and 4.5.

In all three directions, all zones within the TM had a frequency-dependent response am-
plitude. The peak response was measured at 2.0 kHz. For all directions and most frequencies
the response amplitude was highest at the hair bundles (zone 3). The edge of the TM (zone
1) had the lowest amplitude response of the zones within the TM, while the lumen boundary
(zone 4) had the overall lowest displacement, as was to be expected.

The response in the z-direction showed smaller differences between zones within the TM
than the x- and y-responses. At the peak-response frequency (2.0 kHz), the amplitude was
approximately -10 dB for all three zones within the TM. The lumen-boundary-zone response
(zone 4) was relatively constant across frequencies.

The peak responses in the x- and y-directions were about 3 dB lower than in the z-
direction. Furthermore the differences between the three zones within the TM were larger
in the directions in the image plane. In the x-direction the response of the TM’s edge (zone 1)
was well below the response of the rest of the membrane: at the peak response the difference
between the TM’s edge (zone 1) and the hair-bundle zone (zone 3) was 25 dB, and it was at
least 10 dB for each frequency. The response of the center of the membrane (zone 2) was 2-5
dB below the response of the hair-bundle zone (zone 3), except for the response at 500 Hz.
The response of the lumen boundary (zone 4) was 10-15 dB below the TM-edge response
(zone 1).

In the y-direction the response difference between the center (zone 2) and the hair-bundle
zone (zone 3) was larger than in the x-direction (3-10 dB). The response of the lumen bound-
ary (zone 4) was similar to that of the TM-edge response (zone 1) in this direction.

Baseline measurements in six preparations gave us an indication of the measurement
noise. We recorded responses in absence of any stimulus. For in-plane directions, these mea-
surements produced a response of -54 dB averaged over four zones and eight measurements.
The z-direction average baseline response was -38 dB, for the same data set. The response of
the lumen boundary in the z-direction is not significantly larger than the baseline response;
the same can be said for the x-direction response at most frequencies.

The phase data, given in the bottom row of figure 4.6, confirmed the results in the
overview of figure 4.5. All three zones in the TM moved largely in phase for all three di-
rections. The phase accumulated over at least 270!. Only in the x-direction there was a
limited phase difference between zones.

In figure 4.7, we combined the amplitude responses of six preparations from five animals
for the hair-bundle zone (zone 3). Between preparations, the peak-response frequency varied
from 1.7 kHz to 2.5 kHz. The response universally dropped at 3.0 kHz. In one specimen,
we did not measure at frequencies higher than 2.0 kHz. The response data for this specimen
were drawn in figure 4.7, and showed a pattern consistent with the other preparations up to
that frequency. Since this data set did not cover the full frequency range, it was not taken into
account for the quantitative data from here on.

In the x- and z-directions, the amplitudes for the different preparations showed a tuned
response similar to the responses of the hair-bundle zone in figure 4.6. Peak responses oc-
curred between 2.0 and 2.5 kHz, and ranged from -27 dB to -11 dB for the x-direction. The
median value was -15 dB. The average dynamic range, as defined by the difference between
the maximum and the minimum response within a preparation, was 27 dB (± 3 dB, standard
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Figure 4.6: The TM response in three directions, to an operculum displacement with an amplitude of
0.05 µm. The top row gives the amplitude response; the bottom row the phase. Directions are indicated
at the top of the columns. The columns represent the displacements in the x-, y-, and z-direction,
respectively. The circles represent the TM’s edge (zone 1), the squares the center (zone 2), the crosses
the zone near the hair bundles (zone 3) and the dashed line the lumen boundary (zone 4); see fig. 4.3c.

deviation). In the z-direction, peak-response frequencies were between 1.8 and 2.5 kHz. The
peak amplitudes ranged from -17 dB to -10 dB, with a median value of -13 dB. The dynamic
range was lower than in the x-direction; on average 22 dB (± 5 dB). The dynamic range in
the z-direction may have been limited by the accuracy of our measurement, as the minimum
of the across-preparation average corresponded to the baseline value. In the y-direction, the
overall picture was less pronounced. While the maximum response occurred in the same fre-
quency range (1.7-2.5 kHz), it was lower; ranging from -36 dB to -15 dB, with a median of
-28 dB.

From the tuning diagrams in figure 4.7, the peak-response frequency was calculated to
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Figure 4.7: Amplitude data in three directions for six preparations. The amplitudes displayed are
the averaged values of the regions of interest near the hair-bundle attachments (zone 3). Data was
scaled linearly to the same stimulus amplitude across preparations; this amplitude was 0.04 µm. The
dashed lines indicate the individual preparations. The thick drawn line indicates the dB values averaged
across preparations. The thin drawn lines in the right panel indicate two neural-tuning curves based on
data from Ronken (1990, fig. 1). These were flipped and shifted in the vertical direction to facilitate
comparison.

be 2.2 kHz (± 0.3 kHz, standard deviation), averaged across all three directions. The tuning
sharpness in terms of Q10dB was determined for each direction and each specimen. On av-
erage, Q10dB was 2.4 (± 1.0, standard deviation), when averaged across all three directions.
The average Q10dB-value in the z-direction was 2.0 (± 0.8). The latter value is more indica-
tive of the actual tuning of the TM, since the z-direction aligns most closely with the hair-cell
orientation. In the y-direction, the value of the calculated tuning sharpness is debatable, since
the tuned response is not obvious from the amplitude characteristics.

4.4 Discussion
From the data presented in the Results section (4.3), the general mode of motion of the BP’s
TM under acoustic stimulation became apparent. The displacement of the membrane was
highest near the attachment to the hair bundles and lowest near the edge that spans across
the lumen. The phase was approximately constant across the TM. Overall the motion can
therefore be likened to that of a two-dimensional pendulum, hinged at the TM’s edge; or a
semi-circular cat shutter. We did not obtain any evidence of large-scale distortion of the TM
in our recordings. The fact that the maximum displacement occurred near the hair cells is
in line with the TM’s function in the detection of sound. The lower response amplitudes at
the TM’s edge presumably resulted from the membrane being thicker in this area and its firm
attachments to the lumen boundary (Van Bergeijk 1957; Frishkopf and Flock 1974; chapter
3).

These experiments were conducted in isolated inner-ear preparations. Data collection in
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the first preparation typically started one hour post mortem, and were continued for a maxi-
mum of four hours. In the BP, distortion product otoacoustic emissions (DPOAEs) disappear
on average approximately half an hour after the blood supply is stopped (Van Dijk et al.
2003). Therefore, our experiments were conducted in a post-mortem time frame for which
active hair-cell involvement had presumably ceased. Over the duration of the experiments,
we did not observe any degradation of the response, nor did we observe visible changes in the
structure of the hair cells or the TM. Additionally, scanning electron-microscopy photographs
were taken of some of the preparations (results not shown); these preparations did not show
more damage to the hair cells than previously unused preparations. As a control experiment
we deliberately ruptured the contact membrane in a preparation. Over the typical duration
of an experiment, the mixing of perilymph and endolymph fluids led to observable swelling
in the hair-cell bodies in this damaged preparation; a condition that clearly differed from
the typical conditions during the experiments. These combined observations suggest that the
structural properties of the epithelium were maintained in their normal state, although any
active processes had presumably ceased.

The detected peak amplitude of the TM exceeded the input amplitude at the operculum by
about 15 dB. Apparently the structure of the frog’s inner ear labyrinths results in an acoustic
lever that enhances the displacement amplitude at the auditory receptor. In mammals, the
gain between basilar membrane and stapes motion depends highly on the cochlea’s active
amplification process. At the best frequency and at low sound-pressure levels, basilar mem-
brane/stapes gains as high as 70 dB have been reported (Robles and Ruggero 2001). Due to
the amplifier’s nonlinear compression, the gain is reduced substantially at high sound pressure
levels and is also reduced post mortem, when the cochlear response is basically linear. For
example, one study showed a basilar membrane/stapes gain at the best frequency of approx-
imately 50 dB when the stimulus level was 20 dB SPL, dropping to a gain of approximately
20 dB when the stimulus level was 90 dB SPL. Post mortem the gain was also about 20 dB
at the best frequency. Somewhat below the best frequency the gains were substantially lower,
much less level-dependent and did not change much post mortem, with values of about 20 -
30 dB ( Ren and Nuttall 2001). The post-mortem gain value of about 20 dB from the stapes
to BM in the mammalian cochlea is similar to what we see in the gain between the operculum
(oval window) and the TM of the frog.

The response of the TM was frequency-selective, with a peak response at 2.2 kHz (± 0.3
kHz, standard deviation). This is in correspondence with the expected neural peak response
in the BP of R. pipiens pipiens (Ronken 1991; Meenderink et al. 2005b), be it at the high
end of the expected range. The phase of the TM motion accumulated over at least 270!,
indicating that the response may have been shaped by a filter of order three or higher.

The tuned response in the x- and y-directions was presumably the result of an imperfect
alignment between the line of sight (z-direction) and the hair-cell orientation. An angle be-
tween the two would lead to components in the xy-plane for motion in the direction of the
hair-bundle orientation. We calculated the misalignment under the assumption that the ep-
ithelium was flat and the TM moved along it. Based on the averaged peak-amplitude data,
the angle between perfect and actual alignment would be 30! in the xz-plane and 10! in the
yz-plane. The x-direction angle seems reasonable assuming that the location of the contact
membrane in our preparations is comparable to that in the bullfrog (see fig. 4.1c, and Fr-
ishkopf and Flock 1974, fig. 2a; see also chapter 3). The fact that the y-direction angle was
smaller, may have been the result of our use of the symmetry of the TM for the alignment of
the preparation. Therefore, we do not discard the notion that the TM motion is strictly along
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the sensory epithelium. Such a displacement would be consistent with in the 180! phase
difference between the x- and z-responses of the TM (fig. 4.6)3.

The Q10dB determined from the tuning of the TM near the hair-bundle attachments gave
an average value of 2.0 (± 0.8, standard deviation) in the z-direction. This measure of tuning
sharpness is of the same order of magnitude as the values reported for the nerve fiber tuning
curves in R. pipiens pipiens (Ronken 1991). The Q10dB values could not be expected to
correspond exactly, due to the difference in measurement parameters: We measured the TM
motion in response to a constant stimulus amplitude, while nerve-fiber tuning is measured
as the required stimulus to achieve a predefined spike-rate increase. Iso-input, neural tuning
curves are known for the BP of R. esculenta, that has best frequencies that are similar to the
peak-response frequencies we found. The Q10dB-values determined from these responses
range from 1.0 to 3.0 (Van Dijk et al. 1997b, fig. 9a, f >1.0 kHz). This corresponds closely
to the tuning we found in the TM response.

Finally, the tuning sharpness of the contact membrane in the bullfrog (Q10dB =1.4 ±0.4,
standard deviation) determined from Purgue and Narins (2000a, fig. 6) is lower than that in
our measurements of the TM’s reponse in the leopard frog. Although the difference is not
statistically significant, this suggests that the response of the contact membrane only partially
reflects the frequency selectivity of the BP.

The tuned response of the BP’s TM is presumably the result of a combination of various
anatomical features. The large-scale fluid dynamics of the inner ear and the tuning of the
contact membrane (Purgue and Narins 2000b) may provide initial filtering of the acoustic
energy passing through the BP. The response of the TM may then be tuned further by its own
mass and stiffness, and the stiffness of its connections to the lumen boundary, including the
hair-bundle stiffness at the epithelium. From our current data, it is not possible to determine
the relative contributions of the individual components.

In conclusion, the response of the basilar papilla’s tectorial membrane in the northern
leopard frog is mechanically tuned to a frequency near 2.0 kHz, consistent with the charac-
teristic frequencies of auditory neurons connecting to this organ. The phase response implied
a filtering mechanism of at least the third order. Tuning sharpness was comparable to nerve-
fiber tuning sharpness and the tuning sharpness of the contact membrane in a related species.
Thus, the frog’s basilar papilla is an auditory receptor without a basilar membrane, in which
the frequency selectivity is based on the mechanical response of the tectorial membrane.
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Abstract:
The basilar papilla (BP) in the frog inner ear is a relatively simple auditory receptor. Its hair
cells are embedded in a stiff support structure, with the stereovilli connecting to a flexible
tectorial membrane (TM). Acoustic energy passing the papilla presumably causes displace-
ment of the TM, which in turn deflects the stereovilli and stimulates the hair cells.
In this paper we present optical measurements of the mechanical response of the TM to
various stimulus levels. Results were obtained from three specimens (four ears). The TM
response was linear for stimulus levels up to -30 dB (re. 1 µm) at the operculum. This
amplitude was estimated to exceed that at which neural responses saturate. Therefore the
mechanical response of the TM did not limit the maximum neural response.
The phase of the displaced area of the TM was constant across stimulus levels. Phase dif-
ferences between the orthogonal spatial motion components were either close to either 0! or
180!. These findings were consistent with a TM motion along the flat epithelium surface.

5.1 Introduction
Due to its relatively simple anatomy and functionality, the anuran ear provides the opportunity
to study fundamental properties of a vertebrate hearing organ. Like in other vertebrates, the
anuran inner ear consists of two intertwined membranous labyrinths, the perilymphatic and
the endolymphatic space. The sensory organs of the inner ear reside in the endolymphatic
labyrinth. In the frog, there are two auditory end organs: the amphibian papilla (AP) and the
BP. Both the AP and the BP have hair cells as their mechano-electrical transducers. The frog
is unique in that these hair cells are set in limbic tissue (Wever 1985), and do not sit on a
flexible basilar membrane. In both papillae, the hair bundles protrude into the endolymphatic
space and connect to an overlying TM.

The frog’s auditory-frequency range is divided between the AP and the BP. The AP covers
the lower portion, with the characteristic frequencies (CFs) of the afferents ranging from
approximately 0.1 kHz to 1.4 kHz, where the upper limit is species dependent (Ronken 1991).
The BP functions as the high-frequency detector with CFs ranging from 1.2 kHz to 4 kHz
across species (Ronken 1991).

In this paper, we discuss experiments on the BP, exclusively. The epithelium of the BP is
located in an approximately cylindrical lumen (fig. 5.1), which opens into the sacullar space
on its lateral end. At the medial end, the lumen terminates at the contact membrane (CM)
which forms the separation between the endolymphatic and perilymphtic labyrinths.

The number of hair cells is about 60 in the bullfrog (Frishkopf and Flock 1974), and about
75 in the northern leopard frog (personal observation; chapter 3). In ranid species, the hair
cell orientation is uniform: the hair cell’s excitatory direction points from the sacculus to the
CM (Lewis and Narins 1999; chapter 3). There is no known electrical tuning (Smotherman
and Narins 1999b). The afferent nerve fibers connecting to the BP have very similar tuning
curves within an individual animal, and lower tuning sharpness than afferents from other tec-
torial hearing organs in the same frequency range (Ronken 1990; Evans 1975b). Thus, the
BP is broadly tuned to a single CF. However, this frequency may vary between individuals
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Figure 5.1: Schematics of the frog inner ear. a: Schematic cross section of the frog ear (adapted from
Wever 1985). On the right, the air-filled middle ear is displayed with the tympanic membrane and
the columella. On the left, the fluid-filled inner ear is shown, with the perilymphatic fluid in white
and the endolymphatic fluid in gray. The tectorial membranes of both the AP and the BP are drawn
in their respective lumina. The oval window is covered by the footplate (F) of the columella, and the
operculum (Op). b : Schematic of the dissected inner ear and its orientation in the experimental setup.
The preparation is rotated approximately 90! relative to panel a. The arrow indicates the microscope’s
viewing direction; the dashed line indicates the line of sight. The stimulator (S), placed against the
operculum, is indicated on the left. The dashed gray outline indicates the area detailed in panel c. c:
Cross-section of the frog’s BP anatomy (based on Frishkopf and Flock 1974; bullfrog). The arrow
again indicates the viewing direction in our setup. d : Schematic of the BP as seen through the CM. e:
Measurement image of the BP as seen through the microscope. The vectors to the lower right in panels b
through e indicate the orientation of the panels relative to the coordinates used in data-analysis. Labels:
AP - amphibian papilla, BP - basilar papilla, CM - contact membrane, E - endolymph, Ep - epithelium,
N - nerve fibers, O - microscope objective, Op - operculum, P - perilymph, S - stimulator, Sacc -
sacculus, TM - tectorial membrane.
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of a particular species. Across species studied, it ranges from about 1.2 kHz in the bullfrog,
R. catesbeiana (Shofner and Feng 1981), to 3.9 kHz in the Puerto Rican tree frog, Eleuthero-
dactylus coqui (Narins and Capranica 1980; reviewed in Ronken 1991 and Schoffelen et al.
2008, chapter 2). The BP’s neural thresholds are approximately 60 dB SPL, in the northern
leopard frog (Ronken 1990), and thus relatively high compared to other vertebrate hearing
organs.

In the northern leopard frog, the TM response is mechanically tuned to a frequency near
2.0 kHz (Schoffelen et al. 2009b, chapter 4). In an isolated preparation, the tuning quality,
Q10dB , of the TM response corresponds to that of the auditory nerve fibers, and the TM’s
best frequency corresponds to the afferent nerve fibers’ CFs (Ronken 1991; Schoffelen et al.
2009b, chapter 4). Therefore, the TM’s mechanical tuning is the basis of the tuning of the BP
(Schoffelen et al. 2009b, chapter 4).

The neural responses of the BP’s afferent fibers saturate at stimulus levels not far above
the threshold; maximum onset spike rates occur at stimuli between 80 and 90 dB SPL, while
sustained rates achieve their maximum at a stimulus level approximately 5 dB below that
(Ronken 1990). We investigated to what extent the non-linear input/output (I/O) character-
istics of the neural responses are based on a non-linearity in the TM response. Our results
showed that in our isolated preparation the amplitude of the TM depends linearly on the input
amplitude at the oval window, and that the TM response saturates at stimulus levels exceeding
those needed to achieve saturation in the neural signal.

5.2 Materials and methods
We used four ears from three northern leopard frogs (two males, one female, m = (58±9) g),
R. pipiens pipiens, in our experiments. The animals were obtained from a commercial sup-
plier (Charles D. Sullivan Co. Inc., Nashville (TN), USA via Exoterra Schaudi GmbH,
Holzheim, Germany), and housed at the University of Groningen laboratory-animal facilities.
The experiments were approved by the local Institutional Animal Care and Use Committee.

The experimental setup, and surgical and experimental procedures corresponded closely
to those detailed by Schoffelen et al. (2009b, chapter 4). The setup was built to record the
mechanical response of the tectorial membrane in the frog inner ear. It consisted of a trifocal
microscope (BX51WI, Olympus Corporation, Japan) with 5x (NA=0.10) and 40x (NA=0.80)
objectives. The microscope was mounted on a vibration-isolating table in a darkened room.
The focal plane of the 40x objective could be controlled remotely through a piezo-positioner
(P-725.4CL, Physik Instrumente GmbH & Co., Karlsruhe, Germany). The microscope was
equipped with a scientific-grade, monochrome digital camera (1412TE Cooler Camera, DVC
Company, Austin, TX, USA), mounted on 0.5x video adapter. Its detector was CCD chip
containing 1392x1040 12-bit pixels (8.9 mm x 6.7 mm). A green Luxeon power LED (Lu-
mileds Lighting, San Jose (CA), USA) provided stroboscopic illumination. A closed-loop
piezo-actuator (P-843.10, Physik Instrumente) with a custom needle was used to stimulate
the inner ear.

A LabView (v8.2, National Instruments, Austin, TX, USA) computer program controlled
the stimulus presentation, the stroboscopic illumination, the positioning of the objective
lens, and the digital camera. Stimulus attenuation was controlled manually with an atten-
uator (Hewlett-Packard Co., Palo Alto, CA, USA) placed between the computer output and
the stimulator’s amplifier. The applied stimulus amplitude was recorded from the piezo-
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actuator’s feedback system.
At the start of the experiment, an animal was killed with a double-pith procedure. The ears

were excised and kept in amphibian ringer solution (Carolina Biological Supply Company,
Burlington, NC, USA). One of the ears was chosen for immediate use, while the other one
was stored at approximately 5!C, for use later on the same day.

The perilymphatic space of the ear to be used was opened at the round window. This
gave us a line of sight into the BP’s lumen through the contact membrane (see fig. 5.1). A
perspex cylinder was glued onto the operculum to facilitate the application of the stimulation
device. The preparation was positioned under the microscope and clamped into place. The
needle of the piezo actuator was carefully positioned against the perspex cylinder. We adapted
the camera’s orientation to optimize the image on the CCD, and determined a combination
of LED driving voltage and illumination time such that the exposure during stroboscopic
illumination would fill the CCD up to between 50% and 75% of its capacity.

The stimulator displaced the operculum with a sine-wave signal at a frequency of 2.0 kHz.
This frequency was chosen to match the peak-response frequency of the TM in this species
(Schoffelen et al. 2009b, chapter 4). The stimulus was switched on and off with a 100-ms
sinusoidal ramp; the total duration of the stimulation was 2 s. Stimulus amplitudes ranged
from -56dB to -20dB (all dB values are referenced to 1 µm, unless indicated otherwise), and
were applied in an increasing sequence. For each stimulus level, we recorded a 3D movie of
the response of the TM by taking images for eight stroboscopic phases and for 30 focal planes.
For each of the 240 recorded images, the camera was active throughout the 2s-duration of a
stimulus. The LED stroboscopically illuminated the specimen with a 10% duty cycle, except
for the stimulus on and off ramp. After deactivation of the camera, the CCD’s data were
read out and stored. The focal planes were spaced 1 µm apart and positioned progressively
from the round-window side to the saccular side of the BP (fig. 5.1). The resulting 3D movie
showed the response of the TM during a single period of the sinusoidal stimulation signal.

The total experimentation time per preparation was limited to three hours. For the first
ear, that meant that all measurements were finished within four hours after killing the animal;
for the second ear, it was within four hours after taking it out of the refrigerator, and within
seven hours after the death of the animal. Visual inspection at the end of the experiment
did not show degradation of the preparation. Also, no evidence of degradation of the TM
response was found over such a period in earlier work with a similar method (Schoffelen
et al. 2009b, chapter 4).

For data analysis, images were scaled to have a constant average gray value across the
recorded phases and planes; the required correction factor was generally less than 10%. Next,
the TM motion was analyzed using the ‘nD’ image-analysis package (Research Laboratory of
Electronics, Massachusetts Institute of Technology, USA; Davis and Freeman 1998). Follow-
ing the procedure described in Schoffelen et al. (2009b, chapter 4), we analyzed the motion
in two-dimensional planes transecting the TM.

Three orthogonal directions x, y and z were defined relative to the microscope’s axis and
the edge of the TM (see fig. 5.1). The z-direction was taken to be the viewing direction
through the microscope; the y-direction was parallel to the edge of the TM in the image
plane. The x-direction was perpendicular to both the y- and the z-direction.

To determine the TM displacement in the x- and z-directions, we took xz-cross sections of
the 3D movie for a range of y-values containing the TM. Within each xz-plane a grid of 80x10
2D voxels was created; each voxel contained 17x3 pixels covering a 5.5 µm x 3 µm section
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Figure 5.2: Overview of amplitude and phase responses in three directions for various stimulus lev-
els. The color code indicates the amplitudes obtained from the 2D cross sections (see Materials and
methods); the data were smoothed by applying a 7x7 averaging window. The first and second columns
indicate the displacement in the x- and y-directions, respectively. The third and fourths columns give
both estimates of the z-displacement; the third column as calculated from the xz-cross sections, the
fourth as calculated from the yz-cross sections. The stimulus frequency was 2.0 kHz. The gray vectors
indicate the phase of the TM response at the location of their origin, relative to the stimulus signal;
phase zero points to the right. A sketched indication of the lumen boundary, and of the location of the
TM was drawn into the top left panel. Label: TM - tectorial membrane.
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of the preparation. Using the nD package’s motion detection routines, the displacement of
the features within each voxel was then determined for both of the perpendicular directions
and for each of the eight phases. These displacements were averaged in the viewing direction
(z). By fitting the displacements for the recorded phases to a sinusoid, the amplitude and
phase of the corresponding motion was computed. These fitted values were then smoothed
in the y-direction, which created the same resolution in the x- and y-directions. The same
procedure was followed for yz-cross sections in order to analyze the response in the y- and
z-directions. Due to the smaller image size in the y-direction, a 60x10 voxel grid was used.
The combination of the results for both directions (xz and yz) produced one overview for the
amplitude and phase for both the x- and the y-direction, and two for the z-direction.

For better quantitative analysis we used a region-of-interest (ROI) approach. Two or
three 3D ROIs in the center of the TM were selected. These ROIs were selected to contain
details of the TM’s structure; the presence of such details facilitates motion detection by the
image-analysis software. The image analysis produced displacement estimations for each
of the eight recorded phases and each direction (xyz). We averaged the displacements per
direction and phase across the ROIs, and fitted them with a sinusoidal function. This gave a
displacement amplitude and phase relative to the stimulus for each direction. Additionally,
two or three ROIs in the limbic lumen boundary were analyzed in the same manner as the
ROIs in the TM.

5.3 Results
In figure 5.2, color-coded plots are shown of the TM displacement amplitudes in one prepa-
ration for the various stimulus levels (rows), and for the three spatial directions (columns).
The TM-response amplitude increased with growing stimulus amplitude; both the peak am-
plitude and the displaced area increased. For each direction, the peak response occurred in
the lower part of the TM (if it’s oriented with the TM’s edge at the top, fig. 5.1d,e), near the
hair bundles. These responses were lower for the directions in the image plane (xy) than they
were along the line of sight (z). The TM’s edge remained almost still, just like the lumen
boundary.

Baseline measurements, with zero stimulus amplitude, showed a pattern corresponding
to that of the measurements at the -56 dB stimulation level. The noise was noticeably higher
in the viewing direction (z) of the microscope than in the in-plane directions (xy). This is
presumably due to the lower resolution of the data-set and the lower image sharpness along
the line of sight.

The phase of the TM motion is indicated by the gray arrows in figure 5.2. The phase
relative to the input signal is approximately constant in the displaced area of the membrane
for all three directions. At low TM-response amplitudes (<-30 dB) the picture is, as expected,
more noisy than at higher amplitudes. The phase of the displaced area in the x-direction is
approximately the same as in the y-direction, while it has a phase difference of approximately
180! with the z-direction.

Using the ROI-analysis, we determined the displacements more quantitatively in the three
spatial directions. Figure 5.3 gives an overview of the displacements of both the TM and the
lumen-boundary amplitudes for four preparations at the various stimulation levels.

For stimulus levels below -30 dB, the TM response grew approximately linearly (1dB/dB)
in all four preparations in the x-direction, and for three out of four preparations in the z-



58 CHAPTER 5

-60 -50 -40 -30 -20

-70

-60

-50

-40

-30

-20

-10

-60 -50 -40 -30 -20

Prep. A

-60 -50 -40 -30 -20

Prep. B

-60 -50 -40 -30 -20

Prep. C Prep. D

Stimulus amplitude (dB re. 1µm)

T
M

 a
m

p
lit

u
d
e
 (

d
B

 r
e
. 
1
µ

m
)

  TM, x-direction
  TM, y-direction
  TM, z-direction

  Lumen, x-direction
  Lumen, y-direction
  Lumen, z-direction

Legend:

Figure 5.3: I/O curves for four preparations. The three spatial components are indicated by different;
the circles indicate the amplitude in the x-direction, the squares the y-direction, and the crosses the
z-direction. The dashed lines indicate the response of the lumen boundary. The responses increases
with increasing input levels.

direction. Above -30 dB stimulus levels, these responses tended to saturate in two prepara-
tions, and even decrease in one. In three preparations, the response in the y-direction was
similar to that in the z-direction. In one case (prep. D), the TM response did not exceed
the lumen boundary’s. The deviation in the y-direction response was presumably caused by
the variation in the viewing angle onto the TM between preparations (see Discussion, sec-
tion 5.4). Typically, the TM responses were higher in the viewing direction (z) and in the
x-direction than they were in the y-direction. In the z-direction, the maximum responses
ranged from -5 dB to -30 dB; in the x-direction from -20 dB to -32 dB; and in the y-direction
from -23 dB to -40 dB.

In addition to the TM amplitudes, figure 5.3 shows the amplitudes of the ROIs chosen in
the lumen boundary. Generally, the amplitude of the lumen boundary was lower than the TM
response. In the z-direction the response amplitude was relatively constant, while it tended to
increase slightly with increasing stimulus amplitude in the x- and y-directions.

The noise floor was determined for the combination of the measurement method and
analysis technique from measurement data at zero stimulation amplitude. The noise floor
was, on average, -61 dB (± 6 dB, standard deviation; including both TM and lumen ROIs)
for the in-image-plane directions (xy), and -49 dB (± 7 dB) in the z-direction. The difference
between these noise-floor values is presumably due to the difference in resolution.

For all three directions, the phase difference was approximately constant across stimulus
levels (omitting the data point at -56 dB). In three preparations (B, C, D; fig. 5.4), the x- and
y-components of the TM motion had the same phase, and they were about 180! out of phase
with the z-component. In one case (prep. A), the y- and z-motion had the same phase, while
the x-motion was about 180! out of phase. The relative phases are explicitly shown in figure
5.5. Excluding the measurements at the -56-dB stimulus level, the average phase difference
between the x- and z-components was 155!±32! (sd); between the x- and y-directions it was
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Figure 5.4: Phases of the response relative to the stimulus. The three spatial components are indicated
by different symbols; the circles indicate the amplitude in the x-direction, the squares the y-direction,
and the crosses the z-direction. Phase differences between various components were either approxi-
mately 0! or approximately 180!.

5.5. Excluding the measurements at the -56-dB stimulus level, the average phase difference
between the x- and z-components was 155!±32! (sd); between the x- and y-directions it was
14!±24!. The amplitude levels and these phase differences are consistent with a mode of
motion along the sensory epithelium of the BP (see Discussion, and fig. 5.8).

Figure 5.6 again shows the TM’s amplitude response to operculum displacement. Here,
the displacement amplitudes for the TM and the lumen boundary were averaged across the
preparations. For the y-direction average, the data from preparation D were excluded from
the calculation (see Discussion). The I/O curves in figure 5.6 showed the same overall trend
as the separate panels in figure 5.3: At stimulus levels below -30 dB the TM amplitudes
depended linearly the input amplitudes. In the linear range, the TM response exceeded the
stimulus amplitude by about 3 dB in the x- and z-directions. In the y-direction, the TM
response was approximately the same as the input amplitude. At stimulus levels above -30
dB, the responses tended to saturate.

The averaged displacement amplitudes of the lumen boundary (fig. 5.6) were relatively
constant in the x- and z-directions. In the y-direction, the lumen boundary’s I/O curve paral-
leled the TM’s at a level about 8 dB lower.

5.4 Discussion
The data presented above showed that the response in all three spatial directions increased
with increasing stimulus amplitudes. The maximum displacements occurred near the hair
bundles, and the response phase is approximately constant across the TM. The smallest am-
plitudes were observed near the edge of the TM opposite the hair cells. These findings were
consistent with earlier findings (Schoffelen et al. 2009b, chapter 4): the TM’s motion is
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the standard deviation of the response at that stimulus level. The gray dashed lines correspond a 3 dB
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graph, as explained in the Discussion section.



I/O CHARACTERISTICS OF THE TM IN THE BP 61

similar to that of a two-dimensional pendulum, hinged at the TM’s edge.
The amplitudes of motion depended linearly on the operculum displacement up to a stim-

ulus amplitude of about -30 dB. The TM responses saturated above this level. The neural
responses in R. pipiens saturate at approximately 80 dB SPL (instantaneous rates, Ronken
1990). In order determine whether neural saturation is related to the mechanical saturation
of the TM, we needed to relate our stimulus levels at the operculum to the sound-pressure
levels used by Ronken. Two approaches were used to relate the sound-pressure level at the
tympanic membrane, to our displacement amplitudes at the operculum.

The first approach is based on transfer from sound-pressure at the tympanic membrane
to motion at the operculum. In the bullfrog, a stimulus of 90 dB SPL at the tympanum
corresponds to a maximum operculum velocity of -23 dB (re. 1 mm/s) within the bullfrog’s
BP frequency range (Mason and Narins 2002b). Assuming the same transfer ratio between
the sound-pressure level and the operculum velocity showed that our stimuli ranged from the
equivalent of 78 dB SPL to 115 dB SPL.

Alternatively, we could estimate the sound-pressure level corresponding to our stimuli by
considering the hair-bundle deflection at the neural threshold. The detection threshold for
hair cells is approximately a 1 nm deflection (-60 dB) of the hair bundle (Hudspeth 1997). In
the leopard frog’s BP, the auditory threshold is achieved by a 60 dB SPL stimulus (Ronken
1990). With the TM responses in the x- and z-directions 3 dB above the stimulus (dashed
gray lines, fig. 5.6), our stimuli corresponded to 66 to 103 dB SPL by this second approach.
By averaging the results of both approaches, we estimated that the range of our stimuli to
corresponded to sound-pressure levels between 72 and 109 dB SPL.

In figure 5.7 the averaged I/O curves (fig. 5.6) are plotted against the estimated dB-SPL
scale. Saturation of the TM response occurred around 100 dB SPL, while the instantaneous
neural spike rate saturates at 80 dB SPL (gray lines; based on Ronken 1990). So, although
the tuning of the BP is based on the mechanical response of the TM (Schoffelen et al. 2009b,
chapter 4), the upper limit of the neural response must be determined by the hair-cell and
auditory-nerve physiology.

The averaged response in the y-direction was non-linear, due to the measurements from
one preparation. In this preparation, the y-direction TM response did not exceed the lumen
boundary response (fig. 5.3, prep. D). This may have been the result of a coincidental perfect
alignment of the xz-planes with the motion of the TM in this specific measurement. For
this reason, we excluded the data from this preparation from the averaged I/O curve for the y-
component in figure 5.6. In the other preparations, the y-direction response was similar to that
in the x- and z-directions, indicating that the TM had a component of motion perpendicular
to the xz-plane.

The magnitude of the composite TM motion exhibited a similar behavior as the individual
components (black dashed line in fig. 5.7): a linear response up to between 95 and 100 dB
SPL, and saturation for higher stimulus levels. In the linear range, the gain between the
operculum and the TM displacements was approximately 8 dB. This gain was slightly lower
than that reported for gain at the best frequency of the TM response (" 15 dB, Schoffelen
et al. 2009b, chapter 4). This difference is presumably due to the fact that our measurements
were obtained from ROIs in the center of the membrane, which has a lower amplitude than the
area near the hair cells that was used by Schoffelen et al.. Also, the gain they determined was
at the known best frequency of the TM, while our measurements may have been performed
close to, but not quite at, the best frequency.
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Stimulus amplitude (dB SPL)
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Figure 5.7: TM I/O curves compared to nerve fiber I/O curves (Ronken 1990). The gray lines indicate
the auditory nerve’s spike rate; solid the instantaneous rate, and dashed the sustained rate. The spike
rates are relative to the left axis. The averaged TM I/O curves are displayed for three directions. The
circles represent the x-direction, the squares the y-direction and the crosses the z-direction. The dashed
black line indicates the total TM displacement assuming that the phase difference between spatial com-
ponents was either 0! or 180!. The TM displacements are relative to the right axis, in dB re. 1 µm.
Labels: TM - tectorial membrane, AN - auditory nerve.

In figure 5.8, an xz cross section through the BP of the northern leopard frog is displayed
(light microscopy, previously unpublished data; chapter 3). The viewing direction is drawn
(z) assuming that we look onto the contact membrane perpendicularly, with the x-direction
perpendicular to it. The double-headed arrow indicates the direction of motion within this
plane, in case the magnitudes of the x- and z- components are the same (fig. 5.6) and their
phase-difference is 180! (fig. 5.5). In the image this direction is then approximately parallel
to the hair-cell excitatory direction. Therefore, it is likely that the TM’s mode of motion was
along the epithelium, parallel to the hair-bundle orientation.

As indicated in the Material and Methods section, the data presented in this paper were
obtained from isolated post-mortem preparations of the frog inner ear. The time frame of
the experiment was after distortion-product otoacoustic emissions from the organ disappear
(approx. 30 min post mortem, Van Dijk et al. 2003), which excludes active hair-cell involve-
ment on the responses. Inspection after the measurements showed no visible degradation of
the BP’s structure. However, the ringer solution in which the preparation was submerged
contained increasingly more debris over the duration of the experiment, presumably due to
the vibration of the stimulator and the operculum. We limited the experimentation time to
three hours for each preparation, and conducted no measurements longer than seven hours
after killing the animal. In earlier work (Schoffelen et al. 2009b, chapter 4), no degradation
of the response was witnessed over similar measurement durations, and comparable stimulus
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Figure 5.8: Illustration of the motion of the TM, superimposed on a light-microscopy image of an
xz-cross section of the BP. The z-direction indicates the viewing direction through the microscope’s ob-
jective. The double-headed arrow indicates the calculated xz-motion of the tectorial membrane from our
data. The 45! angle resulted from the amplitudes being the same in both directions (fig. 5.6) and a 180!

phase difference between them. The photo was positioned under the assumption that the microscope’s
viewing direction was perpendicular to CM. The hair-cell polarization is then approximately parallel to
the measured TM motion. Labels: CM - contact membrane, HED - hair-cell excitatory direction.

levels. This suggests that the structural properties of the isolated inner ear maintained a sta-
ble, normal state throughout the experiment, while any active hair-bundle involvement had
probably ceased before the start of the experiment.

In conclusion, our data showed that the tectorial membrane’s motion in the basilar papilla
of the northern leopard frog is most likely along the basilar papilla’s epithelium surface. It
aligns with the hair bundle orientation, and thus deflects the hair bundles in the most effective
manner. The tectorial membrane’s response amplitude increased linearly with the displace-
ment of the operculum (oval window) for stimulation levels up to an equivalent of approxi-
mately 100 dB SPL. Since the neural response saturates at lower levels (approximately 80 dB
SPL, Ronken 1990), the mechanical response of the tectorial membrane does not determine
the maximum nerve-fiber response.
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Relation between the anuran and mammalian auditory end organs

The anuran inner ear is unique among terrestrial vertebrates in that it contains two dedicated
auditory end organs, which both lack a basilar membrane (BM) as a flexible substrate for
their sensory hair cells. The basilar papilla (BP) is considered to be the homologue of the
mammalian cochlea (Lewis and Narins 1999; Smotherman and Narins 2003). However, from
the literature reviewed in chapter 2 it becomes apparent that the second auditory end-organ,
the amphibian papilla (AP), shows a greater anatomical and functional correspondence to the
mammalian cochlea, especially its higher-frequency part caudal to the tectorial curtain.

This dissertation focuses on the anatomy and functioning of the BP. In contrast with other
vertebrate hearing organs, the majority of neurons connecting to the BP have nearly identical
tuning characteristics (Ronken 1990). This, in combination its relatively simple anatomy,
makes the anuran BP a truly unique vertebrate hearing organ.

Anatomy of the BP

The anuran BP is anatomically exceptional among terrestrial vertebrates (chapters 2 and 3).
Its sensory epithelium resides in a lumen that opens into the saccular space on the lateral side.
The lumen tapers towards a thin contact membrane on the medial end. The contact membrane
separates the endolymph within the lumen from the perilymph on the medial side of it. The
tectorial membrane (TM) is half-moon shaped with part of its circular edge connecting to the
stereovilli of the sensory hair cells. The approximately straight edge of the TM spans the
width of the BP lumen, and is firmly connected to the lumen boundary on both sides.

Our study of the BP anatomy in the northern leopard frog (Rana pipiens pipiens, chapter
3) confirmed earlier results in related species (e.g. Frishkopf and Flock 1974). The added
value of this work lies mainly in the detailed description of the BP’s lumen, and the ep-
ithelium’s position in it. The lumen’s taper may function to focus acoustic energy onto the
epithelium and the TM at its narrow end. The knowledge gained about the size and shape of
the BP’s lumen proved to be of value for the interpretation of the mechanical measurements
chapters 4 and 5, and may, in future, be used as a basis for modeling the response of the BP
based on the hydrodynamics of the endolymph.

Preparations

The measurements of the mechanical response of the BP’s TM (chapters 4 and 5) were per-
formed on excised inner-ear preparations, which were kept in amphibian ringer solution. The
preparations were structurally stable, as far as could be determined from the light-microscopy
images. However any active hair-cell involvement had presumably ceased before the start of
the measurements (see discussion chapter 4). The presented data were, therefore, obtained
from structurally sound and presumably functionally passive preparations of the BP.

The relatively simple anatomy of the frog inner ear was beneficial to the mechanical
response measurements (chapters 4 and 5). The BP was optically accessible with limited
damage to the perilymphatic space, and without opening the endolymphatic space. This, in
combination with the used measurement technique, provided the opportunity to study the
response of the BP’s TM in situ. Presumably the in-situ response of the TM is influenced
by the effects of other inner-ear structures on the stimulus signal (Purgue and Narins 2000b),
and by its connection to the lumen boundary and the epithelium.
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Motion of the TM

The results in chapters 4 and 5 showed that the motion of the TM in response to displacement
of the oval window can be likened to a two-dimensional pendulum. The highest displacement
amplitudes were recorded near the epithelium, while the TM edge opposite the hair cells was
hardly displaced at all. The phase was approximately constant throughout the displaced area
of the membrane.

In both mechanical-response studies, the phase differences between the orthogonal spatial
components of the TM motion were either approximately 0! or 180!. This indicates, that the
displacement of the TM in response to auditory stimuli was approximately rectilinear. In
our optical measurements, we did not have the possibility to control the orientation of the
viewing direction relative to the BP’s epithelium. However, the anatomical data (chapter 3)
and the relative amplitudes of the orthogonal motion components (chapters 4 and 5) strongly
suggested that the TM displacement was along the sensory epithelium and parallel to the
hair-cell polarization (chapter 5).

Filtering and non-linearity

From the experiments described in chapters 4 and 5, characteristics of the BP’s TM response
became evident. The mechanical response was tuned, on average, to a frequency of 2.2
kHz. The tuned response had a filter quality factor, Q10dB of about 2 (chapter 4). Also,
the mechanical response depended linearly on the stimulus amplitude up to a input level
estimated to be approximately 100 dB SPL (chapter 5).

Above stimulus levels estimated to correspond to about 100 dB SPL (chapter 5), the
mechanical response of the TM saturated. Neural responses in the afferents connecting to the
BP saturate at levels about 20 dB below that (Ronken 1990). Apparently, the saturation of the
neural response must be based on the physiology of the hair cells and/or the auditory nerve
fibers.

The tuning characteristics correspond to those recorded from auditory nerve-fibers con-
necting to the BP (Ronken 1990; Ronken 1991). This correspondence is remarkable since we
performed our measurements on dead and presumably passive preparations. Apparently, the
recorded tuning characteristics do not critically depend on the metabolic state of the animal.

Several other studies suggest a similar independence of the BP’s function from the an-
imal’s metabolic state. The tuning characteristics of the BP’s afferent nerve fibers are in-
dependent of the animal’s body temperature, while those of the AP’s nerve fibers are not
(Stiebler and Narins 1990; Van Dijk et al. 1990). The temperature dependence of distortion-
product otoacoustic emission (DPOAEs) exhibits a similar behavior: they are temperature
dependent in the AP’s frequency range, while they are not in the BP’s range (Meenderink
and Van Dijk 2006). A more dramatic physiological insult, the discontinuation of the oxygen
supply, rapidly reduces the amplitudes of the DPOAEs in the AP’s frequency range, while
those in the BP’s range disappear over an average time span of about half an hour (Van Dijk
et al. 2003). Thus both our data, and earlier studies suggest that the BP’s functioning is
relatively unsensitive to the animal’s overall metabolism.

We found the post-mortem tuning TM tuning characteristics to be similar to the in-vivo
neural tuning. These findings are consistent with Meenderink and Van Dijk (2006), who
suggest that the BP may not use active feedback amplification for enhancing the frequency
selectivity, and thus may depend on passive frequency filtering.



68 CHAPTER 6

By contrast, the tuned response of the basilar membrane (BM) in the mammalian cochlea
strongly depends on the animal’s metabolism. The post-mortem BM response has a sig-
nificantly lower amplitude and a lower tuning sharpness, compared to the in-vivo response
(Robles and Ruggero 2001; Ren and Nuttall 2001), due to the abolishment of outer hair cell
activity (Ruggero and Rich 1991). This dependence on the animal’s metabolism combined
with the presence of spontaneous otoacoustic emissions (Probst et al. 1991; Hudspeth 2008)
are a clear indication of an active feedback-amplification mechanism to exist in the mam-
malian cochlea.

It must be assumed that active filtering, and the resulting increase in frequency-selectivity,
had an evolutionary advantage for mammals. Meenderink and Van Dijk (2006) note that an
ectothermic animal, such as the frog, could gain a benefit from possessing a passive hearing
organ of which the tuning is not temperature dependent. Such an organ could provide a
temperature-independent reference for the frequency content of ambient sound. This benefit
may have served as the evolutionary pressure behind the development of the BP.

Concluding remarks and outlook

When starting the work presented in chapters 2 through 5, our aim was to understand the
auditory mechanics of the frog BP. The number of reported direct measurements on structures
in the frog inner ear associated with the dedicated auditory end organs, the AP and the BP,
was limited to one (i.e. Purgue and Narins 2000a). Most of our understanding of the frog’s
auditory mechanics was based on anatomical studies and the resulting models, or on the
measurements of the neural responses and otoacoustic emissions (reviewed in Lewis and
Narins 1999; Simmons et al. 2007; Schoffelen et al. 2008, chapter 2). Our measurements
of the TM response have taken the knowledge of the mechanics of the frog BP considerably
closer to the detection point of acoustic signal, the sensory hair cells.

The results presented in this dissertation are consistent with the idea that the frog’s basilar
papilla is a passive auditory filter. This in itself makes it unique among the known vertebrate
hearing organs. On one hand, chapters 4 and 5 explain a large portion of the auditory me-
chanics in this ‘simple’ organ. On the other hand, the BP’s anatomy (chapter 3) raises a lot
of questions yet unanswered. Most conspicuous in this respect, is the function of the ex-
tremely elaborate connections between the TM and the lumen boundary. Also, the variety of
hair-cell types in the BP epithelium remains intriguing, just like the percentage of apparently
free-standing hair-bundles in this relatively low-frequency detector.

Although, the experimental work described here concentrated exclusively on the mechan-
ics of the BP, the techniques that were implemented are expected to be applicable for studying
the AP as well. As described in chapter 2, the presence of tonotopy, the hair-cell orientation
in the AP, and the elaborate tectorial structure indicate that there may be a range of different
mechanical responses to various auditory frequencies.

The study of the AP mechanics promises to provide a considerable challenge, due to the
greater complexity and dimensions of the organ. From a surgical standpoint, gaining visual
access to the AP without critically damaging the epithelium and the associated structures
will most likely be more complicated than it was for the BP. However, if such a surgical tech-
nique were developed, the TM’s modes of motion would probably have dominant components
within the microscope’s plane of focus (chapter 2), which would enhance the effectiveness
and accuracy of the motion detection techniques.

The hair-cell polarization in the AP suggests that the modes of motion of the TM may be
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complex. Various portions of the membrane may move in different directions under acoustic
stimulation. For such structures, the measurement and analysis techniques used in this dis-
sertation (chapters 4 and 5; see also Davis and Freeman 1998) have the advantage that they
do not require a-priori knowledge or assumptions about the modes of motion.

In conclusion, the work described in this dissertation represents a considerable stride
towards understanding the mechanics of the frog basilar papilla. For the understanding of
the mechanics of the anuran auditory end organs, the amphibian papilla still provides an
intriguing and challenging opportunity to make the next stride.





References

Ashmore, J. F., Attwell, D., December 1985. Models for electrical tuning in hair cells. P
Roy Soc B-Biol Sci 226 (1244), 325–344.

Auer, M., Koster, A. J., Ziese, U., Bajaj, C., Volkmann, N., Wang, D. N., Hudspeth,
A. J., 2008. Three-dimensional architecture of hair-bundle linkages revealed by electron-
microscopic tomography. J Assoc Res Oto 9 (2), 215–224.

Bell, A., Maddess, T., 2009. Tilt of the outer hair cell lattice: origin of dual tuning tips and
cochlear bandwidth. In: Cooper, N. P., Kemp, D. T. (Eds.), Concepts and challenges in the
biophysics of hearing. World Scientific, Singapore, pp. 310–318.

Benedix, Jr., J. H., Pedemonte, M., Velluti, R., Narins, P. M., 1994. Temperature dependence
of two-tone rate suppression in the northern leopard frog, Rana pipiens pipiens. J Acoust
Soc Am 96, 2738–2745.

Bergeijk, W. A. V., Witschi, E., 1957. The basilar papilla of the anuran ear. Acta anatomica
30, 81 – 91.

Bozovic, D., Hudspeth, A. J., 2003. Hair-bundle movements elicited by transepithelial elec-
trical stimulation of hair cells in the sacculus of the bullfrog. Proc Natl Acad Sci USA
100 (3), 958–963.

Brownell, W. E., Bader, C. R., Bertrand, D., de Ribaupierre, Y., 1985. Evoked mechanical
responses of isolated cochlear outer hair cells. Science 227 (4683), 194–196.

Capranica, R. R., Moffat, A. J. M., 1975. Selectivity of the peripheral auditory system of
spadefoot toads (scaphiopus couchi) for sounds of biological significance. J Comp Physiol
A 100 (3), 231–249.

Capranica, R. R., Moffat, A. J. M., 1980. Nonlinear properties of the peripheral auditory
system of anurans. In: Popper, A. N., Fay, R. R. (Eds.), Comparative Studies of Hearing in
Vertebrates. Springer, Berlin (Germany), pp. 139–165.

Capranica, R. R., Moffat, A. J. M., 1983. Neurobehavioral correlates of sound communica-
tion in anurans. In: Ewert, J. P., Capranica, R. R., Ingle, D. J. (Eds.), Advances in vertebrate
neuroethology. Plenum, New York (NY, USA), pp. 701–730.

Caston, J., Precht, W., Blanks, R. H. I., 1977. Response characteristics of frog’s lagena
afferents to natural stimulation. J Comp Physiol A 118 (3), 273–289.

Dallos, P., 2003. Organ of corti kinematics. J Assoc Res Oto 4 (3), 416–421.

Davis, C., Freeman, D., 1998. Using a light microscope to measure motions with nanometer
accuracy. Opt Eng 37, 1299–1304.



72 REFERENCES

Ehret, G., Capranica, R. R., 1980. Masking patterns and filter characteristics of auditory
nerve fibers in the green treefrog (Hyla cinerea). J Comp Physiol 141, 1–12.

Evans, E. F., 1975a. Frequency selectivity at high signal levels of single units in cochlear
nerve and nucleus. In: Keidel, W. D., Neff, W. D. (Eds.), Handbook of sensory physiology.
Vol. V/2. Springer-Verlag, Berlin (Germany), pp. 1–108.

Evans, E. F., 1975b. The sharpening of cochlear frequency selectivity in the normal and
abnormal cochlea. Audiology 14 (5-6), 419–442.

Fay, R. R., Popper, A. N., 1999. Hearing in fishes and amphibians: An introduction. In: Fay,
R. R., Popper, A. N. (Eds.), Comparative hearing: fish and amphibians. Vol. 11 of Springer
Handbook of Auditory Research. Springer Verlag New York, Inc, New York (NY, USA),
pp. 1–15.

Feng, A. S., Narins, P. M., Capranica, R. R., 1975. Three populations of primary auditory
fibers in the bullfrog (Rana catesbeiana): Their peripheral origins and frequency sensitivi-
ties. J Comp Physiol A 100 (3), 221–229.

Feng, A. S., Narins, P. M., Xu, C.-H., Lin, W.-Y., Yu, Z.-L., Qiu, Q., Xu, Z.-M., Shen, J.-X.,
2006. Ultrasonic communication in frogs. Nature 440 (7082), 333–336.

Fettiplace, R., 2006. Active hair bundle movements in auditory hair cells. J Physiol 576 (1),
29–36.

Freeman, D. M., Masaki, K., McAllister, A. R., Wei, J. L., Weiss, T. F., 2003. Static material
properties of the tectorial membrane: a summary. Hear Res 180 (1-2), 11–27.

Freeman, D. M., Weiss, T. F., 1990. Hydrodynamic analysis of a two-dimensional model for
micromechanical resonance of free-standing hair bundles. Hear Res 48 (1-2), 37–67.

Frishkopf, L. S., Flock, A., 1974. Ultrastructure of the basilar papilla, an auditory organ in
the bullfrog. Acta Oto-laryngol 77 (3), 176–184.

Geisler, C. D., van Bergeijk, W. A., Frishkopf, L. S., 1964. The inner ear of the bullfrog. J
Morphol 114 (1), 43–57.

Hetherington, T. E., 1988. Biomechanics of vibration reception in the bullfrog, Rana cates-
beiana. J Comp Physiol A 163 (1), 43–52.

Hetherington, T. E., Lindquist, E. D., 1999. Lung-based hearing in an "earless" anuran
amphibian. J Comp Physiol A 184, 395–401.

Horn, B. K. P., E. J. Weldon, J., 1988. Direct methods for recovering motion. Int J Comput
Vision 2, 51–76.

Hudspeth, A., 1997. Mechanical amplification of stimuli by hair cells. Curr Opin Neurobiol
7 (4), 480–486.

Hudspeth, A. J., 2008. Making an effort to listen: mechanical amplification in the ear. Neu-
ron 59 (4), 530–545.

Jaslow, A. P., Hetherington, T. E., Lombard, R. E., 1988. Structure and function of the
amphibian middle ear. In: Fritzsch, B., Ryan, M. J., Wilczynski, W., Hetherington, T. E.,
Walkowiak, W. (Eds.), The Evolution of the Amphibian Auditory System. John Wiley &
Sons, New York (NY, USA), pp. 69–91.

Johnstone, B. M., Patuzzi, R., Yates, G. K., 1986. Basilar membrane measurements and the
travelling wave. Hear Res 22, 147–153.



REFERENCES 73

Jongebloed, W. L., Kalicharan, D., Vissink, A., Konings, A. T. W., 1992. Application of
the OTOTO noncoating technique; comparison of LM, TEM and SEM. Microsc Anal 28,
31–33.

Jørgensen, M., Kanneworff, M., 1998. Middle ear transmission in the grass frog, Rana tem-
poraria. J Comp Physiol A 182, 59–64.

Keen, E. C., Hudspeth, A. J., 2006. Transfer characteristics of the hair cell’s afferent
synapse. Proc Natl Acad Sci USA 103 (14), 5537–5542.

Lewis, E., Li, C., 1975. Hair cells types and distributions in the otolithic and auditory organs
of the bullfrog. Brain Res 83, 35–50.

Lewis, E. R., 1976. Surface morphology of the bullfrog amphibian papilla. Brain Behav
Evolut 13 (2-3), 196–215.

Lewis, E. R., 1977. Comparative scanning electron microscopy study of the anuran basilar
papilla. In: Bailey, G. (Ed.), 35th Ann. Proc. Electron Microsc. Soc. Amer. pp. 632–633.

Lewis, E. R., 1981. Suggested evolution of tonotopic organization in the frog amphibian
papilla. Neurosci Lett 21 (2), 131–136.

Lewis, E. R., 1984. On the frog amphibian papilla. Scan Electron Microsc (4), 1899–913.

Lewis, E. R., Leverenz, E. L., Bialek, W. S., 1985. The vertebrate inner ear. CRC Press, Inc.,
Boca Raton (FL, USA).

Lewis, E. R., Leverenz, E. L., Koyama, H., 1982. The tonotopic organization of the bullfrog
amphibian papilla, an auditory organ lacking a basilar membrane. J Comp Physiol 145,
437–445.

Lewis, E. R., Narins, P. M., 1999. The acoustic periphery of amphibians; anatomy and phys-
iology. In: Fay, R. R., Popper, A. N. (Eds.), Comparative hearing: Fish and Amphibians.
Vol. 11 of Springer Handbook of Auditory Research. Springer Verlag New York, Inc, New
York (NY, USA), pp. 101–154.

Lewis, E. R., Van Dijk, P., 2004. New variations on the derivation of spectro-temporal re-
ceptive fields for primary auditory afferent axons. Hear Res 189, 120–136.

Liberman, M. C., Gao, J., He, D. Z. Z., Wu, X., Jia, S., Zuo, J., 2002. Prestin is required
for electromotility of the outer hair cell and for the cochlear amplifier. Nature 419 (6904),
300–304.

Lindquist, E. D., Hetherington, T. E., Volman, S. F., 1998. Biomechanical and neurophysi-
ological studies on audition in eared and earless harlequin frogs (atelopus). J Comp Physiol
A 183 (2), 265–271.

Long, G. R., Van Dijk, P., Wit, H. P., 1996. Temperature dependence of spontaneous otoa-
coustic emissions in the edible frog (Rana esculenta). Hear Res 98 (1-2), 22–28.

Malick, L. E., Wilson, R. B., 1975. Modified thiocarbohydrazide procedure for scanning
electron microscopy: routine use for normal, pathological, or experimental tissues. Stain
Technol 50 (4), 265–269.

Manley, G. A., 2000. Cochlear mechanisms from a phylogenetic viewpoint. Proc Natl Acad
Sci USA 97 (22), 11736–11743.

Manley, G. A., 2006. Spontaneous otoacoustic emissions from free-standing stereovillar
bundles of ten species of lizard with small papillae. Hear Res 212 (1-2), 33–47.



74 REFERENCES

Manley, G. A., Clack, J. A., 2003. An outline of the evolution of vertebrate hearing organs.
In: Manley, G. A., Popper, A. N., Fay, R. R. (Eds.), Evolution of the vertebrate auditory
system. Vol. 22 of Springer Handbook of Auditory Research. Springer Verlag New York,
LLC, New York (NY, USA), pp. 1 – 26.

Manley, G. A., Köppl, C., 2008. What have lizard ears taught us about auditory physiology?
Hear Res 238 (1-2), 3 – 11.

Manley, G. A., Yates, G. K., Koppl, C., 1988. Auditory peripheral tuning: evidence for a
simple resonance phenomenon in the lizard tiliqua. Hear Res 33 (2), 181–189.

Martin, P., Bozovic, D., Choe, Y., Hudspeth, A. J., 2003. Spontaneous oscillation by hair
bundles of the bullfrog’s sacculus. J Neurosci 23 (11), 4533–4548.

Martin, P., Hudspeth, A. J., 1999. Active hair-bundle movements can amplify a hair cell’s
response to oscillatory mechanical stimuli. Proc Natl Acad Sci USA 96 (25), 14306–14311.

Mason, M., Narins, P., 2002a. Vibrometric studies of the middle ear of the bullfrog Rana
catesbeiana I. the extrastapes. J Exp Biol 205, 3153–3165.

Mason, M. J., Narins, P. M., 2002b. Vibrometric studies of the middle ear of the bullfrog
Rana catesbeiana II. the operculum. J Exp Biol 205, 3167–3176.

Meenderink, S. W. F., 2005. Distortion product otoacoustic emissions from the anuran inner
ear. Ph.D. thesis, University of Maastricht, The Netherlands.

Meenderink, S. W. F., Narins, P. M., 2006. Stimulus frequency otoacoustic emissions in the
northern leopard frog, Rana pipiens pipiens: implications for inner ear mechanics. Hear Res
220 (1-2), 67–75.

Meenderink, S. W. F., Narins, P. M., 2007. Suppression of distortion product otoacoustic
emissions in the anuran ear. J Acoust Soc Am 121 (1), 344–351.

Meenderink, S. W. F., Narins, P. M., Van Dijk, P., 2005a. Detailed f1, f2 area study of
distortion product otoacoustic emissions in the frog. J Assoc Res Oto 6 (1), 37–47.

Meenderink, S. W. F., Van Dijk, P., 2004. Level dependence of distortion product otoacous-
tic emissions in the leopard frog, Rana pipiens pipiens. Hear Res 192, 107–118.

Meenderink, S. W. F., Van Dijk, P., 2005. Characteristics of distortion product otoacoustic
emissions in the frog from L1,L2 maps. J Acoust Soc Am 118 (1), 279–286.

Meenderink, S. W. F., Van Dijk, P., 2006. Temperature dependence of anuran distortion
product otoacoustic emissions. J Assoc Res Oto 7 (3), 246–252.

Meenderink, S. W. F., Van Dijk, P., Narins, P. M., 2005b. Comparison between distortion
product otoacoustic emissions and nerve fiber responses from the basilar papilla of the frog.
J Acoust Soc Am 117 (5), 3165–3173.

Narayan, S. S., Temchin, A. N., Recio, A., Ruggero, M. A., 1998. Frequency tuning of
basilar membrane and auditory nerve fibers in the same cochleae. Science 282, 1882–1884.

Narins, P., Ehret, G., Tautz, J., 1988. Accessory pathway for sound transfer in a neotropical
frog. Proc Natl Acad Sci USA 85, 1508–1512.

Narins, P. M., 1990. Seismic communication in anuran amphibians. BioScience 40 (4), 267.

Narins, P. M., Capranica, R. R., 1976. Sexual differences in the auditory system of the tree
frog Eleutherodactylus coqui. Science 192 (4237), 378–380.



REFERENCES 75

Narins, P. M., Capranica, R. R., 1980. Neural adaptations for processing the two-note call
of the Puerto Rican treefrog, Eleutherodactylus coqui. Brain Behav Evol 17 (1), 48–66.

Nowotny, M., Gummer, A. W., 2006. Nanomechanics of the subtectorial space caused by
electromechanics of cochlear outer hair cells. Proc Natl Acad Sci USA 103 (7), 2120–2125.

Palmer, A. R., Wilson, J., 1982. Spontaneous and evoked otoacoustic emissions in the frog
Rana esculenta. J Physiol 324, 66P.

Pickles, J. O., 1988. An introduction to the physiology of hearing, 2nd Edition. Academic
Press, London (Great Britain).

Pitchford, S., Ashmore, J. F., 1987. An electrical resonance in hair cells of the amphibian
papilla of the frog Rana temporaria. Hear Res 27, 75–83.

Probst, R., Lonsbury-Martin, B. L., Martin, G. K., 1991. A review of otoacoustic emissions.
J Acoust Soc Am 89, 2027–2067.

Purgue, A. P., Narins, P. M., 2000a. Mechanics of the inner ear of the bullfrog (Rana cates-
beiana): the contact membranes and the periotic canal. J Comp Physiol A 186, 481–488.

Purgue, A. P., Narins, P. M., 2000b. A model for energy flow in the inner ear of the bullfrog
(Rana catesbeiana). J Comp Physiol A 186, 489–495.

Ren, T., Nuttall, A., 2001. Basilar membrane vibration in the basal turn of the sensitive
gerbil cochlea. Hear Res 151, 48–60.

Robbins, R. G., Bauknight, R. S., Honrubia, V., 1967. Anatomical distribution of efferent
fibers in the 8th cranial nerve of the bullfrog (rana catesbeiana). Acta Oto-laryngol 64 (5),
436–448.

Robles, L., Ruggero, M. A., 2001. Mechanics of the mammalian cochlea. Physiol Rev
81 (3), 1305–1352.

Ronken, D. A., 1990. Basic properties of auditory-nerve responses from a ’simple’ ear: the
basilar papilla of the frog. Hear Res 47, 63–82.

Ronken, D. A., 1991. Spike discharge properties that are related to the characteristic fre-
quency of single units in the frog auditory nerve. J Acoust Soc Am 90, 2428–2440.

Ruggero, M. A., Rich, N. C., 1991. Furosemide alters organ of corti mechanics: evidence
for feedback of outer hair cells upon the basilar membrane. J Neurosci 11 (4), 1057–1067.

Ruggero, M. A., Robles, L., Rich, N. C., Recio, A., 1992. Basilar membrane responses to
two-tone and broadband stimuli. Philos Trans R Soc B-Biol Sci 336 (1278), 307–315.

Schoffelen, R. L. M., Segenhout, J. M., Van Dijk, P., 2007. Motion of the tectorial membrane
in the basilar papilla of the northern leopard frog, Rana pipiens. In: Abstracts of the thirtieth
annual midwinter research meeting. Assoc Res Oto, p. 171.

Schoffelen, R. L. M., Segenhout, J. M., van Dijk, P., 2008. Mechanics of the exceptional
anuran ear. J Comp Physiol A 194 (5), 417–428.

Schoffelen, R. L. M., Segenhout, J. M., Van Dijk, P., 2009a. Input-output characteristics of
the tectorial membrane in the frog basilar papilla. submitted for publication, April 2009.

Schoffelen, R. L. M., Segenhout, J. M., van Dijk, P., 2009b. Tuning of the tectorial mem-
brane in the basilar papilla of the northern leopard frog. J Assoc Res Otolaryngol 10 (3),
309–320.



76 REFERENCES

Shofner, W. P., Feng, A. S., 1981. Post-metamorphic development of the frequency selec-
tivities and sensitivities of the peripheral auditory system of the bullfrog, Rana catesbeiana.
J Exp Biol 93 (1), 181–196.
Shofner, W. P., Feng, A. S., 1983. A quantitative light microscopic study of the bullfrog
amphibian papilla tectorium: correlation with the tonotopic organization. Hear Res 11 (1),
103–116.
Simmons, D., Meenderink, S., Vassilakis, P., 2007. Physiology, and function of auditory
end-organs in the frog inner ear. In: Narins, P. M., Feng, A. S., Fay, R. R., Popper, A. N.
(Eds.), Hearing and sound communication in Amphibians. Vol. 28 of Springer Handbook
of Auditory Research. Springer Science+Business Media, LLC, New York (NY, USA), pp.
184 – 220.
Smotherman, M. S., Narins, P. M., 1999a. The electrical properties of auditory hair cells in
the frog amphibian papilla. J Neurosci 19, 5275–5292.
Smotherman, M. S., Narins, P. M., 1999b. Potassium currents in auditory hair cells of the
frog basilar papilla. Hear Res 132 (1-2), 117–130.
Smotherman, M. S., Narins, P. M., 2000. Hair cells, hearing and hopping: a field guide to
hair cell physiology in the frog. J Exp Biol 203, 2237–2246.
Smotherman, M. S., Narins, P. M., 2003. Evolution of the amphibian ear. In: Manley, G. A.,
Popper, A. N., Fay, R. R. (Eds.), Evolution of the vertebrate auditory system. Vol. 22 of
Springer Handbook of Auditory Research. Springer Verlag New York, LLC, New York (NY,
USA), pp. 164 – 199.
Stiebler, I. B., Narins, P. M., 1990. Temperature-dependence of auditory nerve response
properties in the frog. Hear Res 46 (1-2), 63–81.
Van Bergeijk, W. A., 1957. Observations on models of the basilar papilla of the frog’s ear. J
Acoust Soc Am 29 (11), 1159–1162.
Van Dijk, P., Lewis, E. R., Wit, H. P., 1990. Temperature effects on auditory nerve fiber
response in the american bullfrog. Hear Res 44 (2-3), 231–240.
Van Dijk, P., Maat, A., Wit, H. P., 1997a. Wiener kernel analysis of a noise-evoked otoa-
coustic emissions. Br J Audiol 31, 473–477.
Van Dijk, P., Manley, G. A., 2001. Distortion product otoacoustic emissions in the tree frog
Hyla cinerea. Hear Res 153 (1-2), 14–22.
Van Dijk, P., Mason, M. J., Narins, P. M., 2002. Distortion product otoacoustic emissions in
frogs: correlation with middle and inner ear properties. Hear Res 173 (1-2), 100–108.
Van Dijk, P., Meenderink, S., 2006. Distortion product otoacoustic emissions in the am-
phibian ear. In: Nuttall, A. L., Ren, T., Gillespie, P., Grosh, K., de Boer, E. (Eds.), Auditory
Mechanisms, Processes and Models. World Scientific, Singapore, pp. 332–338.
Van Dijk, P., Narins, P. M., Mason, M. J., 2003. Physiological vulnerability of distortion
product otoacoustic emissions from the amphibian ear. J Acoust Soc Am 114, 2044–2048.
Van Dijk, P., Narins, P. M., Wang, J., 1996. Spontaneous otoacoustic emissions in seven
frog species. Hear Res 101, 102–112.
Van Dijk, P., Wit, H. P., Segenhout, J. M., 1989. Spontaneous otoacoustic emissions in the
European edible frog (Rana esculenta): Spectral details and temperature dependence. Hear
Res 42, 273–282.



REFERENCES 77

Van Dijk, P., Wit, H. P., Segenhout, J. M., 1997b. Dissecting the frog inner ear with gaussian
noise. i. application of high-order wiener-kernel analysis. Hear Res 114 (1-2), 229–242.

Van Dijk, P., Wit, H. P., Segenhout, J. M., Tubis, A., 1994. Wiener kernel analysis of inner
ear function in the american bullfrog. J Acoust Soc Am 95 (2), 904–919.

Vassilakis, P. N., Meenderink, S. W. F., Narins, P. M., 2004. Distortion product otoacoustic
emissions provide clues hearing mechanisms in the frog ear. J Acoust Soc Am 116 (6),
3713–3726.

Von Békésy, G., 1960. Experiments in Hearing. McGraw-Hill Book Company, Inc., New
York (NY, USA).

Walkowiak, W., 1988. Two auditory filter systems determine the calling behavior of the
fire-bellied toad: a behavioral and neurophysiological characterization. J Comp Physiol A
164 (1), 31–41.

Werner, Y. L., 2003. Mechanical leverage in the middle ear of the american bullfrog, Rana
catesbeiana. Hear Res 175 (1-2), 54–65.

Wever, E. G., 1985. The amphibian ear. Princeton University Press, Princeton (NJ, USA).

Wilczynski, W., Rand, A. S., Ryan, M. J., 2001. Evolution of calls and auditory tuning in
the physalaemus pustulosus species group. Brain Behav Evol 58 (3), 137–151.

Yano, J., Sugai, T., Sugitani, M., Ooyama, H., 1990. Observations of the sensing and the
tectorial membrane in bullfrog amphibian papilla: their possible functional roles. Hear Res
50 (1-2), 237–243.

Yost, W. A., 2000. Fundamentals of hearing, an introduction, 4th Edition. Academic Press,
San Diego (CA, USA).

Yu, X., Lewis, E. R., Feld, D., 1991. Seismic and auditory tuning curves from bullfrog
saccular and amphibian papular axons. J Comp Physiol A 169, 241–248.

Zheng, J., Shen, W., He, D. Z., Long, K. B., Madison, L. D., Dallos, P., 2000. Prestin is the
motor protein of cochlear outer hair cells. Nature 405 (6783), 149–155.





Summary

The work presented in this thesis was aimed at understanding the auditory mechanics of the
basilar papilla in the frog inner ear. In particular, the focus was on the mechanical response
of the tectorial membrane to acoustic stimulation of the oval window.

Chapter 1 gives a brief introduction into the general inner-ear anatomy and mechanics in
vertebrates, as well as an outline of the following chapters.

The two inner ears in each vertebrate contain the end organs of hearing and balance, one
or two of which are generally dedicated to the detection of airborne sound. Although their
anatomy varies widely across species, the functioning of the receptor in terms of sharpness
of tuning is remarkably similar.

Frequency selectivity in most vertebrate auditory end organs exhibits tonotopy: the char-
acteristic frequency of the afferents connecting to the sensory hair cells changes system-
atically with the location in the epithelium. The tuning generally results from the passive
mechanics of the inner ear and active amplification processes. In mammals, the mechanical
response of the basilar membrane and the somatic motility of the outer hair cells provide the
most important contributions to the tuning. Where it is studied in other species, the basilar
membrane does not seem to be tuned. In these species, the mechanical properties of the hair
bundles and the electrical properties of the hair-cell bodies are presumably the basis of the
frequency-selective response.

The rationale to perform comparative research is the notion that the functional signifi-
cance of various substructures in the inner ear may be determined from studying the various
auditory organs across species.

In chapter 2, a review is presented of the literature concerning the functioning of the frog
inner ear. It focuses on the mechanics of the frog’s two dedicated auditory end organs, the
amphibian papilla and the basilar papilla. The knowledge of and hypotheses about the func-
tioning of these organs are primarily based on anatomical descriptions, models, recordings of
neural responses from the auditory nerve and measurements of otoacoustic emissions.

The auditory range is divided between the frog’s two auditory end organs. The low-
frequency part is detected in the amphibian papilla ("100-1000Hz, in Ranidae), while the
high-frequency portion is detected in the basilar papilla (between "1200 and 2500 Hz, in
Ranidae). The amphibian papilla consists of multiple, tonotopically organized auditory fil-
ters, that have a tuning sharpness similar to that of other vertebrates. By contrast, the basilar
papilla functions as a single broadly tuned auditory filter.

Functionally, three distinct regions could be identified within the two auditory end or-
gans: one in the basilar papilla and two in the amphibian papilla. The low-frequency half of
the amphibian papilla contains hair cells that exhibit electrical tuning and that are most sen-
sitive to deflection along the tonotopic axis. In the high-frequency portion of the amphibian
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papilla, the hair-cell polarization is perpendicular to the tonotopic axis, and there is no known
electrical tuning of the hair cells. The presence of spontaneous otoacoustic emissions in this
region’s frequency range suggests that it functions as an active hearing organ.

Chapter 3 gives a detailed description of the basilar papilla’s anatomy in the northern
leopard frog, based on scanning-electron-microscopy images, and light-microscopy images
in both fixated and non-fixated preparations. Our findings for the size and shape of the basi-
lar papilla’s lumen in the northern leopard frog were in line with those determined in related
species. Also, the number of hair cells (average = 76) in the epithelium was similar to that in
related species. We identified four types of hair cells in the leopard frog’s basilar papilla; one
more than was reported in the bullfrog. The hair-bundle orientation was uniformly from the
saccular (lateral) side to the contact-membrane (medial) side of the epithelium, in correspon-
dence with other derived anuran basilar papillae. The size of the tectorial membrane and its
connection to the sensory epithelium led us to the conclusion that a considerable portion of
the hair cells in the basilar papilla is most likely not directly connected to the tectorium. Only
the hair cells on the medial side of the epithelium appear to connect directly to the overly-
ing tectorial membrane. Their stereovilli protrude into holes in the membrane. The cells are
placed in a dense and highly regular pattern, in contrast with the free-standing hair cells.

For the northern leopard frog, the data presented in this chapter form the most extensive
description of the basilar papilla in its lumen. The results are not markedly different from
reports in related species, and they provide a frame of reference for the interpretation of the
results in the following chapters.

Chapters 4 and 5 report on measurements of the tectorial-membrane response to dis-
placement of the oval window. The operculum in the oval window was sinusoidally displaced
with mechanical stimulator. Under a light microscope, the response of the TM was captured
in a 3D movie, using a digital camera and a stroboscopic illumination scheme. Amplitude and
phase of the tectorial- membrane response were then analyzed with optical-flow algorithms.

These measurements were conducted in isolated preparations of the frog inner ear. Any
active involvement of the hair cells had presumably ended before the experiments started.
There was no evidence of degradation of the preparation during the experiment.

In chapter 4, the stimulus frequency was varied between 0.5 kHz and 3.0 kHz, while
the stimulus amplitude was kept constant. The tectorial membrane’s displacement ampli-
tude in the basilar papilla was largest near the connection to the epithelium, and almost zero
near the suspended free edge opposite the hair cells. The phase was constant throughout the
membrane. Therefore the motion could be likened to that of a two-dimensional pendulum.

The maximum displacement of the tectorial membrane surpassed the operculum displace-
ment by approximately 15 dB, making the amplitude amplification in the inner ear of the frog
similar to that between the oval window and the basilar membrane in mammals.

The tectorial-membrane response was frequency selective with a best frequency of 2.2
kHz, corresponding to the neural peak sensitivity in the basilar papilla of the northern leopard
frog. The tuning sharpness, Q10dB , of the tectorial-membrane response was similar to the
neural tuning sharpness. This led to the conclusion, that the basilar papilla of frog is an
auditory receptor in which the frequency selectivity is based on the mechanical response of
the tectorial membrane.

Chapter 5 discusses the input-output characteristics between the operculum displacement
and the tectorial membrane response in the basilar papilla, at a stimulus frequency of 2.0
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kHz. The tectorial membrane response increased linearly with increasing stimulus levels, and
exhibited saturation for high stimulus amplitudes. However the saturation of the mechanical
response occurred only at about 100 dB SPL, while neural response saturates approximately
20 dB below that level. Therefore, the mechanical response of the tectorial membrane does
not determine the upper limit of the neural response.

The phase differences between the three orthogonal spatial components of the tectorial
membrane response were either approximately 0! or approximately 180!, indicating that the
motion of the tectorial membrane is predominantly rectilinear. The amplitude ratios and
phase differences between the spatial components led to the conclusion that the tectorial
membrane most likely moves along the surface of the sensory epithelium.

Finally, chapter 6 gives a concise discussion of the main findings of the preceding chap-
ters, and relates them to each other and to relevant literature.

Overall, the anatomy and the mechanics of the frog basilar papilla are simple and unique
when compared to other vertebrate auditory end organs. The size and structure of the basilar
papilla are exceptional due to the lack of a basilar membrane and because of the anatomy
of the tectorial membrane. Functionally, it appears to be the only known passive auditory
receptor in a vertebrate animal. The frequency selectivity of the basilar papilla is based on the
mechanical response of the tectorial membrane, while the saturation of the neural response is
based on the physiology of the hair cells and/or the connecting nerve fibers.





Gehoormechanica in de basilaire papilla
van de kikker

Samenvatting in het Nederlands

Onder gehoormechanica wordt in het algemeen de mechanica van het externe oor, het
middenoor en het binnenoor verstaan. Dit proefschrift richt zich op de gehoormechnica in het
binnenoor van de luipaardkikker, Rana pipiens pipiens, en in het bijzonder op de mechanische
response van het tectoriaal membraan in de basilaire papilla op akoestische stimulatie van het
ovale venster.

Hoofdstuk 1 geeft een korte inleiding op de anatomie van het binnenoor en de gehoorme-
chanica in gewervelde diersoorten. Daarnaast bevat het een overzicht van de inhoud van de
rest van het proefschrift.

Ieder gewerveld dier heeft twee oren. De binnenoren bevinden zich aan beide zijden van
de schedel en bevatten de evenwichts- en gehoororganen. Het aantal afzonderlijke eindor-
ganen in het binnenoor variëert van zes tot negen in verschillende diersoorten; één of twee
hiervan worden exclusief gebruikt voor de detectie van geluid. De anatomie van het bin-
nenoor variëert tussen de verschillende soorten, maar er zijn ook duidelijke overeenkomsten.
Zo bestaat het binnenoor altijd uit twee gescheiden vloeistofcompartimenten, bevatten de
eindorganen haarcellen voor de detectie van signalen, en vormt het membraan van het ovale
venster de voornaamste ingang voor akoestische energie. Daarnaast is het opvallend dat de
frequentieselectiviteit in de verschillende gehoororganen sterk overeenkomt.

In de meeste gehoororganen van gewervelden –waaronder het slakkenhuis (cochlea) van
de mens– volgt de frequentieselectiviteit een tonotopisch patroon: de karakteristieke frequen-
tie van de afferente zenuwvezels die met de sensorische haarcellen zijn verbonden variëert
systematisch met de lokatie in het eindorgaan1. De frequentieselectiviteit is in het algemeen
het resultaat van de passieve mechanica van het binnenoor en actieve versterking. In zoog-
dieren leveren de (passieve) mechanische eigenschappen van het basilaire membraan en de
(actieve) motiliteit van de buitenste haarcellen de voornaamste bijdragen aan de frequentiese-
lectiviteit. De frequentie-afhankelijke response van het basilair membraan lijkt uniek te zijn
voor zoogdieren. In andere soorten waar deze response is onderzocht lijkt hij geen frequen-
tieselectiviteit te vertonen. In deze soorten, vormen de mechanische eigenschappen van de
haarbundels en de elektrische eigenschappen van cellichamen van de haarcellen waarschijn-
lijk de basis voor de frequentieselectiviteit van de response.

1De richting waarlangs de karakteristieke frequentie variëert wordt de tonotopische as genoemd.
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Door het bestuderen van gehoororganen met een verscheidenheid aan anatomische en
fysiologische eigenschappen, kan het inzicht in de relatie tussen vorm en functie in deze
organen worden vergroot. Hiermee hopen we de bijdrage van verschillende substructuren
aan het functioneren van het binnenoor te kunnen onderscheiden.

In hoofdstuk 2 wordt een overzicht gegeven van de literatuur met betrekking tot het func-
tioneren van het binnenoor van de kikker. Hierbij ligt de nadruk op de mechanica van de twee
auditieve eindorganen van de kikker: de amfibische en de basilaire papilla. Anatomisch zijn
deze organen bijzonder omdat ze geen basilair membraan bevatten; in andere gewervelden
vormt dit membraan een flexibele basis voor de haarcellen, in de kikker staan deze haarcel-
len in zogenaamd ‘limbisch’ weefsel. De kennis en hypothesen over het functioneren van
de auditieve eindorganen in de kikker zijn met name gebaseerd op anatomische beschrijvin-
gen, modellen, metingen van de neurale responsies van de auditieve zenuw en metingen van
otoakoestische emissies.

Het frequentiebereik van het gehoor van de kikker is verdeeld over de twee eindorganen.
Het laagfrequente deel wordt in de amfibische papilla gedetecteerd (" 100-1000 Hz, in ‘echte
kikkers’), terwijl het hoogfrequente deel in de basilaire papilla wordt geregistreerd (tussen"
1200 en 2500 Hz, in ‘echte kikkers’). De amfibische papilla bestaat uit meerdere, tonotopisch
georganiseerde auditieve filters, die een frequentieselectiviteit hebben die vergelijkbaar is
met die in andere gewervelden. De basilaire papilla functioneert daarentegen als één relatief
breedbandig filter.

De amfibische papilla kan worden opgedeeld in twee functionele delen. De laagfrequente
helft bevat haarcellen die bio-elektrisch zijn afgestemd op hun karakteristieke frequentie en
die het meest gevoelig zijn voor afbuiging langs de tonotopische as2. In het hoogfrequen-
te gedeelte van de amfibische papilla daarentegen, staat de haarcelpolarisatie loodrecht op
de tonotopische as. In dit gedeelte is er voor zover bekend geen elektrische tuning van de
haarcellen. De aanwezigheid van spontane otoakoestische emissies in het frequentiebereik
van dit hoogfrequente deel van de amfibische papilla suggereert dat het functioneert als een
actief gehoororgaan. De twee auditieve eindorganen in het binnenoor van de kikker bestaan
in totaal dus uit drie verschillende functionele zones: één in de basilaire papilla en twee in de
amfibische papilla.

Hoofdstuk 3 geeft een gedetailleerde beschrijving van de anatomie van de basilaire papil-
la van de luipaardkikker. Deze beschrijving gaat uit van beelden gemaakt met scanning-
elektronen-miscroscopie en lichtmicroscropie in gefixeerde en niet-gefixeerde preparaten.
Onze bevindingen met betrekking tot de afmetingen van de basilaire papilla en vorm van het
holte waarin hij zich bevindt waren in overeenstemming met eerdere bepalingen in verwante
soorten.

Het tectoriaal membraan in de basilair papilla heeft de vorm van een halve maan. De
rechte zijde is vormt een stugge verbinding tussen de beide zijkanten van het ovale lumen van
de basilaire papilla. De half cirkelvormige rand is verbonden met een deel van de haarcellen
in het eindorgaan. Het lumen van de basilaire papilla wordt ongeveer half afgesloten door dit
tectoriaal membraan.

Het aantal haarcellen (gemiddeld 76) in het epitheel was vergelijkbaar met verwante soor-
ten. In het epitheel van de basilaire papilla in de luipaardkikker kunnen vier types haarcellen
worden onderscheiden; één type meer dan in de brulkikker. De haarbundeloriëntatie was

2Deze richting van maximale gevoeligheid wordt haarceloriëntatie of haarcelpolarisatie genoemd.
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uniform van de laterale zijde naar de mediale zijde van het epitheel. Dit is in overeenkomst
met andere basilaire papillae in kikkers en padden die als evolutionair ‘geavanceerd’ worden
beschouwd. De afmetingen van het tectoriaal membraan en zijn verbinding met het zintui-
gepitheel leidde tot de conclusie dat een aanzienlijk deel van de haarcellen in de basilaire
papilla hoogstwaarschijnlijk niet direct verbonden is met het tectorium. Alleen de haarcellen
aan de mediale zijde van het epitheel leken direct met het overspannende tectoriaal mem-
braan te verbonden te zijn. De stereovilli van deze cellen staken in gaten in het membraan.
De haarcellen die direct met het tectoriaal membraan verbonden waren, stonden in een dicht
en regelmatig patroon, in tegenstelling tot de vrijstaande haarcellen.

Voor de luipaardkikker vormen de gegevens in dit hoofdstuk de meest uitgebreide be-
schrijving van de basilaire papilla tot nu toe. De resultaten verschillen niet significant van
gegevens voor verwante soorten. Ze bieden een referentiekader voor de interpretatie van de
resultaten in de volgende hoofdstukken.

In hoofdstukken 4 en 5 worden metingen van de response van het tectoriaal membraan
op akoestische verplaatsing van het ovale venster beschreven. Het operculum, een flexibele
schijf van bot in het ovale venster, werd hiertoe sinusoïdaal verplaatst met een mechanische
stimulator. Met een digitale camera en stroboscopische belichting, legden we de response
van het tectoriaal membraan vast in een driedimensionale film. De amplitude en fase van de
response werden vervolgens geanalyseerd met behulp van zogenaamde ‘optical-flow’ algo-
ritmes.

Deze metingen werden uitgevoerd in geïsoleerde preparaten van het complete binnenoor
van de kikker. Naar we aannemen, had voor het begin van de metingen elke mogelijk bestaan-
de actieve invloed van de haarcellen op de response reeds opgehouden te bestaan. Er waren
geen aanwijzingen voor verdere verslechtering van de toestand van het preparaat gedurende
de metingen.

Bij de metingen beschreven in hoofdstuk 4, werd de stimulusfrequentie gevariëerd tussen
0.5 en 3.0 kHz, terwijl de stimulusamplitude constant werd gehouden. De verplaatsing van
het tectoriaal membraan in de basilaire papilla was het grootst nabij de verbinding tussen het
tectoriaal membraan en het zintuigepitheel. Bij de opgespannen vrije rand van het membraan
was er praktisch geen verplaatsing waarneembaar. De fase van de response was gelijk voor
het gehele membraan. Deze gegevens toonden dat de beweging van het tectoriaal membraan
vergelijkbaar is met die van een twee-dimensionale slinger, met de rotatieas bij de vrije rand
van het membraan.

De maximale uitwijking van het tectoriaal membraan was ongeveer 15 dB groter dan de
verplaatsing van het operculum. De versterking van de amplitude in het binnenoor is daarmee
ongeveer gelijk aan de versterking tussen het ovale venster en het basilair membraan in een
passieve (dode) cochlea van een zoogdier.

De response van het tectoriaal membraan was frequentieselectief, waarbij de maximale
response gemiddeld optrad bij een frequentie van 2.2 kHz. Dit correspondeert met de neurale
maximum-gevoeligheid van de basilaire papilla in de luipaardkikker. De scherpte van de
tuning van de tectoriaal-mebraan-response, uitgedrukt in Q10dB , was vergelijkbaar met die
van de neurale tuning. Dit leidde tot de conclusie dat de basilaire papilla van de kikker een
gehoororgaan is waarvan de frequentieselectiviteit gebaseerd is op de mechanische response
van het tectoriaal membraan.

In hoofdstuk 5 worden de overdrachtskarakteristieken tussen het operculum en het tecto-
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riaal membraan in de basilaire papilla beschreven bij een stimulusfrequentie van 2.0 kHz. De
response van het tectoriaal membraan nam lineair toe met toenemend stimulusamplitudes, en
verzadigde voor grote stimulusamplitudes. Deze afvlakking van de mechanische response
vond echter pas plaats bij stimulusniveaus van ongeveer 100 dB SPL (sound-pressure level),
terwijl de neurale response al 20 dB onder dat niveau verzadigd raakt. De bovengrens van de
neurale response werd daarom niet bepaald door de mechanische response van het tectoriaal
membraan.

De faseverschillen tussen drie orthogonale componenten van de beweging van het tecto-
riaal membraan waren ofwel ongeveer 0!, ofwel ongeveer 180!. Dit was een indicatie dat de
beweging van het membraan bij benadering langs een rechte lijn plaatsvond. De verhoudin-
gen tussen de amplitudes van de verschillende bewegingscomponenten, in combinatie met
hun faseverschillen, leidde tot de conclusie dat het tectoriaal membraan hoogstwaarschijnlijk
langs het oppervlak van het zintuigepitheel beweegt.

Hoofdstuk 6 geeft tenslotte een korte discussie van de voornaamste resultaten van de
voorgaande hoofdstukken, legt verbanden tussen de hoofdstukken en met relevante literatuur.

De anatomie en de gehoormechanica van de basilaire papilla in de kikker zijn eenvoudig
en uniek in vergelijking met andere gehoororganen van gewervelde dieren. De afmetingen
en de structuur van de basilaire papilla zijn bijzonder door het ontbreken van een basilair
membraan en door de anatomie van het tectoriaal membraan. Op functioneel gebied lijkt de
basilaire papilla het enige passieve gehoororgaan in een gewerveld dier te zijn, dat we ken-
nen. Zijn frequentieselectiviteit is gebaseerd op de mechanische response van het tectoriaal
membraan, terwijl de verzadiging van de neurale response gebaseerd is op de fysiologie van
de de haarcellen en/of de afferente zenuwvezels die ermee verbonden zijn.

Het onderzoeken en begrijpen van de mechanica van het andere gehoororgaan van de
kikker, de amfibische papilla, is een volgende uitdaging op weg naar een volledig beschrijving
van de mechanica van het binnenoor van de kikker.



Nawoord

Dit proefschrift is het resultaat van ruim vier jaar onderzoek naar het binnenoor van de kikker,
verricht in het Universitair Medisch Centrum Groningen. Buiten de beschreven wetenschap-
pelijke resultaten leidde dit onderzoek onvermijdelijk tot een aantal andere resultaten. Eén
ding is dat mensen je naam wel vergeten, maar nooit dat je de ‘kikkerman’ bent. Ook lijkt
het in mensen de onbedwingbare behoefte te wekken om je allerlei kikkerboekjes, -spelletjes,
-beeldjes, en -knuffels te geven. Tenslotte, is het een prima gespreksopening op welk feestje
dan ook, maar wel één die altijd leidt tot de vraag ‘waarom?’

Het wetenschappelijke antwoord op die vraag is in het voorgaande al aan bod gekomen.
Mijn persoonlijke ‘waarom’ was slechts ten dele zuivere wetenschappelijke interesse in het
kikkeroor. Het implementeren van de meettechnieken, en de mogelijkheid om hiermee iets
te doen wat nog niemand ooit gedaan had, waren belangrijker. Het gevoel bij de eerste ges-
laagde meting was dan ook één van de (werkgerelateerde) hoogtepunten uit de afgelopen
jaren.

Onderzoek doen, of ‘werken aan de grenzen van het weten’ zoals de Rijksuniversiteit
Groningen het noemt, is een avontuur. Je trekt een onontgonnen gebied in, met vaak niet
meer dan een vaag idee van de richting en de bestemming. De richting wordt onderweg
aangepast, de bestemming bepaald en weer veranderd. Het gaat om de reis en niet om de
bestemming, en het is dan ook de reis waarvan je moet genieten. De paradox van vele reizen
is dat die delen waar je echt van geniet, weliswaar mooi, maar meestal niet zo avontuurlijk
zijn; terwijl je van de avonturen waar je na afloop uitgebreid over vertelt vaak niet echt geniet
op het moment dat je er middenin zit.

Mijn avontuur begon zo’n vijf jaar geleden, met een vaag idee van richting en bestem-
ming. Van grote delen van de reis heb ik genoten. Dit proefschrift gaat echter nauwelijks
over die delen van de reis. Het zijn de verhalen die achteraf de moeite waard bleken om te
vertellen: het resultaat van hard werken, met periodes van stress en frustratie en uiteindelijk
het gevoel van voldoening. Ieder avontuur heeft beide aspecten nodig.

De bestemming werd onderweg aangepast en de richting bijgestuurd. De nu bereikte
bestemming voelt dan ook niet als een eindpunt, maar als een tussenstation. Voor mij betekent
dat ik kan beginnen aan het volgend avontuur op weg naar mijn eindbestemming; voor het
kikkeroor-onderzoek in het UMCG, dat een volgende avonturier dat pad kan ontdekken en
vervolgen.

De belangrijkste les van de cursus projectmanagement, die ik gedurende mijn onderzoek
volgde, was dat je als promovendus eigenaar en belangrijkste belanghebbende van je eigen
onderzoek bent. Dat is absoluut waar, maar je doet het nooit alleen. Zonder de steun van
familie, vrienden en collega’s is het onmogelijk om een promotieonderzoek succesvol af te



88 NAWOORD

ronden. Ik wil iedereen die de afgelopen jaren heeft gezorgd voor een prettige werkomgev-
ing, voor de vragen, antwoorden en suggesties, voor een klankbord of voor de broodnodige
afleiding dan ook van harte ook bedanken hiervoor.

Een aantal mensen verdienen veel meer dan een persoonlijk woord van dank, maar dat is
het enige dat ik hier kan bieden...

Beste Pim, als promotor bood je me de kans dit werk te doen, gaf me de vrijheid om er
mijn eigen stempel op te drukken, en fungeerde als sparringpartner op het moment dat ik die
nodig had. De positieve insteek en actieve houding waarmee je problemen benaderde heeft
me over de nodige dode punten heen geholpen. Mijn dank hiervoor is groot.

Als eerste promovendus die je aanstelde in Groningen, heb ik de afgelopen jaren mogen
meemaken hoe je een zeer diverse onderzoeksgroep opbouwde met een prettige open sfeer.
Die basis zal in de komende jaren ongetwijfeld leiden tot vele mooie resultaten.

Beste Hans, de ‘gouden handen’ zijn inmiddels legendarisch. Zonder jouw kennis en
vaardigheid weet ik niet hoeveel van ‘mijn’ onderzoek tot een goed einde zou zijn gebracht.
Dank je voor de prettige samenwerking, en de discussies over ‘life, the universe and every-
thing’.

Cris! Op ongeveer hetzelfde moment in dezelfde kleine groep met onderzoek beginnen
betekent dat je min of meer tot elkaar veroordeeld bent: dezelfde cursussen, kamergenoten
bij conferenties, enzovoorts. Tegen een autochtone Groninger mag je dan zeggen: ‘Ik had het
slechter kunnen treffen.’ Dank je! Je bent een geweldige collega en een goede vriend.

Beste Lisette, als mijn eerste en enige ’vaste’ kamergenote was je altijd om mee te
denken over oplossingen, of af en toe eens een goed gesprek te voeren. Je maakte een goede
werkomgeving nog beter en prettiger.

Besides the work in Groningen, I had the privilege to visit a number of excellent laborato-
ries over the past years. I thank my hosts in these laboratories for their magnificent hospitality
and openness about their work. Each visit was a great learning experience, and gave me new
energy and inspiration to continue my work.

Specifically, I would like to thank AJ Aranyosi and Dennis Freeman again. The exten-
sive insight and explanation I got during my visit to MIT regarding the analysis software and
measurement techniques advanced my work months in a couple of weeks.

Mariëlle, lieve zus, toen je geboren werd wilde ik eigenlijk liever een broertje. Ouder, en
hopelijk wijzer, ben ik al jaren ongelooflijk blij dat het deze zus was. Dank je voor je steun
en je interesse, je eerlijkheid en je nuchtere kijk op zaken.

Pap en mam, ik weet niet hoeveel jullie begrijpen van het werk dat ik de afgelopen jaren
heb gedaan. Maar zonder goed fundament kun je niet bouwen, en voor het (helpen) leggen
daarvan ben ik jullie altijd dankbaar; en natuurlijk voor het ‘heim’ op het moment dat ik het
nodig heb.
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