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Series Preface

The Springer Handbook of Auditory Research presents a series of compre-
hensive and synthetic reviews of the fundamental topics in modern auditory
research. The volumes are aimed at all individuals with interests in hearing
research, including advanced graduate students, postdoctoral researchers,
and clinical investigators. The volumes are intended to introduce new in-
vestigators to important aspects of hearing science and to help established
investigators to better understand the fundamental theories and data in
fields of hearing that they may not normally follow closely.

Each volume is intended to present a particular topic comprehensively,
and each chapter serves as a synthetic overview and guide to the literature.
As such, the chapters present neither exhaustive data reviews nor original
research that has not yet appeared in peer-reviewed journals. The volumes
focus on topics that have developed a solid data and conceptual foundation,
rather than on those for which a literature is only beginning to develop.
New research areas will be covered on a timely basis in the series as they
begin to mature.

Each volume in the series consists of five to eight substantial chapters
on a particular topic. In some cases, the topics will be ones of traditional
interest for which there is a substantial body of data and theory, such as
auditory neuroanatomy (Vol. 1) and neurophysiology (Vol. 2). Other
volumes in the series will deal with topics that have begun to mature more
recently, such as development, plasticity, and computational models of
neural processing. In many cases, the series editors will be joined by a
co-editor having special expertise in the topic of the volume.

Richard R. Fay, Chicago, IL
Arthur N. Popper, College Park, MD

ix



Preface

A major goal of the study of hearing is to explain how the human auditory
system normally functions, and to help identify the causes of and treatments
for hearing impairment. Experimental approaches to these questions make
use of animal models, and the validity of these models will determine the
success of this effort. Comparative hearing research establishes the con-
text within which animal models can be developed, evaluated, validated,
and successfully applied, and is therefore of fundamental importance to
hearing research in general. For example, the observation that hair cells
may regenerate in the ears of some anamniotes cannot be evaluated for its
potential impact on human hearing without a comparative and evolutionary
context within which observations on the animal model and humans can
fit and be fully understood, and within which we can generalize observa-
tions from one species to another with any confidence. This confidence
arises from comparative research that investigates the diverse structures,
physiological functions, and hearing abilities of various vertebrate and
invertebrate species in order to determine the fundamental principles by
which structures are related to functions, and to help clarify the phyletic
history of the auditory system among animals.

In light of the fundamental importance of comparative hearing research,
we have decided to incorporate into the Springer Handbook of Auditory
Research a series of books focusing specifically on hearing in nonhuman
animals. The first in this series was Comparative Hearing: Mammals
(editors Fay and Popper) and the companion volume Hearing by Bats
(editors Popper and Fay). In addition to this current volume, recently
published was Comparative Hearing: Insects (editors Hoy, Popper, and
Fay), while soon to be forthcoming are Comparative Hearing: Reptiles and
Birds (editors Dooling, Popper, and Fay), and Comparative Hearing:
Whales and Dolphins (editors Au, Popper, and Fay). Our feeling is that
in providing a comprehensive introduction to comparative hearing we
will help all investigators in our field have a better appreciation for the
diversity of animal models that could be incorporated into future research
programs.

X1



xii Preface

This volume deals with hearing by fishes and amphibians. In putting
together these chapters we decided to take a new approach in which the
authors combine material from these two groups in order to provide fresh
views on comparative issues and themes. In Chapter 1, Fay and Popper
provide an overview of the volume, and set out some of the dimensions on
which the auditory systems of fishes and amphibians show similarities and
differences. In Chapter 2, Fritzsch provides an overview of the main “cast of
characters” among the fish and amphibians and puts their taxonomy into
some perspective. He also provides a view into one of the most fascinating
of all problems—how the ear changed when our sarcopterygian ancestors
moved from living exclusively in water to living part-time, and then full-
time, on land. Popper and Fay, in Chapter 3, discuss the peripheral struc-
tures and functions of the ear and auditory nerve in fishes, and Lewis and
Narins do the same for amphibians in Chapter 4. In both chapters, issues
of structure are combined with issues of function revealed primarily in the
neural codes of the auditory nerve. We chose not to combine fishes and
amphibians in these chapters since the literature is large and the ear struc-
tures are quite different. Fishes and amphibians are brought together in the
remaining chapters. In Chapter 5, McCormick discusses the anatomy of the
CNS, and its physiology is treated in Chapter 6 by Feng and Schellart.
Psychophysics and complex sound source perception in fishes and am-
phibians, including the issues of sound source localization, are discussed
in Chapter 7 by Fay and Megela-Simmons. The “other” part of the
octavolateralis system, the lateral line, is considered in Chapter 8 by
Coombs and Montgomery. It is now clear that the lateral line system and its
functions are to a large degree independent of the auditory system. At the
same time the two systems share many features including common sensory
hair cells, a parallel central organization, the function of determining ex-
ternal sources, and perhaps evolutionary origins. Zelick, Mann, and Popper
discuss the questions of acoustic communication in Chapter 9. Considering
communication in fishes and amphibians together helps to balance the view,
implicit in the experimental literature, that acoustic communication is more
important for anurans than for fishes.

The chapters in this volume are closely related to chapters in other
volumes of the Springer Handbook of Auditory Research. The chapters on
structure and physiology of the auditory periphery in fish (Popper and Fay)
and amphibians (Lewis and Narins) are closely related to the chapter on
the mammalian ear by Slepecky in Vol. 8 of the series (The Cochlea), the
chapter by Echteler, Fay, and Popper in Vol. 4 (Comparative Hearing:
Mammals), the chapter on bat ears by Kossl and Vaster in Vol. 5 (Hearing
by Bats), and the chapter on encoding in the auditory nerve by Ruggero in
Vol. 2 of the series (The Mammalian Auditory Pathway: Neurophysiology).
The material on CNS physiology by Feng and Schellart is complemented
by many of the chapters in The Mammalian Auditory Pathway: Neuro-
physiology, while the chapter on CNS anatomy by McCormick has many



Preface Xiil

parallels in the chapters of Vol. 1 (The Mammalian Auditory Pathway:
Neuroanatomy). Finally, the chapter by Fay and Megela-Simmons in
this volume closely parallels many of the chapters in Vol. 3 (Human
Psychophysics).

Richard R. Fay, Chicago, Illinois
Arthur N. Popper, College Park, Maryland
September, 1997
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1

Hearing in Fishes and Amphibians:
An Introduction

RicHARD R. FAY AND ARTHUR N. POPPER

1. Introduction

As noted in the Preface to this volume, a major goal of hearing research is
to explain how the human auditory system normally functions and to help
identify the causes of, and treatments for, hearing impairment. Animal
models are used extensively in this research, and valid generalizations from
these models are required for progress to be made in understanding the
human auditory system. In general, comparative hearing research estab-
lishes the biological and evolutionary context within which animal models
can be developed, evaluated, validated, and successfully applied, and is
therefore of fundamental importance to hearing research. The confidence
that allows us to generalize some observations from one species to another
arises from comparative research that investigates the structures, physi-
ological functions, and hearing capabilities of various species in order to
determine the fundamental principles by which structures determine func-
tions in all vertebrate auditory systems.

This volume brings together our current understanding of the structures
and functions of the auditory systems of two of the major vertebrate classes,
fishes and amphibians. This comparison is rarely attempted in the literature,
in part because of the breadth of knowledge and detail available for both
groups, but more fundamentally because of traditional differences between
the theoretical and experimental paradigms that underlie work on these
groups. In most chapters of this volume, fishes and amphibians are treated
together and compared in order to help us gain insight into broader com-
parative issues than would be possible if each group were treated sepa-
rately. In chapters on the auditory periphery, however, the material to be
integrated is so great that a single, combined chapter could not do justice to
both groups.
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2. Paradigms

Among anuran amphibians, the auditory system has tended to be seen as
a component of a communication system because of the obvious impor-
tance of intraspecific vocal communication for the social and reproductive
life of these animals (see Zelick, Mann, and Popper, Chapter 9). Thus, a
great body of work on amphibian hearing has been in the tradition of
neuroethology, with a focus on species-specific adaptations or specializa-
tions of the auditory system. One view arising from the literature on
anurans is that the auditory system and sense of hearing of a given species
may represent a set of special adaptations for the detection and processing
of the species’ own vocal sounds. The neuroethological paradigm is ideal for
investigating species differences and special adaptations of the auditory
system. However, the paradigm’s focus on communication behaviors is less
well suited for investigating those aspects of the sense of hearing that are
primitive or shared among taxa. Thus, the dominant view of anuran audi-
tory systems tends to emphasize those species-specific features that are
revealed by the neuroethological paradigm as components of a communica-
tion system.

As discussed by Fay and Megela Simmons in Chapter 7, the traditions of
the literature on hearing in fishes are quite different from those for anurans.
Modern approaches to studying acoustic behavior began with the work in
the early part of the 20th century of Parker, Bigelow, and Manning, and
continued with the work of Karl von Frisch and his colleagues (these papers
are all available in Tavolga 1976) using conditioning and psychophysical
approaches (see Popper and Fay, Chapter 3). This early work led to the
more recent psychophysical experiments by Tavolga and his colleagues
(e.g., Tavolga and Wodinsky 1963), and to most of the recent behavioral
work (see review by Fay 1988).

Conditioning paradigms often use simple and arbitrary sound stimuli that
may not have any known communication value or other biological signifi-
cance to the species studied. Moreover, psychophysical paradigms applied
to fishes, as well as to many other vertebrates, tend to be derived from the
mature literature on human hearing that takes an engineering approach to
the auditory system as a generalized signal processor. Such studies have
certainly revealed species differences, particularly in the frequency re-
sponse of sound detection. However, the general view revealed by this
paradigm is that of a set of shared or common principles of auditory recep-
tion and processing (see Popper and Fay 1997).

It has recently been concluded (Fay 1995) that this approach has so
far failed to reveal fundamental qualitative differences between goldfish
(Carassius auratus) and humans in auditory perception. Although the gold-
fish is the only fish species systematically studied with respect to complex
sound perception, it appears likely that this fundamental similarity between
the two species will be shared with other fishes, and with other vertebrates
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as well (Hulse et al. 1997). Since no clear species-specific specializations for
speech perception have been revealed in psychoacoustical studies on hu-
mans, and since goldfish are not known to vocalize, we have concluded that
the psychophysical approach to analyzing hearing capacities in these two
species tends to reveal fundamental hearing processes that are shared and
independent of vocal communication signals. Thus, the dominant view of
fish auditory systems tends to emphasize those shared or primitive features
that are revealed by the conditioning/psychophysical paradigm as compo-
nents of a general signal processing system.

It is not likely that these two contrasting views are entirely adequate for
the group to which they have been applied. Neither is it likely that either
view is essentially incorrect or irrelevant. One of the motivations for com-
bining discussions of fishes and amphibians in this volume is to suggest that
both views tend to follow from the paradigms applied, and that both have
value for understanding the dimensions on which fishes, anurans, and
perhaps most vertebrate species show both differences and fundamental
similarities in their sense of hearing.

3. What Do Fishes and Amphibians Listen To?

One of the potential difficulties in accepting the notion that vertebrates may
share many fundamental features of a common sense of hearing is in formu-
lating an acceptable answer to the question, What do fish (or any other
group or species) listen to (Rogers 1986)? This question does not naturally
arise for most anurans simply because their vocal and phonotactic behav-
iors are so well known and so obvious even to the most casual observer of
a pond in early evening in the spring. In general, there is a tendency to
accept vocal communication as a potential explanation for some of the
characteristics of auditory systems (e.g., the matched filter hypothesis
[Capranica and Moffat 1983]). The existence of vocal communication be-
haviors leaves no doubt that at least some sounds are biologically significant
for a given species. However, there are many species that are not known
to vocalize or otherwise communicate using sound (e.g., goldfish, sala-
manders), and we must confront the possibility that known communication
signals cannot explain, in any satisfactory way, the fundamental character-
istics of vertebrate auditory systems. So we are left with questions regarding
the most general functions of auditory systems.

Rogers (1986) considered this question for goldfish and concluded that
they listen to ambient noise. Rogers argued that any sound-scattering ob-
ject in the nearby environment perturbs the ambient noise field and thereby
potentially gives away its presence, and possibly its identity and location.
This is an interesting hypothesis because it implies that continuous broad-
band noise may be as biologically significant as communication sounds, and
that signals may consist of scattered noises. Thus, this hypothesis suggests
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that goldfish may receive information about the objects and events in their
environment by listening to the local ambience, or to all detectable sounds.
Although this suggestion may appear disappointingly inclusive, vague, and
thus possibly meaningless, it is closely related to the recently proposed
notion that the basic function of the human sense of hearing is to apprehend
the “auditory scene” (Bregman 1990).

Experimental work on auditory scene analysis tends to focus
anthropocentrically on speech and music perception (Handel 1989). How-
ever, the conceptual kernel of scene analysis is that the world of auditory
objects and events is perceived as a sort of image. Although humans appear
to be able to attend to only one object at a time, the overall effect is
knowledge about the identity and location of the many sound-producing
and sound-scattering objects that normally surround us. Stephen Hawking
(1988) has reasoned that, “in any population of self-reproducing organisms,
there will be variations in the genetic material and upbringing that different
individuals have. These differences will mean that some individuals are
better able than others to draw the right conclusions about the world
around them, and to act accordingly. These individuals will be more likely
to survive and reproduce and so their pattern of behavior and thought will
come to dominate” (p. 12).

In the most general sense, “drawing the right conclusions about the
world” would seem to be of primary survival value to individuals of all
species, and the auditory system has probably had an important, general
role to play in informing individuals about the world of sound sources and
scatterers (Fay 1992). This notion is in accord with Rogers’s (1986) specu-
lation that goldfish listen to ambient noise, and may be a useful conception
in considering the selective pressures that shaped the earliest auditory
systems among fishes, and that have continued to maintain the auditory
systems of extant species. Perhaps the shared characteristics of vertebrate
auditory systems and sense of hearing have been successful adaptations to
the physics of media and materials and the general requirements of audi-
tory scene analysis. In this conception, we may not have to search for, or
expect to find, specific biologically significant signals as an explanation for
the structures and functions of most auditory systems.

4. What Is Shared and What Is Derived?

Comparisons of fishes and amphibians with respect to auditory structures
and functions are not often made. To be sure, there are wide gulfs separat-
ing these groups, including a primarily aquatic versus terrestrial habitat,
different sound conduction pathways to the ears, possibly nonhomologous
auditory end organs, different paradigms used in behavioral studies, and
somewhat different assumptions about what the two groups listen to and
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the relative importance of acoustic communication for behavior. Yet there
are also many similarities, including the presence of a lateral line system
in some species, the use of the saccule in acoustic motion detection, the
existence of direct and indirect pathways of sound to the ears, inherent
directionality of the ears, peripheral neural codes sharing features such as
frequency selectivity and phase-locking, central auditory pathways that are
generally similar in morphotype with several homologous nuclei, similar
auditory capabilities revealed in conditioning and ethological studies, and
the use of sound communication. Thus, while few peripheral structures are
homologous, the functions of the auditory system, and the sense of hearing
itself, are closely analogous and possibly homologous.

4.1 Sound Conduction Pathways

The mechanical pathways that transmit sound energy to the ears are dis-
cussed in this volume by Popper and Fay (Chapter 3) and by Lewis and
Narins (Chapter 4) for fishes and amphibians, respectively. Among fishes,
at least two major pathways for sound to get to the ear have been identified.
The first, and most primitive, is the conduction of sound directly from the
water medium to tissue and bone. In this case, the fish’s body takes up the
sound’s acoustic particle motion, and hair cell stimulation occurs due to
the difference in inertia (and resultant motion) between the hair cells and
their overlying otoliths. The proximal stimulus is acoustic particle motion
(displacement, velocity, or acceleration), but one could view this motion as
resulting from pressure gradients. This mode of stimulation is a character-
istic shared by all fishes, and is inherently directional because particle
motion is a vector quantity.

The second, probably derived, sound pathway to the ears is indirect; the
swim bladder or other gas bubble effectively near the ears expands and
contracts in volume in response to sound pressure fluctuations, and this
motion may be transmitted to the otoliths. This pathway is nondirectional in
the sense that sound pressure is a scalar quantity, and because the indirect
signal to the ears always arises from the gas bubble source, regardless of the
location of the original sound source. Only some species of fish appear to
be sound pressure sensitive via an effective indirect pathway to the ears
(e.g., the otophysans [goldfish, catfish, and relatives], clupeids [herring,
shad, anchovies], mormyrids [elephantfishes], and some others). These spe-
cies have been termed the “hearing specialists,” meaning only that their
sound pressure sensitivity is high and that their upper frequency range of
hearing is extended above those species that hear only via the direct path-
way (the “hearing generalists,” by default) (see Popper and Fay, Chapter 3).

Among amphibians, two major pathways of sound to the ears have
also been identified: the columellar and opercular systems (see Lewis and
Narins, Chapter 4). The columellar system, common among anurans and
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urodeles, conducts air- or water-borne sound to the periotic fluid system via
the tympanum (in most species) and columellar middle ear. The lack of an
effective tympanum and air-filled middle ear cavity in urodeles is thought to
be a derived characteristic among amphibians. In species with a columellar
system and a tympanum, at least two pathways of sound to the tympanum
have been identified: a direct or usual route to the outer surface, and
additional routes via the body cavity or mouth to the inner surface. This
arrangement results in tympanic motion that is in proportion to the pres-
sure difference, or gradient, between the two sides of the tympanum. This
gradient can be dependent on the direction at which sound arrives at the
animal, and thus confers on the ears an inherent directional selectivity (in
some species and at some frequencies). Thus, both fishes and amphibians
may have inherently directional ears.

The opercular system consists of a bony or cartilaginous plate attached to
the oval window (along with the columella) and to the skeleton via muscle.
It is thought that this system effectively couples the ears to the ground or
substrate, and gives the amphibians sensitivity to low-frequency, substrate-
borne energy. This system appears to be analogous to the direct pathway in
fishes since in both groups, whole-body or skeletal motion is detected. It
seems likely that the opercular system is the most primitive and widely
shared among amphibians.

4.2 Auditory Organs

Most amphibians share all the organs of the fish ear: the three semicircular
canals and their associated cristae, the saccule, lagena, and utricle, and the
papilla (or macula) neglecta. In most fishes, the saccule is thought to be
primarily an auditory organ, and the utricle primarily a vestibular organ.
(Note, however, that the utricle appears to be adapted primarily as an
auditory organ in clupeids, and possibly in some catfish.) In some amphib-
ians, the saccule has been found to be highly sensitive to substrate-borne
motion, and is generally thought to function as a sound- or vibration-
sensitive organ rather than as a vestibular organ. This function was prob-
ably inherited from the fish-like ancestor of the modern amphibians. The
lagena responds with great sensitivity to acoustic particle motion in gold-
fish, but its possible auditory and vestibular roles have not been systemati-
cally studied. The papilla neglecta is sensitive to vibration (Fay et al. 1974)
and sound (Corwin 1981) in sharks, but has not been investigated in other
fishes.

In addition, fishes, larval amphibians, and some postmetamorphic am-
phibians have a lateral line system. As discussed by Coombs and Montgom-
ery (Chapter 8), the lateral line system is stimulated by low-frequency
(generally below 50Hz) relative movements between the organism and its
water environment that can result from surface waves, the steep gradients
of particle motion amplitude within the near field of a moving source, self-
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induced water currents, and flowing water. In lateral line canal organs,
stimulation is caused by pressure gradients between adjacent pores. Ques-
tions concerning the extent to which the lateral line system can be consid-
ered a hearing organ, or even related to hearing as it is conventionally
defined, is a matter of definition and opinion (see papers in Coombs et al.
1989). It is clear, however, that while the ears of fishes and amphibians can
be stimulated by motion of the skeleton (the direct pathway for fishes and
the opercular pathway for amphibians) or by sound pressure (the indirect
pathway for fishes and the columellar pathway for amphibians), the lateral
line system requires a relative motion between the skeleton and the sur-
rounding medium. Thus, there are many stimuli (e.g., homogeneous sound
pressure fields) that may stimulate the ears but not the lateral line, and
other stimuli (e.g., laminar flow over the body surface) that may stimulate
the lateral line but not the ears. In general, fishes and amphibians respond
to and encode the directionality of pressure gradients using both the ears
and lateral line.

In addition to these mechanosensory organs shared by most amphibians
and fishes, anuran amphibians may also have two additional auditory or-
gans: the amphibian and basilar papillae. The basilar papilla is considered
the most primitive or widely shared of the two organs, and its absence in
some amphibians is considered to be a derived characteristic (see Lewis and
Narins, Chapter 4). Fritzsch (Chapter 2) argues that the basilar papilla
arose among sarcopterygian fishes (as presently demonstrated in Latimeria)
as a new organ associated with the lagenar recess, and that it is homologous
among these fishes, amphibians, reptiles, birds, and mammals (the cochlea).
This conclusion is presently controversial.

The amphibian papilla is an auditory organ thought to be derived de
novo among amphibians, and thus is not found among fishes or other
tetrapods. This organ appears to be the most sophisticated acoustic
sensor of the amphibian ear. Recordings from the eighth nerve of the
amphibian papilla show many functional similarities to those of reptiles,
birds, and mammals, including similar sensitivity, tuning curve shapes,
dynamic properties, phase-locking, tonotopy, two-tone suppression, effer-
ent modulation, and distortion characteristics. In goldfish, catfish, and pre-
sumably other hearing specialists, saccular afferents show many of these
same characteristics (see Popper and Fay, Chapter 3; Fay and Megela
Simmons, Chapter 7; and Lewis and Narins, Chapter 4). Thus, primary
auditory organs have developed independently several times among verte-
brates: the saccule of most fishes, the utricle of clupeid fishes, the amphibian
papilla of amphibians, the basilar papillae of sarcopterygian fishes and
amphibians, and possibly the basilar papillae of reptiles, birds and mammals
(i.e., the cochlea). Apparently, a shared sense of hearing does not necessar-
ily arise from homologous acoustic organs. Rather, peripheral organs may
have arisen or become adapted to serve the sense of hearing among
vertebrates.
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4.3 Hair Cells

As discussed by Popper and Fay (Chapter 3) and Lewis and Narins
(Chapter 4), the hair cells of all auditory organs have many fundamental
characteristics in common. Among all vertebrate groups, hair cells are
mechanoreceptive transducers that communicate via chemical synapses
with primary afferents. They have a bundle of stereocilia adjacent to an
eccentrically placed cilium (kinocilium) or basal body. In all hair cells
investigated, deflection of the stereovilli toward the kinocilium is
depolarizing and excitatory, while deflection in the opposite direction is
hyperpolarizing. The voltage response of hair cells is an approximate
cosine function of the angle of ciliary deflection with respect to the axis
from the center of the stereovillar bundle to the kinocilium. In fishes,
amphibians, and all other vertebrate groups, these axes of best response
direction are distributed in sometimes complex patterns over the surface of
the sensory epithelia. These patterns of hair cell orientation may vary
among organs, species, and families. In fishes (and for the amphibian
saccule), patterns of hair cell orientation over the epithelia of otolith
organs are the first step in encoding the axis of acoustic (and seismic)
particle motion, and thus sound source direction. For the amphibian
and basilar papillae, hair cell orientation patterns presumably arise to code
the relative motions between the sensory epithelia and their overlying
tectoria with greatest sensitivity. For saccular afferents of the bullfrog,
goldfish, and toadfish, responses can be observed to whole-body displace-
ments as small as 0.1 nanometer at frequencies between 50 and 140Hz. It is
not likely that hair cells of any vertebrate auditory organ are significantly
more sensitive than this. In contrast to the case for the mammalian cochlea,
hair cells of the lateral line system and auditory organs of fishes and
amphibians proliferate throughout life and may regenerate after damage in
adults.

4.4 Tuning Mechanisms

Some isolated hair cells of the sacculi of amphibians and fishes, and of the
amphibian papilla, show electrochemical resonances. However, the extent
to which these resonances play a role in the frequency selectivity of primary
afferents is not clear. In the frog saccule, hair cell resonance appears not to
play a direct role in neural tuning, but there is some evidence that in the
toadfish saccule and the amphibian papilla, hair cell resonance may be an
important first step in forming frequency selectivity and its diversity among
primary afferents. Lewis and Narins (Chapter 4) point out that the steep
band edges observed in the tuning curves of primary afferents cannot be
accounted for by simple resonance, and suggest that tuning of high dynamic
order arises from an effective coupling among hair cells that may take place
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through the tectorium, implying the presence of reverse transduction (elec-
trochemical to mechanical). This suggestion is supported by the observa-
tions of otoacoustic emissions in some amphibians. In goldfish and toadfish,
steep-edged tuning curves have also been observed in saccular afferents
(see Popper and Fay, Chapter 3), suggesting an effective coupling among
hair cells. The possible existence of otoacoustic emissions has not been
investigated in fishes.

In goldfish and toadfish, there are at least two classes of tuned afferents
with different characteristic frequency (CF). In fishes, frequency tuning and
its diversity appear to arise from a combination of the electrochemical
resonance of hair cells, micromechanical processes, and the combinations
of inputs within the dendritic arbors of innervating eighth nerve cells.
Although this sort of tuning is the simplest yet observed among vertebrates,
its existence indicates that peripheral frequency analysis itself is a primitive
character widely shared among vertebrates. At least some of the mecha-
nisms underlying peripheral tuning and the central processing that follow it
(see Feng and Schellart, Chapter 6) were probably first evolved among
fishes.

4.5 Central Pathways and Processing

It is now clear that the information flow from the ears to the telencephalon
follows the same general pattern among most vertebrates, including fishes
and amphibians (see McCormick, Chapter 5). Thus, the auditory circuits of
mammals and other amniotes most likely have developed from those of
ancestral fishes and amphibians. These primitive circuits include first- and
second-order medullary nuclei, a lateral lemniscus, at least one acoustic
area of the midbrain (torus semicircularis), and multiple acoustic areas of
the thalamus and forebrain.

Fishes and nonanuran amphibians share a complex of first-order nuclei in
the ventral octaval column that receive input from otolith and semicircular
canal organs, but apparently do not have the more dorsal nucleus that is
exclusively auditory (or nearly so) in anurans and other amniotes. In gen-
eral, these nuclei may have analogous functions to those of amniotes, but
are probably not homologous among these groups. Similarly, second-order
medullary nuclei of fishes and amphibians may be analogous to the superior
olive of amniotes, but their possible homologies are not clear. Although the
midbrain’s torus semicircularis is more complexly organized in anurans
than in fishes, it is apparently homologous among fishes, amphibians, and
amniotes (the inferior colliculus of mammals). The relations among ascend-
ing pathways from the mesencephalon to the telencephalon in fishes and
amphibians are not well understood, and it is not clear whether the various
nuclei described may be primitive homologues of the lemniscal or
extralemniscal auditory nuclei of mammals.



10 Richard R. Fay and Arthur N. Popper

Relatively little is known about the response properties of central audi-
tory neurons in fishes compared with anuran amphibians (see Feng and
Schellart, Chapter 6). For fishes, there are a few studies in several species
focusing on auditory nuclei of the medulla, midbrain (torus semicircularis),
thalamus (central posterior nucleus), and forebrain regions. For anurans,
there are far more central studies. In both groups, the torus semicircularis
is the most studied structure.

In fishes and amphibians, phase-locking to the sound waveform is gener-
ally robust in primary afferents and medullary nuclei, but tends to disappear
at midbrain levels and above. However, some cells recorded at the midbrain
level in fishes (possibly input neurons from lower centers) show more
precise phase-locking than those in the periphery. Frequency-threshold
(tuning) curves tend to become more complexly shaped and diverse in
CF progressing from the periphery to higher centers. At the midbrain
(and thalamus of anurans), tuning curves may have multiple CFs separated
by frequency regions where responses appear to be inhibited. In fishes,
the sharpness of tuning increases in the torus but widens again in the
thalamus. In general, inhibition appears to be an important process in
the torus of fishes and throughout the central pathway in anurans.
Tonotopic maps appear at least to the level of the torus in anurans, but their
existence in fishes has not been clearly demonstrated. In goldfish and some
anurans, two-tone rate-suppression and single-tone suppression have been
observed in a subset of low-CF primary afferents. Two-tone interactions
that may be inhibitory are found at least to the level of the torus in fishes,
and to the thalamus in anurans. Some neurons of the torus and thalamus
show a selectivity to temporal envelope patterns that is probably
synthesized using inhibition (see Crawford 1997 and Bodnar and Bass
1997 for recent reports on two species of vocal fishes). Temporal re-
sponse patterns to tone bursts increase in type and complexity at least
to the level of the torus. Peristimulus time histograms from neurons of
the torus (and dorsal medullary nucleus of anurans) show patterns that
can be labeled as onset, onset with notch, pauser, chopper, buildup, and
primary-like. These patterns are qualitatively like those observed in central
auditory nuclei of amniotes. In fishes and anurans, cells of the torus
semicircularis show responsiveness that varies robustly with sound source
direction (in anurans) or with the axis of particle motion (in fishes). In many
cells of the goldfish torus, directionality in azimuth and elevation is sharp-
ened, probably by inhibition from other directional inputs (Ma and Fay
1996).

Although the response properties of central auditory neurons in fishes
and amphibians are less extensively studied than in mammals and some
other amniotes, it is becoming clear that species of all vertebrate classes
share many of the same auditory processing mechanisms and strategies at
various levels of the brain. Since the torus semicircularis of fishes and
amphibians and the inferior colliculus of mammals are probably homolo-
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gous structures, many of the processing strategies revealed at the midbrain
level in mammals (see Fay and Popper 1992) may be primitive vertebrate
characters that originated among fishes.

4.6 Psychophysics and Acoustic Behavior

Fay and Megela Simmons (Chapter 7) point out that auditory perception in
fishes and anurans show many fundamental similarities that are shared with
other vertebrates. In their usual environments, fishes and frogs solve prob-
lems of perceptual source segregation and localization of sound sources,
and may use acoustic dimensions that control the perception of complex
pitch and timbre for human listeners in similar ways. Fishes and frogs
generally have a frequency range of hearing that is more restricted than
those of other vertebrates, extending to 3kHz in some fishes, and to SkHz
in some anurans, although it has recently been demonstrated that at least
one species of clupeid fish, the American shad, can detect sounds to over
180kHz (Mann et al. 1997). However, best thresholds for the most sensitive
species of both groups are comparable and fall within the range of all other
vertebrate classes (—10 to 15dB re: 20pPa). Level discrimination limens
are comparable to those measured in many other vertebrates, and in fishes
the effect of sound duration on level discrimination is similar to that shown
in humans and other mammals. Frequency discrimination thresholds,
psychophysical tuning curves, critical bandwidths, and critical masking ra-
tios indicate a level of frequency analysis that falls only within the upper
ends of the range of those measured in other vertebrates. This relatively
poor frequency resolution appears to reflect a relatively crude peripheral
frequency analysis (especially in fishes) and suggests a greater reliance on
temporal processing than on spectral processing compared to birds and
mammals. Both animal groups are able to localize sound sources in azimuth
and elevation quite accurately (10° to 20°) in spite of small head widths, and
for fishes an effective lack of interaural level and time-of-arrival differ-
ences. Fishes and amphibians share a reliance on pressure gradient process-
ing for some aspects of directional hearing.

Some of the ethological data on anuran hearing suggest that anurans’
sense of hearing might differ quantitatively in relative acuity and sensitivity
from that measured in other vertebrates. These quantitative differences
may be due to environmental and biological constraints that lead to an
emphasis on one aspect of sound processing over another. However, these
differences might also reflect the power of the behavioral techniques used.
Much is known about the specific spectral and temporal acoustic features of
communication sounds in anurans (see Zelick, Mann, and Popper, Chapter
9), but less about the acuity for the detection and discrimination of these
features outside of the communication context. For fishes, in contrast,
detection, discrimination, and perception of both simple and complex
sounds are relatively well understood in a few species, but the perception of
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communication sounds is less well studied. New experiments and paradigms
are needed to more precisely determine the limits of sound discrimination
in anurans, and to better understand the perception of communication
sounds in fishes. Such behavioral experiments will be useful in testing
hypotheses about the peripheral and central determinants of auditory per-
ception among all vertebrates.

It is self-evident to humans that the sense of hearing informs us about the
physical characteristics of the sound producing and reflecting objects in the
environment. These characteristics include source location, size, natural
resonance frequencies, and vibration frequency. Since psychophysical ex-
periments show that fishes and anuran amphibians appear to share many
features of their sense of hearing with species of other vertebrate classes,
including humans, we are led to suggest that the human sense of hearing
revealed in classical psychoacoustical experiments is a primitive (i.e.,
shared) vertebrate character.

4.7 Communication

As already pointed out, we know a great deal more about acoustic commu-
nication in anuran amphibians than we do for fishes, and communications
has been a driving force in establishing the extensive base of information on
hearing that we have for anurans. The major limiting factor in learning
more about fish acoustic communication results from the problems of ob-
serving fishes in their normal habitats. As pointed out by Zelick, Mann, and
Popper (Chapter 9), there are extensive technical difficulties in observing
and recording fish underwater. The very process of finding and then observ-
ing and recording fish is far more difficult underwater than working in air.
Moreover, since humans cannot localize sounds very well underwater, de-
termining which animal is producing a sound when there is more than one
present is almost impossible. Thus, it becomes very difficult to correlate
sound and behavior for fishes.

Because of the difficulties in obtaining data on fish communication, it
appears (very possibly erroneously) that the number of fish species known
to communicate acoustically is limited compared with anurans (see Zelick,
Mann, and Popper, Chapter 9). We note that while data on acoustic com-
munication are probably available for a fair proportion of anurans, limited
data on sound production is probably available for fewer than 100 species of
fish, or 0.4% of the known extant species. Since many of the species for
which there are no data on vocalization have structures that suggest the
possibility of sound production, as in the deep-sea myctophids (lantern
fishes) (Marshall 1967), it may be that further observations will reveal many
more species of fish that have complex acoustic repertoires, such as those
that have been described in a number of mormyrids (e.g., Crawford et al.
1997).
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5. Summary

In this chapter we have attempted to bring together some of the ideas on
fishes and amphibians that are explored in this volume. In working with the
various authors, and in reading the chapters as they were submitted, we
have become more convinced that while there are differences in hearing
and sound communication between fishes and amphibians, the study of
each group would benefit from some of the insights we have gained from
the other. Indeed, the power and usefulness of the comparative method is
apparent throughout this volume.
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Hearing in Two Worlds: Theoretical
and Actual Adaptive Changes of the
Aquatic and Terrestrial Ear for
Sound Reception

BERND FriTzscH

1. Introduction

Sound in both water and air has two physical properties, the near-field
particle motion generated by any moving object and the far-field pressure
simultaneously generated by these objects (Kalmijn 1988). Based on the
physical properties of the medium (the so-called characteristic impedance,
which is about 3500 times larger for water than for air) and the steep loss of
energy over distance (dipole source: 1/distance’; monopole source: 1/
distance®) in the particle or direct sound in a frequency specific fashion
(Schellart and Popper 1992), this component of sound carries enough
energy to stimulate a receptor only over a very short range at low frequen-
cies. In particular in air, this range is too short to play a role in terrestrial
hearing in vertebrates and is used only by some insects (Michelsen 1992).
While sound pressure reception opens up a wider range over which sound
can be received as it falls off less steeply (1/distance), it cannot be extracted
easily without specializations external to the inner ear. These adaptations to
sound pressure reception, the way terrestrial and some aquatic vertebrates
hear, essentially have to funnel the limited energy present in the far field
with minimal loss to the appropriate receptor organs in the inner ear. The
required series of changes in the otic region fall into three categories:

1. There have to be changes in the associated structures of the ear so that
sound pressure changes move an unloaded structure, typically a membrane
separating two or more distantly connected gas filled sacs (e.g., middle ear,
outer ear canal) or a gas bubble (swim bladder, other gas bubbles), and
transmit these sound pressure induced movements directly or indirectly to
the inner ear. To achieve this, the ear has to provide a pathway of minimal
resistance for sound pressure-induced lymphatic flow to minimize the
energy loss. Otherwise almost all the energy would simply be reflected at
the otic wall (terrestrial hearing) or pass through the ear with little energy
transmitted to any given receptor organ (aquatic hearing). These pathways
of low resistance are provided by the middle ear and perilymphatic
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channels, which typically interconnect two or more foramina in the otic
capsule.

2. Within the inner ear there have to be specific associated structures that
transmit the periplymph (or endolymph) movements caused by the sound
pressure fluctuations to inner ear end organs. These end organs (sensory
epithelia) in turn have to be specialized for motion detection of these sound
pressure-induced lymphatic movements. It would be important to know
how these pathways channel sound in a frequency specific way through the
ear, in particular in amphibians.

3. These specialized end organs of the ear have to be connected to an
area in the brain that can process selectively the signals received via these
sensory epithelia discretely from those received in the purely vestibular end
organs of the ear. This will enable the animal to discriminate a sound from
other signals perceived by other sensory epithelia of the inner ear (e.g.,
gravistatic, linear acceleration, near-field particle movement-generated
linear acceleration, angular acceleration).

An additional factor that has been revealed in the last 20 years is a partial
or complete segregation of projections of neurons from the central nervous
system to the inner ear, the so-called efferents (Roberts and Meredith
1992). While those efferents projecting to the ear typically overlap in their
distribution in vertebrates without specialized sound pressure reception,
there is a progressive segregation of vestibular and auditory efferents
among terrestrial vertebrates, in particular mammals.

In this overview I first discuss the systematic relationship of fishes and
amphibians as revealed in most recent evolutionary analysis (Duellman and
Trueb 1994; Janvier 1996; Stiassny et al. 1996) highlighting the positions of
the few species studies with respect to sound pressure reception in some
detail. Then I present the known and inferred evolutionary changes in the
otic region of various vertebrates, followed by an overview of the known
and presumed ontogenetic changes that underlie the adaptive reorganiza-
tions in the middle ear, the inner ear, the central nervous system connec-
tions of the inner ear, and the efferent system.

Throughout this presentation I follow the inside-out principle first high-
lighted by Lombard and Bolt (1988), that is, any change in the otic periph-
ery will lead to the reception of a sound pressure signal only if the inner ear
is able to receive that signal. This idea basically argues that changes in the
inner ear have to happen first, followed by changes in the otic periphery.
Alternative arguments assume explicitly or implicitly that changes in the
otic periphery predate changes in the inner ear without providing any
argument as to how these changes should be evolutionary stabilized in the
absence of an apparent adaptive value, as they may not be received at all by
an inner ear without specialized sound pressure receivers. It is unfortunate
that fossil records are of limited help in elucidating most of these changes in
the otic region as they either will not be preserved at all (neuronal changes,
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inner ear changes) or will be a source of various interpretations depending
on the current status of recorded fossils (Bolt and Lombard 1992; Clack
1992; Ahlberg et al. 1996; Janvier 1996).

2. Taxonomy of Fishes and Amphibians

Vertebrates can be divided into two major taxa, those with and those
without jaws. This fundamental division of vertebrates based on numerous
derived characters is particularly obvious for the ear. All jawless fishes have
at the most two semicircular canals, whereas all jawed fishes have three
semicircular canals (Lewis et al. 1985). Clearly, fossil data indicate that the
presence of two semicircular canals is primitive for all jawless vertebrates
(Jarvik 1980; Janvier 1996). However, while the differences between vari-
ous jawed fished can be dramatic with respect to their morphology (com-
pare a bird and a shark, for example) the ear undergoes much less dramatic
changes. Nevertheless, major taxa such as mammals and amphibians can be
characterized by unique otic features, such as the mammalian cochlea or the
amphibian papilla, respectively. In essence than, the otic characters reflect
on a reduced scale the evolution of vertebrates in general.

Fishes have the most species of all vertebrate taxa (with over 25,000
species). Typically three major, separate evolutionary lines are identified
among fishes (Fig. 2.1): the cartilaginous fishes (sharks, rays, and rat fishes),
the ray-finned fishes (or actinopterygians, composed of polypterids,
acipenserids, and neopterygii), and the lobe-finned fishes (or sarcop-
terygians, composed of coelacanths and lungfishes). Lobe-finned fishes
also gave rise to terrestrial vertebrates with their two major lineages,
amphibians and amniotes (Janvier 1996). While there is widespread agree-
ment about these major divisions of vertebrates, the subdivisions within
these lineages are still debated.

2.1 Cartilaginous Fishes

The inner ears of cartilaginous fishes have a single shared, derived charac-
ter, a separate recess that contains the utricle. In all other jawed vertebrates
the utricular sensory epithelium is contained within the enlarged horizontal
common arm of the horizontal and anterior vertical canal. Interestingly, the
only other vertebrate that shares this character is lungfish, which had
already led Retzius (1881) to conclude that lungfish are cartilaginous fishes,
a view still shared by some (Jarvik 1980). Most of the variation found in the
ear of cartilaginous fishes concerns the separation of the lagenar sensory
epithelium (macula) into a distinct recess. Another variation concerns
the separation of the semicircular canals and the concomitant changes
in the size of the papilla neglecta (Retzius 1881). The latter aspect is of
interest here as it relates potentially to the known capacity of hearing in
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Ficure 2.1. The likely interrelationships of aquatic jawed vertebrates is shown.
Note that the divergence of the three major lineages of jawed vertebrates (cartilagi-
nous fish, ray-finned fish, and lobe-finned fish) happened about 400 million years
ago. While the radiation into the major lines of lobe-finned fishes, including the
ancestors of tetrapods, was achieved more than 300 million years ago, the radiation
of modern ray-finned fishes is a more recent event. Trifurcations indicate unre-
solved or disputed systematic affinities. Asterisk indicates ray-finned fishes with a
known or suspected sound pressure connection between the ear and the swim
bladder. (Modified from Bolt and Lombard 1992; Ahlberg et al. 1996; Janvier 1996;
Stiassny et al. 1996; and Thulborn et al. 1996.)

elasmobranchs (Corwin 1981), although the mechanism by which this is
achieved is still disputed (Kalmijn 1988). In the absence of any gas bubble
in elasmobranchs, it appears that the physical properties for exquisite
sound pressure detection do not exist in these vertebrates. Still, some sound
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pressure energy appears to be received (Schellart and Popper 1992)
perhaps by using differential density of fluids around the ear.

2.2 Ray-Finned (Actinopterygian) Fishes

The ear of all nonteleostean actinopterygian fishes (Grande and Bemis
1996) does not differ much from that of ratfish (considered by most an
ancient line of cartilaginous fish), with the notable exception of the position
of the utricular macula. This organ is not in a separate recess, but in both
sarcopterygian and actinopterygian fishes (except lungfishes) it is in the
common crus of the horizontal and anterior vertical canal. Other features
that show a progressive segregation in actinopterygian fishes is the degree
of individualization of the lagenar macula in its own recess. In fact, the
variation of size and position of the three sensory maculae (lagena, utricle,
and saccule) is one of the main features of variation in the ear of
neopterygian fishes, the other being variation in the papilla neglecta
(Schellart and Popper 1992).

Another major variation concerns the association between the swim
bladder and the inner ear. Apparently, the swim bladder evolved in the
common ancestor of sarcopterygians and actinopterygians as an accessory
breathing organ. For buoyancy, the swim bladder had to be close to the
head in those animals with heavy armored heads (Jarvik 1980; Carrol 1988;
Janvier 1996). This lung/swim bladder can either be in a direct contact
with the ear (at least during development) or is connected via the famous
Weberian ossicles to the ear. In fact, the interrelationship of the taxa in
which this kind of swim bladder/ear connection for enhanced sound pres-
sure reception exists (elopimorphs, mormyrids, herrings, ostariophysi) is
still debated. Strong evidence exists for a sister taxon relationship between
the clupeomorphs (herrings) and ostariophysi (otophysi consisting of e.g.,
goldfish, catfish; anotophysi consisting of e.g., chanidae; Fink and Fink
1996). Other taxa with a known swim bladder/ear connection such as
notopterids, mormyrids, and albulids (Schellart and Popper 1992), or a
suspected sound pressure sensitivity such as eels (Schellart and Popper
1992), could share as a primitive feature the ear/swim bladder connection
(Lecointre and Nelson 1996).

However, numerous uncertainties exist in the systematic relationships of
these taxa and the details of the swim bladder/ear connections. If indeed all
basal neopterygians shared a swim bladder/ear connection, those appar-
ently distinct taxa (Fig. 2.1) that show this connection today (notoperids,
mormyrids, albulids, herrings, and otophysans such as catfish, goldfish,
and knife fish) could have each independently modified an ancestral
neoteleostean feature. It is important to note in this context that almost all
sound pressure-hearing bony fish belonging to these taxa have an extended
range into the far field and also an extended frequency range (Schellart and
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Popper 1992). Indeed, the current lineage euteleostei comprises only taxa
with no direct connection of the swim bladder to the ear (esociformes,
salmoniformes, neoteleostei) and is thus in contrast to all other neoteleost
consisting of otocephala (herrings, catfish, goldfish, etc.; Johnson and
Patterson 1996), which do have such a connection between the swim
bladder and the ear. Other connections of gas bubbles to the ear may exist
in some euteleosts such as anabantids (Werner 1960) but they have not
been as extensively tested for sound pressure reception as the more
traditionally studied groups such as goldfish, catfish, and others with a
swim bladder/ear connection (Schellart and Popper 1992; Popper and Fay,
Chapter 3). In this context the sound pressure capacities of troglodytic
catfish that have lost a swim bladder need to be investigated and charac-
terized in comparison to sister taxa with a swim bladder and Weberian
ossicle connection to the ear.

2.3 Sarcopterygians

Almost uniform agreement exists that sarcopterygians are monophyletic
and comprise three lineages, the actinistia (represented by the coelacanth
Latimeria), the dipnoi (represented by lungfish), and the ancestors of tetra-
pods (Fig. 2.1). The history of sarcopterygians is old and the fossil records
of each of the three lineages with living representatives is filled with numer-
ous uncertainties. This largely relates to the fact that three extinct groups
each consists of highly specialized representatives of old groups that clearly
are modified compared to the oldest fossils found for each group (Cloutier
and Ahlberg 1996, Janvier 1996). For example, fossil data indicate for
lungfish a transition from an open marine environment to apparently
oxygen-poor coal swamps. Likewise, the fossils of many coelacanths
indicate that they were living in estuaries and that the deep-sea environ-
ment of the living representative of the lineage, Latimeria, may be related
to appropriate adaptations in this lineage of coelacanths. Thus the transi-
tion from an aquatic to a terrestrial environment known for fossil tetrapods
(Cloutier and Ahlberg 1996) is in part matched by substantial changes in
the environmental adaptation in the other two sarcopterygian lineages.
Consequently, the relationship of the three taxa is not fully settled as
many unique characters exist in each lineage in combination with primitive
characters.

It is noteworthy in this context that the ear of lungfish and Latimeria
represent this problem very well. Overall, the ear of lungfish resembles the
ear of cartilaginous fishes more than that of tetrapods, whereas the ear of
Latimeria shares unique characters with that of tetrapods (Fritzsch 1992).
However, more recent investigations on the organization of hair cell orien-
tation show that lungfish display characters that can be interpreted as
primitive bony fish patterns (Platt and Popper 1996). This testifies to the
long separate history of these three lineages, which have amassed a complex
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mix of primitive and derived characters with a potentially large set of
character reversals.

2.4 Tetrapods

The monophyletic origin of tetrapods from a group of sarcopterygian fishes
is well supported by paleontologic and neontologic data (Cloutier and
Abhlberg 1996, Janvier 1996). However, the interrelationship among the two
lineages of tetrapods—amphibians (consisting of caecilians, salamanders,
and frogs) and amniots (consisting of reptiles, birds, and mammals)—is still
debated. Interestingly, again the ear is rather revealing in that it provides a
unique character: The amphibian papilla, that strongly supports the idea
that amphibians are monophyletic and which likely is derived from the
papilla neglecta (Fritzsch 1992), is present in all amphibians and only in
amphibians.

The ear characteristics favor a systematic relationship among amphibians
with the caecilians as the sister taxon for frogs and salamanders (Fritzsch
and Wake 1988), also supported by other evidence (Duellman and Trueb
1994). However, this systematic relationship is not universally agreed upon
(Hedges and Maxson 1993).

3. The Middle Ear: Sound Pressure Reception in
Water and on Land Compared

As outlined above, any moving object produces both particle displacement
and pressure waves. Pressure waves are the physical sources of hearing in
air. However, there is a problem getting sound pressure into the ear, which
is filled with fluid and surrounded by dense bone. Without special adapta-
tions to funnel airborne sound energy to the inner ear, almost all energy
would be reflected at the otic wall owing to the impedance mismatch be-
tween the media of different density (over 99%—van Bergijk 1966; Jaslow
et al. 1988). In most terrestrial vertebrates this impedance matching is
minimized by the middle ear consisting of a tympanum and-one or more
middle ear ossicles that conduct the vibrations of the tympanum to the inner
ear. Understanding the evolution of terrestrial hearing thus requires an
understanding of the evolution of the middle ear. Two issues are central
here: the evolution of the middle ear ossicles and the evolution of the
tympanic membrane. I will address only the evolution of the middle ear
ossicles, as the evolution of the tympanic membrane is highly speculative in
the absence of good fossil evidence.

On the basis of their comparative studies on the evolution of the terres-
trial middle ear, Reichert (1837) and Gaupp (1898) suggested that a part of
one gill arch, the hyoid arch, has been co-opted to serve a radically different
function as a middle ear ossicle in tetrapods. Subsequent studies demon-
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strated that the hyomandibular bone, used by many anamniotic vertebrates
as an additional support of the jaws, was independently freed three times
(and likely two times separately among amniotes alone; Clack 1992) from
that function. Apparently a fusion of the palatoquadrate bone with the skull
to free the hyomandibular bone from its previous function to brace the
lower jaw could occur only in those sarcopterygian lineages that had lost the
intracranial joint, an ancestral feature of that lineage (Ahlberg et al. 1996).
The fate of the hyomandibular bone was different in each lineage (Fig. 2.2):

1. The hyomandibular bone was used to support the first gill arch, its
presumably even more primitive function in ratfish (Jarvik 1980; Carrol
1988; Clack 1992).

Acanthodian

FiGure 2.2. This scheme shows the fate of the hyomandibular bone in three verte-
brate lineages with a fusion of the upper jaw with the skull, in ratfish, in lungfish, and
in tetrapods (represented by a frog). Fossil data indicate that the condition in which
the hyomandibular bone is an additional support for the jaws is primitive and exists
in the earliest known fossils of jawed vertebrates, the acanthodians (430 million
years ago). Likewise, fossils of all three jawed vertebrate radiations (middle row),
suggest a similar association between the hyomandibular bone (epihyal; 1), the
keratohyal (2), the palatoquadrate (3), and the brain case. Uncoupling from this
function in lineages in which the maxilla is more or less fused with the neurocranium
will make the hyomandibular bone obsolete in this function. This has led either to
a function as a gill arch support in ratfish, to its almost complete regression in
modern lungfish, or to its functional transformation into a middle ear ossicle in
tetrapods (frogs). (Modified from Starck 1979 and Janvier 1996).
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2. In most modern lungfish, the hyomandibular bone (epihyal) appar-
ently is reduced to a small appendix of unknown functional significance
(Jarvik 1980; Carrol 1988). The ancestors of modern lungfish had a
short hyomandibula and the palate was already autostylic (Campbell and
Barwick 1986), that is, the palatoquadrate bone was fused with the skull
after they had lost the intracranial joint (Ahlberg et al. 1996). The overall
skull morphology of these lungfish resembled Acanthostega and primitive
actinopterygian fishes (Ahlberg et al. 1996). In contrast, Latimeria and
other coelacanths have long hyomandibular bones, like other basal
osteichtyans, and an intracranial joint (Ahlberg et al. 1996).

3. In the tetrapod lineage the hyomandibular bone eventually became
situated between a tympanic membrane (where this is present) and the oval
window, after the intracranial joint was eliminated (Ahlberg et al. 1996) and
after being freed from its previous function. Instead of bracing the lower
jaw it now served a novel function—to transmit vibrations of the tympanic
membrane to the inner ear. It has been suggested that this happened at least
twice independently in terrestrial vertebrates (Bolt and Lombard 1992;
Clark 1992) (Fig. 2.2).

The hyoid arch as well as all or parts of the stapes of salamanders,
chicken, and mice form during development from the neural crest (Toerien
1963; Noden 1987). It is not the adult hyomandibular bone but its embry-
onic anlage that was apparently remodeled and inserted either into the oval
window of the otic capsule or fused with the otic capsule (Frizsch 1992).
This ontogenetic transformation (Northcutt 1992) occurred near the middle
ear/spiracular pouch and in conjunction with the need for a structure that
can transmit sound-induced vibrations of the tympanum to the ear to mini-
mize impedance mismatch in terrestrial hearing. All these temporal and
spatial coincidences led only in the tetrapod lineage to the functional trans-
formation of the hyomandibular bone anlage into a middle ear ossicle.

Obviously, this adaptation was not achieved in a single step and the
fossil data at hand point to a large diversity of intermediate changes of
the hyomandibular bone into a true stapes (Bolt and Lombard 1992; Clack
1992). Unfortunately, evolution of the perilymphatic system that connects
the oval to the round window and thus allows the stapes footplate to drive
fluid movements is not studied in significant depth at all to warrant a
discussion.

The stapes of basic tetrapod-like vertebrates tends to be massive (Bolt
and Lombard 1992; Clack 1992). This by itself limits sound transmission to
low frequencies but does not preclude a role in sound transmission. The ear
of salamanders shows that sound transmission can be performed even in the
absence of a tympanic membrane (Jaslow et al. 1988). This does not pre-
clude that the hyomandibular bone, once freed from its previous function,
can assume yet a different function before it functions as the stapes (Clack
1992). At the moment it is unknown how many genes are involved in
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sculpting either the stapes or the hyomandibular bone. A comparative
study of messenger RNA (mRNA) expression in developing stapes and
hyomandibular bone is needed to estimate the complexity of the reorgani-
zation in terms of the genes involved. Each of the developmental changes
caused by the genetic rearrangement should have led to some improvement
of the sound pressure impedance matching of the stapes, even if this
appears insignificant as viewed from the contemporary high efficiency of
sound transmission in the middle ear. The current paleontological data as
well as these theoretical arguments suggest that this adaptive process was a
checkered path rather than a straightforward, streamlined, goal directed
process. One important but largely unresolved problem is the association of
the stapes with the tympanum, a membrane that is closing during develop-
ment the spiracular pouch. It is highly speculative how often this association
occurred. Arguments in the literature range from the tympanum being
monophyletic (i.e., was formed only once) to the tympanum being poly-
phyletic and arose independently in each major terrestrial radiation (Clack
1992; Janvier 1996).

Irrespective to these unsolved issues of how the hyomandibular bone was
transformed to serve a novel function to minimize the impedance mismatch
between the airborne sound and the inner ear (Bolt and Lombard 1992;
Clack 1992), the concept of functional transformation of a homologous
structure, now more than 100 years old, has withstood the test of time. In
this context it is important that transformations comparable in their magni-
tude have been proposed for the gills of arthropods, which supposedly have
become wings (Averof and Cohen 1997). However, some related ideas for
the evolution of sound pressure receiving parts of the central nervous
system did not fare as well (see below).

4. Reorganization of the Ear and the Formation of the
Basilar Papilla

As outlined above, hearing is the reception of either of two particle motions
created by any oscillating body: near-field particle motion and pressure
waves (or sound; Webster 1992). The near field will fall off with 1/distance’
(distance), whereas the pressure waves reach into the far field and fall off
with 1/distance (Kalmijn 1988). Near-field particle motion can be detected
with either an otolithic ear or the lateral line (Coombs and Montgomery,
Chapter 8). The lateral line perceives the relative movement of water with
respect to the body surface (Coombs et al. 1992; Coombs 1994). In contrast,
the otolithic ear will use the inertia of the denser otolith to create a shearing
force on hair cells by moving inner ear sensory epithelia with respect to the
lagging otolith (Schellart and Popper 1992; Popper and Fay, Chapter 3).
While not tested experimentally, it is possible that all animals with an
otolith potentially may be able to detect this kind of near-field motion (or
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displacement; Schellart and Popper 1992; Canfield and Rose 1996) for
hearing in water (Fig. 2.3). While pressure waves reach into the far field and
fall off with 1/distance (Kalmijn 1988), only animals with a compressible,
gas-filled chamber in their body may be able to detect the far-field pressure
component of sound in water (Fig. 2.3).

Such a gas-filled chamber evolved in bony fish and the sarcopterygian
lineage with a swim bladder/lung. Apparently, sound pressure perception
with the swim bladder has been perfected independently several times
among bony fish (Schellart and Popper 1992). In addition, gas bubbles in
the buccal cavity of anabantid fish may be used in a similar way (Schellart
and Popper 1992). In many cases, the sensory epithelium (which is either
the saccule or the utricle) overlies a perilymphatic space (Fig. 2.3) that is in
direct or indirect contact with a gas bubble. A pressure release window may
also exist, which may lead to a lateral line canal (Bleckmann et al. 1991).
Any near-field particle motion, being from the swim bladder or the sound
source, induces a relative movement of the sensory epithelium with respect
to the covering structure, typically a modified otolith (Werner 1960). This
creates a complex and hard-to-interpret pattern of motion in the vicinity of
the sound source (Fritzsch 1992) that varies with frequency, distance, and
direction from the source (Fig. 2.3).

In principle it would be possible to compute the indirect and the direct
sound independently (Buwalda et al. 1983; Schellart and Popper 1992).
However, this would require further information processing in the central
nervous system with a concomitant small decrease in reaction time, a factor
that may play a key role in predator avoidance (Canfield and Rose 1996). 1
propose here another solution that uses a separate, non-otolithic sensory
epithelium for sound pressure reception and an exclusive restriction of the
otolithic epithelium for near-field particle motion detection. This requires
creation of two receivers, each one specialized for a particular component
of sound—otolithic organ(s) for near-field particle motion detection and
non-otolithic organ(s) for far-field pressure detection—thus avoiding the
need for a computational analysis altogether (Fig. 2.3).

Comparable changes in the “hardware” for stimulus acquisition are
known for the semicircular canals in which the primitive pattern with only
two vertical canals in jawless vertebrates has been changed into a derived
pattern with a horizontal canal being added for motion detection exclu-
sively in the horizontal plane in jawed vertebrates (Lewis et al. 1985; Janvier
1996). The only apparent advantages of this change are (1) the possibly
improved speed of extracting horizontal angular movement that would
otherwise be computed from the residual horizontal vector present in the
tilted vertical canals of the two canals present in jawless vertebrates, and
(2) a less ambiguous movement orientation in three-dimensional space. It
would be important to measure the speed of horizontal nystagmus in
lampreys (which have only two vertical canals) and a jawed vertebrate
and the accuracy of orientation in space to have some evidence for these
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Ficure 2.3. The relative movement of the otolith (o) with respect to a sensory
epithelium for the near field (top) and the local particle motion that is generated
near the swim bladder by the pressure changes in the far field (bottom) are shown.
The entire fish will move as one if near-field particle motion is generated by an
oscillating sphere (right). Thus the fish and its sensory epithelia in the ear will move
with respect to the otolith, which will lag owing to its higher density. In the far field,
pressure changes on the swim bladder will generate secondary near-field particle
motions that impact on a nearby non-otolithic receptor (T) through a perilymphatic
system that interconnects two or more foramina in the otic capsule. Note that the
near field has a different orientation in space than the far field and will be perceived
predominantly by an otolithic organ (top). In contrast the far field will be perceived
by any organ within the secondary particle motion induced near a gas bubble
such as the swim bladder (bottom). Segregation of the two physical components of
sound (near-field particle motion and far-field pressure) to distinct receptors in the
ear as indicated here could help minimize confusion of signals generated by both
components of sound in a single receptor as will happen in the near-field.
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proposition. Clearly, at the moment the advantage of having this distinct
horizontal canal is not too obvious.

The coelacanth Latimeria has a sensory epithelia covered by a non-
calcareous tectorial membrane beside the otolith-covered maculae of the
saccule, lagena, and/or utricle in the ear (Fritzsch 1987). The function of the
basilar papilla of Latimeria has never been tested experimentally. However,
its structural features make it a likely candidate to perceive minute move-
ments induced by pressure differences between the perilymphatic space
underneath it and the endolymph filled ear (Fritzsch 1992).

These considerations of how to extract different aspects of sound in water
only relate to sound pressure acting in water. How sound pressure can be
generated to direct formation of a middle ear on land without the presence
of an already existing sound pressure receptor in the inner ear is more
difficult to understand. In the absence of such a receiver in the inner ear
there would not be much of a selective advantage to early adaptive changes
in the middle ear. Thus, a major issue to be discussed next is the evolution
of the basilar papilla, the major sound pressure receiver in all amniotes that
also plays a role in many amphibians. Consequently, understanding the
evolution of the basilar papilla of tetrapods will elucidate a crucial step in
the evolution of tetrapod hearing in general. The following reasoning
assumes that this organ arose only once in evolution and did so in water
(Fritzsch 1992). Should fossil data be found that indicate otherwise, most of
the arguments raised below would be falsified.

To form a basilar papilla, otolith-bearing organs must be transformed in
the following ways to eliminate any detection of near-field particle motion,
which could hardly be avoided otherwise in water:

1. The basilar papilla has to be generated by either an additional segrega-
tion from the dispersing sensory primordia of the developing ear
(Fritzsch et al. 1998) or by a novel proliferation (Fekete 1996).

2. The new epithelium must develop a tectorial membrane instead of an
otolith/otoconia covering to avoid direct sound.

3. The epithelium must be positioned selectively near the border of an
endolymphatic and a perilymphatic space to be excited by indirect
sound.

I propose that the changes needed to achieve this transformation were
likely associated with a rather unrelated event: the formation of a caudal
extension of the ear to create a separate lagenar recess. Formation of a
lagenar recess and formation of a lagenar sensory epithelium are indepen-
dent events, because presence or absence of either or both can occur among
sarcopterygians (Fritzsch and Wake 1988). Caudal extensions of the ear can
be induced by treatment with certain teratogens such as lithium (Gutknecht
and Fritzsch 1990), which are known to influence expression of develop-
mental regulatory genes (Christian and Moon 1993). This indicates that
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perhaps only minor adjustments of the developmental program are neces-
sary for this event. Clearly, Latimeria has a lagenar recess, whereas lungfish
have none (Fritzsch 1992). A lagenar recess apparently evolved at least
three times independently: (1) in the elasmobranch lineage, (2) in the
teleost lineage, and (3) in the sarcopterygian lineage (Fritzsch 1992). I
propose that following the formation of a new lagenar recess, the saccular/
lagenar sensory anlage had to extend into this recess to provide it with the
lagenar sensory epithelium (Fig. 2.4).

It is conceivable that the basilar papilla of Latimeria formed as a con-
sequence of such a process. I assume that this segregation of a novel sen-
sory epithelium happened in evolution only once, thus providing the
sarcopterygian lineage with a unique opportunity. It is unclear how the
other properties of the basilar papilla, formation of a tectorial membrane
and association with the perilymphatic space, were achieved. Nevertheless,
the topological position in the caudomedial aspect of the ear brought this
epithelium into the closest possible proximity to the sound pressure receiv-
ing swimbladder in the belly. On the basis of this proximity to the
swimbladder and the potential adaptive need for a sensory organ that can
detect sound pressure motion separately, the newly formed epithelium may
have been transformed from an otolithic organ precursor into a sound
pressure receiving organ. Thus the fortuitous formation of a functionally
redundant and rather uncommitted sensory epithelium in the sarcop-
terygian lineage alone may have been the base on which selection has
worked and has ultimately led to the major sound pressure receiver of the
inner ear of terrestrial vertebrates, the basilar papilla.

In summary, I propose that the formation of the basilar papilla is corre-
lated with the de novo formation of a lagenar recess among sarcopterygians.
Creation of a new, functionally redundant and uncommitted sensory epi-
thelium in the general proximity of the sound pressure-receiving swim
bladder may have been a fortuitous coincidence that was exploited by

4>
Ficure 2.4. The right ears of several sarcopterygian vertebrates are shown as

viewed from the cranium; anterior is to the left, dorsal is up. Latimeria has a lagenar
recess with the lagenar sensory epithelium (L), which is within the saccular recess
(S) in lungfish. It is speculated that the formation of a separate lagenar recess in
the lobe-finned fish lineage may have led to the formation of a redundant and
functionally uncommitted sensory epithelium that eventually was transformed into
a tectorial membrane-bearing perilymphatic organ, the basilar papilla (BP). This
organ may have been inherited in tetrapods. However, amphibians also evolved a
second sound pressure receiver, the amphibian papilla (AP), which likely represents
a transformed papilla neglecta (PN) found in most other vertebrates. Note that
the relationship of lungfish and Latimeria as well as the three amphibian taxa
(salamanders, caecilians, frogs) are disputed and thus treated as unresolved
trifurcation.
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evolution. Eventually, this exploitation may have resulted in the stabiliza-
tion of structural transformations of this end organ that turned it into a
tectorial membrane-bearing, perilymphatic end organ exclusively commit-
ted to a novel function: sound pressure perception. While this all started in
water, the middle ear evolved as an adaptation to minimize the unavoidable
impedance mismatch once the ancestral tetrapods crawled on land.

5. Evolution of Auditory Projections and Nuclei

While the evolutionary and developmental appearance of sound pressure
conducting pathways (middle ear) as well as sound pressure receiving end
organs in the inner ear are complex reorganizations in the developmental
program of these structures, the formation of sound pressure receiving
nuclei in the brain and a selective projection to these neurons requires
reorganizations in an apparently developmentally unrelated system, the
central nervous system. However, recent molecular data strongly reinforce
the interaction between brain stem and ear development (McKay et al.
1996; Fritzsch et al. 1998). Thus it is not impossible that a single mutation
effects both the hindbrain and also leads to the formation of auditory nuclei
and the formation of the basilar papilla in the ear. Such regulatory genes
are now characterized in ascidians, where a single gene is apparently re-
sponsible for the formation of the entire tail (Swalla and Jeffrey 1996).
In the following discussion I use the terms auditory nuclei and auditory
projections only for structures related to epithelia known or presumed to
be involved in sound pressure perception. Answers to two questions are
paramount for an understanding of the evolution of auditory nuclei and
projections:

1. What makes sound pressure receiving end organs project to distinctly
different terminal areas in the hindbrain?
2. What are the embryonic cell sources of the auditory nuclei?

In analogy to the middle ear transformation, a transformation of ances-
tral lateral line nuclei into auditory nuclei was proposed (Larsell 1967).
However, recent data have shown that the lateral line system of amphibians
consists of two distinct sensory systems, the electroreceptive ampullary
organs and the mechanosensory lateral line (Fritzsch 1992) and many am-
phibians lose either of these organ types alone or both together at various
developmental stages (Fritzsch 1989). Only anurans, which never develop
electroreceptive ampullary organs, form a distinct auditory nucleus. The
embryological source(s) of these neurons, called the dorsolateral (auditory)
nucleus (Will and Fritzsch 1988), is not as yet fully determined.

For a scenario of potential functional transformation of central neurons,
it is important that loss of input through an ontogenetic transformation of
the periphery will not immediately cause degeneration of all second-order
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auditory and vestibular neurons in frogs (Fritzsch 1990), mammals (Moore
1992), and birds (Peusner 1992) and likely in the lateral line and
electroreceptive nuclei as well. As in the case of the oculomotor system
(Fritzsch et al. 1995) or the extension of inner ear afferents along a partially
denervated cochlea (Fritzsch et al. 1997), these second-order neurons, once
deprived of their afferents, may attract other efferent fibers. On the basis of
the coincidence of the loss of electroreception and the gain of an auditory
nucleus in frogs, there is a chance that some neurons, which would have
contributed in the anuran ancestors to the dorsal electroreceptive nucleus,
may now be functionally respecified and contribute instead to the auditory
nucleus (Fritzsch 1992). In this context it is important that the rostrocaudal
extent of the electroceptive nucleus matches that of the auditory nucleus
(from trigeminal to glossopharyngeal root) and may indicate at least the
contribution from the same rhombomeres 2-6 (Fritzsch 1996; Lumsden and
Krumlauf 1996). Any relevance of this anuran scenario for amniotes is
highly speculative, and other cell sources may be possible, such as duplica-
tion and functional respecification of vestibular nuclei (Fritzsch 1992;
McCormick 1992).

In summary, functional transformation of parts of the central nervous
system, while possible in cases of experimental manipulation (Metin and
Frost 1991; Pallas 1991) and perhaps evolution (Bronchti et al. 1989; but see
Cooper et al. 1993 for a different view) of the thalamus, have not been
convincingly demonstrated for the reorganization of the hindbrain. It is
unclear whether the coincidence of the loss of ampullary electroreceptors
and the gain of a sound pressure—receiving auditory nuclei in anuran ances-
tors were causally related (Fritzsch 1992). In any case, a major issue for
either scenario is what directs the auditory projection to end specifically on
these (new or respecified) cells, which appears to happen rather readily as
it is also found in all sound pressure-receiving bony fishes that have been
thoroughly investigated (Bleckmann et al. 1991; McCormick, Chapter 5).

The three kinds of organs of the octavolateral system (ampullary organs,
mechanosensory lateral line, inner ear) project in a segregated, non-
overlapping fashion into the alar plate, the dorsolateral area of sensory fiber
termination in the hindbrain (Fig. 2.5). This segregation may occur because
of three factors recognized in the development of other sensory projections,
alone or combined: (1) timing of arrival, (2) biochemical specificity, and (3)
activity.

Evidenc of the possible importance of time of arrival can be found during
development; typically the ear develops first and the ampullary organs last
(Northcutt 1992). Our data suggest that indeed the inner ear projection
extends first into the hindbrain alar plate followed by the mechanosensory
lateral line and, last, by the electroreceptive ampullary projection (Gregory,
Fritzsch, and Dulka, in preparation). However, a critical test would be to
provoke a simultaneous regeneration of ampullary organ afferents, lateral
line afferents, and inner ear afferents. This has never been performed and
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Dorsolateral placodes

Ampullary organs

FiGure 2.5. This scheme of a larval salamander shows (from left to right, top
to bottom) the three octavolateral organs: the ampullary electroreceptors, the
mechanosensory lateral line neuromast, and the vestibular part of the ear. These
organs are connected through their specific afferent ganglia to their respective
nuclei in the alar plate of the hindbrain: the dorsal nucleus for the ampullary organs
(horizontal lines), the medial nucleus for the neuromasts (vertical lines), and the
ventral nucleus for the ear (oblique lines). The hemisected transverse scheme of the
hindbrain shows the position of efferent cells in the area of the facial nucleus and
their branching fibers, which run to neuromasts and the ear. Insert on top right
shows the distribution of the dorsolateral placodes that produce the octavolateral
system as well as the lens placode and olfactory placode.

could provide also a critical assessment of the possible importance of the
time of arrival for the observed segregation of afferents.

Evidence for the existence of biochemical gradients are plentiful in
the visual system (reviewed in Tessier-Lavigne and Goodman 1996).
However, the principle of this system (mapping one surface onto another
one) is very different from the lateral line, ampullary electrorceptors, vesti-
bular and auditory system in which no obvious topography between periph-
eral distribution or organs and their central projection exists, except for
the cochleotopic organization of the cochlear projection. And even the
cochleotopic projection could reflect simply a developmental gradient of
differentiation of spiral ganglion neurons. It would be important to know
how the specification of the polarity of the otic vesicle is related molecularly
to the functional specification of otic ganglia, that is, through which process
a ganglion cell is determined to project to a specific organ. Choice tests
should be conducted in which vestibular neurons from different areas of the
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FIGURE 2.6. An ear was transplanted in a stage-30 Xenopus embryo into the dorsal
fin. The pattern of lateral line fibers on the same side was revealed in their periph-
eral (a) and central distribution (b) at stage 50 employing Texas red dextran amine
as a tracer; flat mounted skin (a) and 15-um-thick frozen section (b). Note that some
of the lateral line (1l) fibers enter the inner ear (arrowhead) as well as neuromasts
(n). Note that centrally some fibers extend beyond the lateral line afferents (af) and
project into the ventral, vestibular nucleus (arrowheads). An efferent cell (e) is also
retrogradely filled. Bar indicates 100 um.

vestibular ganglion known to project to different sensory epithelia are
provided a choice between their ususal target and an unrelated epithelium.
Beyond the known attraction of neurites to sensory epithelia (Fritzsch
et al. 1997), this could provide answers for the specificity of connections.
However, clear indications are present in the hindbrain with respect to
longitudinal columns of expression of certain genes (Myat et al. 1996)
and dorsoventral gradients (Tanabe and Jessell 1996). Thus it is at
the moment unclear what role biochemical gradients may play in the
hindbrain other than specifying the alar plate by mechanisms that reject the
growth of afferents toward the floor plate (Tessier-Lavigne and Goodman
1996).

Evidence of the importance of activity may be obtained by either chang-
ing the development of the end organs (i.e., provoking differentiation of
ampullary organs into mechanosensory lateral line organs) or connecting
one type of afferent fiber to a different type of endorgan. To test the latter
possibility, I have transplanted Xenopus ears into the dorsal fin. These ears
were innervated by the posterior lateral line nerve (Fig. 2.6). Labeling
of these lateral line nerves with tracers revealed a segregation of some
lateral line afferents into the projection area of the ear, something lateral
line fibers will nerve do even in the absence of inner ear afferents (Fritzsch
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1990). Two reasons for this may be that (1) the lateral line afferents receive
a stimulus from the ear that is different from the lateral line and cause a
segregation comparable to that of retinal projections from two eyes in one
tectum (Wilm and Fritzsch 1992) or of ocular dominance columns (Katz
and Shatz 1996), or (2) the lateral line ganglia innervating the ear may be
respecified into “otic ganglia.” In this context the existence of the
neurotrophin brain drived nuratrophic factor (BDNF) in the vestibular and
cochlear system (Fritzsch, et al. 1997) as well as the correlation of activity
with upregulated expression of neurotrophins (Katz and Shatz 1996) may
be relevant. For example, BDNF has been implicated in the formation of
ocular dominance columns, which has previously been shown to be activity
dependent (Katz and Schatz 1996). Either change can explain why these
fibers project differently from other lateral line fibers.

What is the relevance of these data for out problem of segregation of
afferents derived from sound pressure-receiving perilymphatic end organs?
Obviously, even when different organs would project centrally at the same
time and in an overlapping manner, they could segregate. In fact, segrega-
tion will always be achieved as soon as there are two (or more) functionally
different peripheral organs, either because they are activated by a different
stimulus or because ganglion cells may be respecified in their central projec-
tion according to their peripheral connection or their development. Thus,
projections from sound pressure-receiving organs could be forced to
project to different areas within a nucleus or, if present, to other nearby
areas like the newly forming auditory nuclei.

In summary, I suggest that the potential to segregate fibers from sound
pressure-receiving end organs will be realized even if no new central target
is available. Viewed from this perspective, knowledge about the ontoge-
netic origin of the cell source of the auditory nuclei would be the less
important of the two events.

6. Evidence that Otic Efferents are Rerouted Facial
Motoneurons

Inner ears of virtually all vertebrates receive an efferent innervation.
Comparative data in many vertebrates show that these efferents are often
colocalized with the facial motoneurons (Fig. 2.7) and thus suggest that
facial motoneurons may have been rerouted to be efferent to the ear
(Roberts and Meredith 1992). Recent developmental evidence from chick-
ens and mice indeed snuggest that efferent cells to the ear are in fact
ontogenetically rerouted facial motoneurons (Fritzsch 1996).

In larval and adult Xenopus and lampreys, the facial motoneurons and
the efferent cells to the ear overlap completely (Fig. 2.7). At the earliest
developmental stages in which facial motoneurons and octaval efferent
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Ficure 2.7. This scheme shows the evolution of efferents in craniate vertebrates.
Hagfish have a facial motor nucleus (black) but are the only craniates without
efferents to the ear. Lampreys have efferents to the ear (gray), the cell bodies of
which are coextensive with facial motoneurons (black). In elasmobranchs there is
some segregation and a bilateral distribution and projection of efferents. This bilat-
eral distribution of efferents and their fibers is likely primitive for jawed vertebrates.
Frogs and bony fish (not shown) have ipsilateral efferents coextensive with facial
motoneurons, whereas salamanders show bilateral distribution of efferents. In
mammals, vestibular and cochlear efferents are segregated from each other and
from the facial motor nucleus. It appears that absence of efferents is primitive
for craniates, unilateral efferents to the ear alone are primitive for lampreys, and
bilateral efferents that are also common to the inner ear and the lateral line are
primitive for jawed vertebrates. Phylogenetic and ontogenetic evidence supports the
idea that efferents to the ear are redirected facial motoneurons.

cells can be labeled from the periphery in mice and in chickens they show an
overlapping distribution of their perikarya along the floor plate (Fritzsch
1996). It is only in later development that facial motoneurons and efferent
cells migrate differentially into the distinctly different adult positions
(Bruce et al. 1997).

These data show that efferents to the ear are in fact best regarded as
rerouted facial motoneurons that do not innervate mesodermally derived
muscle fibers but instead placodally derived hair cells or ganglia (Fritzsch
1996). Obviously, they must therefore have acquired a rather different
function than causing contraction of muscle cells. It has been claimed that
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the somite underlying the developing ear is crushed by the developing
ear in lampreys (Jefferies 1986). If this can be proven with more detailed
embryological studies, these facial motoneurons, destined to innervate this
crushed somite, were then faced with two alternatives: reroute to the re-
placement of their previous target (the inner ear) or degenerate. Clearly,
experimental evidence suggests that rerouting of motoneurons to a differ-
ent target is possible (Landmesser 1972; Fritzsch et al. 1995), thus giving
some credibility to the scenario of ontogenetic reorganization outlined
above. We have recently removed the developing ears in chicken and found
that the contralateral migrating efferents (Fritzsch 1996) do develop and
send processes with facial motoneurons to the branchial arches, thus indi-
cating that, if experimentally challenged, these cells can still reveal their
motoneuron nature.

In summary, it appears possible that a regressive change (loss of one
somite) caused by an unrelated progressive change (gain of the ear) are
causally linked to the reorganization of the trajectories of facial motoneu-
rons that now form the efferents to the ear in lampreys and gnathostomes
instead of branchial motoneurons.

7. Conclusion: From Molecules to Morphological
Evolution

In recent years the role of developmental regulatory genes has been ex-
tensively demonstrated through experimental means and the evolution of
these genes is currently studied to unravel the molecular machinery under-
lying morphological evolution. Although we are still far away from a
detailed understanding of the molecular mechanisms that regulate ear
morphogenesis, some rather crude effects (using generic engineering of
certain genes or differential expression of genes with certain teratogens/
morphogens) indicate the potential of this research direction for the prob-
lems outlined above. For example, it has been shown that single genes like
the int-2 (FGF-3) gene (Mansour et al. 1993) or the Kreisler gene (McKay
et al. 1996) can seriously disrupt normal development of the ear and, in
addition, the adjacent area of the hindbrain.

Moreover, some of these genes may be regulated to some extent by
retinoic acid, a potential morphogen. Clearly retinoic acid plays a major
role in anteroposterior axis specification in developing vertebrate embryos,
in particular in the hindbrain region (Lumsden and Krumlauf 1996). Appli-
cation of retinoic acid causes, for example, anterior ectopic expression of
Hox genes (Lumsden and Krumlauf 1996) and anterior expression of cer-
tain hindbrain neurons such as Mauthner cells (Manns and Fritzsch 1992).
Interestingly, lithium chloride, which is also known to be able to transform
the ear (Gutknecht and Fritzsch 1990) has recently also been implicated in
affecting the expression of developmental regulatory genes (Christian and
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Moon 1993). Based on these data it seems reasonable to speculate that
perhaps some of these bewildering reorganizations of the otic region are
governed by spatial, temporal, or intensity changes in the expression of a
few genes such as genes encoding transcription factors (e.g., dlx-3), secreted
factors (e.g., FGF-3), and others (Fekete 1996; Fritzsch et al. 1998), some of
which may respond to retinoic acid. In this context it is important that a
tentative connection between the transformation of limbs and the ear
was recently noticed in fossils, too (Ahlberg et al. 1996), another system in
which retinoic acid plays a major role in pattern formation (Fritzsch et al.
1998). Clearly, more details are needed before the evolutionary reorganiza-
tions in the is ear with their adaptive importance for sound pressure recep-
tion can be understood in terms of the underlying modifications of gene
expression patterns.

8. Summary

The evolution of sound pressure receivers and all its components such as
the middle ear, the inner ear, the central nervous system nuclei, and the
efferent system were reviewed, highlighting both the strengths and the
limits of fossil data as well as the importance of a theoretical model to
search for the adaptations imposed on the various subsystems. While the
middle ear represents a prime example of co-option of a system evolved in
a different context (supporting the lower jaw) to a new function (conduct-
ing airborne sound from the tympanic membrane to the inner ear), this
example is of limited importance for the inner ear and the central nervous
system. Nevertheless, the evolution of the basilar papilla and the cochlear
nuclei may be related to formation of novel, uncommitted organs and cells
that could have been differentially specified owing to their relaxed commit-
ment. How the formation of novel structure or the retention and differ-
ential specification of existing structures is achieved through molecular
modifications of the developmental pathways is still unclear. Nevertheless,
gathering data on genes involved in early pattern formation of both the ear
and the brain stem may eventually help to solve this issue. A prime example
of the apparent involvement of chance and necessity seems to be provided
by the efferent system to the inner ear, which appears to be a developmen-
tally and evolutionary respecified motor system that can still be experimen-
tally rerouted to innervate branchial muscle fibers.
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3
The Auditory Periphery in Fishes

ARTHUR N. PorPER AND RICHARD R. Fay

1. Introduction

Fossil evidence shows that an inner ear is found in the most primitive of
jawless vertebrates (e.g., Stensié 1927; Jarvick 1980; Long 1995). It may
never be known whether these vertebrates actually were able to “hear” or
whether the earliest ear may have been only a vestibular organ for the
detection of angular and linear accelerations of the head. However, it is not
hard to imagine that such a system could have ultimately evolved into a
system for detection of somewhat higher frequency sounds during early
vertebrate evolution (van Bergeijk 1967; Popper and Fay 1997). Although
some might argue that sound detection would not have evolved until fish, or
predators, started to make sounds, this may not be a valid argument. In fact,
it is very likely that the earliest role, and still the most general role, for
sound detection is to enable a fish to gain information about its environ-
ment from the environment’s acoustic signature (e.g., Popper and Fay
1993). Such a signature results from the ways a sound field produced by
sources such as surface waves, wind, rain, and moving animals is scattered
by things like the water surface, bottom, and other objects.

It was suggested late in the 1800s that the ear arose as an invagination of
the lateral line and that the initial function of the ear was as a gravity
receptor (reviewed in van Bergeijk 1967; Popper et al. 1992). A number of
arguments were made for the common origin of the ear and lateral line,
including a supposed commonality of embryonic origin and innervation
as well as function. This view led to the acousticolateralis hypothesis
(reviewed by Wever 1974; Popper et al. 1992). Although it is now clear that
the acousticolateralis hypothesis was incorrect in many ways, including the
notions of the common embryonic origin and innervation of the ear and
lateral line (Wever 1974; Northcutt 1980; Popper et al. 1992), there are
certainly many structural and functional similarities between these two
systems.

Thus the use of the anatomic term “octavolateralis” has come into favor
and applies to the mechano- and electrosensory systems utilizing hair cells
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as receptors and utilizing branches of the eighth (octaval) and the lateral
line nerves (McCormick 1978, 1982; Northcutt 1980; Popper et al. 1992).
The term octavolateralis does not imply common acoustic function or
common evolutionary or ontogenetic origins to these systems, but it does
acknowledge basic morphological and functional similarity among the vari-
ous mechanosensory end organs (see Coombs and Montgomery, Chapter 8,
for a discussion of the lateral line system).

Although it is not certain that hearing is as old as the most primitive
fishes, it is likely that the auditory role of the ears and associated peripheral
structures has been evolving in fishes for hundreds of millions of years. Thus
it is not surprising that we find extraordinary diversity in ear structures
among fishes (e.g., Weber 1820; Retzius 1881; Corwin 1981a; Platt and
Popper 1981; Popper and Coombs 1982). We do not yet know whether the
diversity in structure is also reflected in a similar diversity of function (see
Fay 1988), but behavioral and neurophysiological data on a few species
suggest that basic hearing functions are more conservative than the struc-
tures that underlie them (Popper and Fay 1997).

1.1 Cast of Characters

This chapter explores the diversity of structure and function of the auditory
system peripheral to the brain. Most of the discussion concentrates on the
bony fishes (the class Actinopterygii) because it is for these species that
most data are available. Of the bony fishes studied, the vast majority are
members of the subclass Neopterygii and the division Teleostei (see Nelson
1994 for a discussion of the fish phylogeny that is used in this chapter; also
see Long 1995 for a discussion of primitive fishes). However, some data
are available for nonteleost bony fishes, the jawless fishes (the superclass
Agnatha), and the cartilaginous fishes (the class Chondrichthyes), although
these will not be gone into in great detail in this chapter.

For the sake of clarity, the word “fish” refers to actinopterygians
and Chondrichthyes. The term “bony fishes” refers to members of the
actinopterygians, and the term “cartilaginous fishes” refers only to the
Chondrichthyes. We will also refer to gnathostomes, or jawed vertebrates,
in contrast to the jawless agnathans, which include the lampreys and
hagfish. The chapter deals primarily with the inner ear and auditory nerve,
but when considering bony fishes, there will also be a discussion of the
structures and functions of the swim bladder and other ancillary structures
that are thought to enhance hearing capabilities.

Finally, among the fishes, we frequently refer to hearing “generalists”
and “specialists.” The hearing specialists are species having special periph-
eral structures that enhance hearing, whereas hearing generalists (or “non-
specialists”) are fishes without such specializations. The most widely known
specialists, and the ones that we refer to most often, are members of the
superorder Ostariophysi, in which all members of one major group, the
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series Otophysi (catfish, carp, and relatives), have a particular specializa-
tion, the Weberian ossicles, for hearing. Other hearing specialists are found
in the subdivision Clupeomorpha (herrings and relatives) and scattered
among most of the other major bony fish groups.

2. Underwater Acoustics

Sound is propagated in all media as longitudinal waves carried by pressure
fluctuations and particle motions. Particle motions have been described as
those occurring in the “near-field” and the “far-field” of sound sources (e.g.,
van Bergeijk 1967; Kalmijn 1988a,b, 1989). Far-field particle motions ac-
companying propagated sound in a free field can be predicted with pressure
measurements and the acoustic impedance of the medium. Near-field
particle motions are hydrodynamic flows that occur near vibrating sources
and attenuate very rapidly with distance from the source. The distance over
which hydrodynamic motion exceeds particle motion associated with the
propagating sound wave is defined in wavelength units and is thus
frequency dependent. For a sphere fluctuating symmetrically in volume
(monopole), the distance at which hydrodynamic and acoustic particle
motions are equal in amplitude occurs at > wavelength (approximately
one-sixth of a wavelength) from the source. For more complex (and realis-
tic) sources such as the vibrating sphere (dipole), this critical distance is
greater by a factor of ~1.4 (reviewed in Kalmijn 1988a,b, 1989; Rogers and
Cox 1988; see also Coombs and Montgomery, Chapter 8). The region from
the source to this point has been traditionally called the acoustic near-field,
whereas the region beyond this point has been called the acoustic far-field
(van Bergeijk 1967). In water, the near-field of a source extends large
distances compared with air, in part because the speed of sound (and hence
wavelength) is correspondingly greater in water.

An important characteristic of the near-field region is that particle
motion amplitude attenuates rapidly with distance from the source, produc-
ing rather steep spatial gradients. Acoustic pressure and particle motion
attenuate as 1/r for a propagated spherical wave in the far-field, where r is
proportional to distance from the source. By contrast, the amplitude of
hydrodynamic flow attenuates as 1/7* for a monopole source and as 1/r° for
a dipole source. It is important to understand, however, that the boundary
as defined above is somewhat arbitrary and that pressure fluctuations and
particle motions occur within both the near- and far-fields.

The propagation of sound underwater depends on frequency and depth
(Rogers and Cox 1988). In general, the deeper the water, the lower the
frequencies that can be propagated. For example, the lowest frequency that
will be propagated in water 1 m deep over a rock bottom is ~300 Hz,
whereas in water 10 m deep, the lowest frequency would be ~30 Hz. For
“softer” bottoms (e.g., silt, sand), the cutoff frequency is higher. In general,
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fishes moving into shallow-water environments will be at a disadvantage
in detecting distant sources. Rogers and Cox (1988) point out that many
shallow-water species exhibit special adaptations for high-frequency hear-
ing (see below). Thus high-frequency hearing among fishes, such as in many
otophysans, may be an adaptation for detecting sources at greater distances
in shallow water.

2.1 Sound Detection Mechanisms

Near-field hydrodynamic flow may be detected by lateral line organs (e.g.,
Denton and Gray 1983, 1989; Coombs et al. 1996; see also Coombs and
Montgomery, Chapter 8) and by the otolith organs of the ear by somewhat
different processes. Stimulation of the lateral line can occur when there is a
relative movement between the body and the surrounding medium caused
by rather steep spatial gradients of pressure or particle motion amplitude
(Coombs and Montgomery, Chapter 8). Otolith organs may respond di-
rectly to motion of the body as inertial detectors (de Vries 1950; Fay 1984;
Fay et al. 1994; Lu et al. 1996; Fay and Edds-Walton 1997a,b). As the fish
moves with the particle motion of the surrounding medium, the otoliths are
thought to move at a different amplitude and phase due to their greater
density. In this way, a relative displacement between the otolith and under-
lying hair cells occurs that is proportional to acoustic particle motion (i.e.,
displacement, velocity, or acceleration, depending on the mode of attach-
ment between the otolith and hair cells). It is likely that all otolith organs in
all species tend to respond to sound-induced motions of the fish’s body in
both the near- and far-fields.

In many fish species, the otoliths may also receive a displacement input
from the swim bladder or other gas-filled chamber near the ears (see Sec-
tion 4.4). Motions of the walls of these chambers are created by changes in
their volume as sound pressure fluctuates. These displacements may be
efficiently transmitted to one or more of the otolith organs by a variety of
specialized pathways. Thus the ears of many fishes may respond in propor-
tion to acoustic pressure as well as particle motion. Species having a particu-
larly efficient mechanical coupling between the gas-filled chamber and the
otolith organs (i.e. the hearing specialists; see below) tend to have high
sensitivity to sound pressure and may hear in a relatively wide frequency
range (up to, or above, 2 kHz).

As is discussed by Fay and Megela Simmons (Chapter 7), this dual
sensitivity to pressure and particle motion may provide the animal with
valuable information about sound source characteristics, including distance
and location (Buwalda 1981; Schuijf and Hawkins 1983; Fay 1984; Schellart
and de Munck 1987; Popper et al. 1988; Rogers et al. 1988). However,
sensitivity to both sound pressure and particle motion has made the study of
hearing in fish rather difficult and at times confusing. For example, specify-
ing a sound detection threshold in a behavioral or physiological experiment
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requires a determination of whether pressure or particle motion is the
effective stimulus. The answer may depend on species, type of source,
frequency, distance from the source, and the acoustic characteristics of the
environment.

3. Cells of the Octavolateralis System

Before considering the detailed structure and physiology of the ear, it is
important to have some understanding of the transduction and support cells
of the octavolateralis system (Fig. 3.1). The sensory hair cells are the trans-
ducing elements of the octavolateralis system, whereas the support cells
appear to provide the proper environment for hair cell function.

3.1 Supporting Cells

As seen in Figure 3.1, support cells extend from the surface of the sensory
epithelium to the basal membrane. The supporting cells surround each hair
cell and, as in tetrapod ears, are likely to provide an interlocking surface
to the epithelium to maintain fluids of different ionic concentration (i.e.,
perilymph vs. endolymph) across the tops and bottoms of the hair cells. The
apical surfaces of the supporting cells are generally covered with short
microvilli (Figs. 3.1 and 3.2), which presumably anchor the otolithic mem-
brane and overlying otolith (or cupula) in place. The supporting cells may
also be involved in the generation of new sensory hair cells (Corwin and
Warchol 1991; Lanford et al. 1996; Presson et al. 1996).

3.2 Sensory Hair Cells

The sensory hair cells found in the octavolateralis system of all fishes are
similar to the sensory hair cells of tetrapods. Hair cells are elongate epithe-
lial cells with an apically located ciliary bundle (Figs. 3.1 and 3.2). Each
ciliary bundle contains a large number of microvillus-like stereocilia (also
called stereovilli) and a single, eccentrically placed kinocilium. The
kinocilium is a true cilium with a 9 + 2 filament pattern (Fig. 3.1C).
The stereocilia are often graded in size, with the longest lying closest to the
kinocilium.

The lengths of the ciliary bundles vary depending on the location of the
hair cell on the epithelium. Typically, the hair cells closest to the edges of
the otolithic epithelia have long kinocilia and short stereocilia. In contrast,
hair cells in other epithelial regions may have short or long ciliary bundles.
The functional significance of the different bundle lengths has not been
experimentally verified in fish. In general, however, hair cells with the
longest bundles respond to the lowest frequencies (e.g., those of the semi-
circular canal cristae), whereas hair cells with the shortest bundles (e.g.,
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Ficure 3.1. Transmission electron micrographs (TEM) of hair cells of the saccular
macula of Gymnothorax sp., a moray eel. A: a single hair cell (HC) surrounded by
a number of support cells (SC). The cell has a number of stereocilia (S) that are
embedded in a cuticular plate (C). B: higher magnification of a different cell show-
ing the stereocilia embedded in the cuticular plate. C: cross section through a single
kinocilium showing the typical 9 + 2 filament pattern that is found in motile cilia.
BM, basement membrane; Mv, microvilli on supporting cell apical surface; N,
nucleus of hair cell. (From Popper 1983, with permission of University of Michigan
Press.)

those of the rostral end of the saccule of otophysan fishes) respond best to
higher frequencies (Popper and Platt 1983; Platt and Popper 1984; Sugihara
and Furukawa 1989).

The only significant difference in hair cell ultrastructure from the
described pattern has been reported for the hagfish Myxine glutinosa
(Lowenstein and Thornhill 1970). Most notably, the kinocilia in Myxine
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FIGURE 3.2. Scanning electron micrograph of the saccular macula of the Hawaiian
lizardfish Saurida gracilis illustrating a shift in the orientation of the ciliary bundles.
These hair cells are divided into two groups on opposite sides of the dashed line. All
of the ciliary bundles in each group are oriented in the same direction as indicated
by the arrows. Ciliary bundle orientation is defined by the side of the bundle on
which the kinocilium is located. In each case, the kinocilium is the longest cilium in
a bundle. (From Popper 1983, with permission of University of Michigan Press.)

lack the central pair of microfilaments and so have a 9 + 0 pattern
as opposed to the 9 + 2 pattern in all other vertebrates. In addition,
Low - nstein and Thornhill occasionally encountered kinocilia in the center
of the bundle of stereocilia rather than at the edge, and other cells that had
two kinocilia close to one another. The functional and/or evolutionary
significance of these observations is unknown, although it is possible that
the differences in the ciliary structure from that found in all other verte-
brates is a derived characteristic and does not represent ancestral ciliary
patterns.

3.3 Physiology of Hair Cells

Much of what we understand about the physiology of hair cells in fishes
comes from studies from the lateral line (e.g., Flock 1965, 1971), the saccule
of frogs (e.g., Hudspeth and Corey 1977; Hudspeth 1983), and the auditory
papillae of terrestrial animals (e.g., Weiss et al. 1976; reviewed in Corwin
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and Warchol 1991). It is generally believed that all vertebrate hair cells
function according to similar principles. A displacement or pivoting of the
stiff stereocilia in the direction of the kinocilium results in a depolarization
of the hair cell membrane potential, whereas displacement in the opposite
direction causes hyperpolarization. The potential change is asymmetrical,
with larger saturated depolarizations than hyperpolarizations. This asym-
metry leads to an effective DC component of the voltage response to
sinusoidal deflection and to harmonic distortion. The depolarized mem-
brane potential generally saturates for displacements >100 nm (e.g., Dallos
1996; Kros 1996).

Sensory hair cells are directional transducers in the sense that the cell’s
response is determined only by the amplitude of stereociliary deflection
along a single axis (Flock 1965; Hudspeth and Corey 1977) defined by a line
from the center of the hair bundle to the kinocilium, parallel to the apical
surface of the cell. Membrane potential change is approximately a cosine
function of the deflection angle with respect to this axis. Because the
voltage function of deflection magnitude shows a compressive nolinearity,
the cosine function of deflection angle may be distorted at high stimulus
levels.

Electrophysiological studies on isolated saccular hair cells of the goldfish
(Carassius auratus) and toadfish (Opsanus tau) have identified at least
two different cell types with respect to basolateral membrane properties.
Resonating and spiking hair cells have also been reported (Sugihara and
Furukawa 1989) in the goldfish saccule. Resonance (40 to over 200 Hz) in
response to a current step was observed in relatively short cells from the
rostral region of the saccular epithelium. These cells exhibited a calcium-
activated potassium current and an “A”-type current. Taller hair cells from
the caudal regions of the saccule produced spikes and subsequent voltage
plateaus in response to current steps. These cells exhibited sodium and
calcium conductances in addition to several potassium conductances
(Sugihara and Furukawa 1989), and they also have ultrastructural differ-
ences that may be correlated with differences in conductance (Lanford and
Popper 1994; Saidel et al. 1995).

In Opsanus (Steinacker and Romero 1992), cells with calcium-activated
potassium conductances were shown to exhibit a “ringing” or resonant
response to current commands with center frequencies averaging 142 Hz.
A second class of cells having calcium-activated, voltage-controlled, and A-
type potassium currents produced spikes but not resonant behavior. The
functional significance of resonant hair cells is that they may begin
to accomplish a peripheral frequency analysis, possibly in concert with
micromechanical mechanisms (Fay 1997; Fay and Edds-Walton 1997b).
The functional significance of spiking hair cells is not clear.

Ultrastructural results also show differences between rostral and caudal
saccular hair cells. Hair cells from the rostral portion of the epithelium tend
to have short cell bodies (Sento and Furukawa 1987; Saidel et al. 1995) and
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short stereocilia (Platt and Popper 1984), are reactive to the calcium-
binding protein antibody S-100 (Saidel et al. 1995), have numerous
small synaptic bodies (Lanford and Popper 1994), and tend to oscillate in
response to depolarizing current clamps as summarized above. In contrast,
caudal hair cells have long stereocilia, do not react to S-100, and have
larger synaptic bodies. In goldfish, large-diameter saccular afferents tend
to innervate the rostral saccular epithelium, whereas the more numerous
smaller diameter fibers tend to terminate caudally (Furukawa and Ishii
1967, also see Saidel et al. 1995). The physiological response properties of
afferents innervating these different saccular regions are discussed in
Section 5.

3.4 Hair Cell Heterogeneity

Before discussing sensory hair cells in fishes, it is important to note that,
historically, it was believed that fishes only had a single type of sensory hair
cell. This belief resulted from early electron-microscopic data, which
showed that amniotes had two types of vestibular hair cells (called types I
and II), whereas anamniotes only had a single hair cell type that closely
resembled the amniote type II cell. These cells differed in shape and inner-
vation, with the type I cell being longer and surrounded by a nerve calyx,
whereas the type II cell was shorter and rounder and had more individual
synapses on its basal surface. The type II cell was assumed to be more
primitive (e.g., Wersill et al. 1965). With more recent studies, we now know
that amniotes not only have two types of vestibular hair cells but that birds
and mammals have at least two additional types of hair cells in their audi-
tory end organs. Birds have tall and short hair cells in the basilar papilla,
whereas mammals have inner and outer hair cells in the organ of Corti
(Manley and Gleich 1992; Slepecky 1996).

3.4.1 Hair Cell Heterogeneity in Fishes

Recent studies of the ultrastructure of the hair cell bodies have demon-
strated that at least some species of fish, such as amniotes, have several
types of sensory hair cell in their otolithic end organs (Fig. 3.3). These
findings have led to the suggestion that in fishes, as in amniotes, physiologi-
cal properties of hair cells may be correlated with ultrastructure (e.g., Saidel
et al. 1995), as discussed in Section 3.3.

Detailed analysis with a variety of techniques shows that there is signifi-
cant hair cell heterogeneity within the ears of fishes (Wegner 1982; Chang
et al. 1992; Popper et al. 1993; Saidel et al. 1995; Lanford and Popper 1996).
Hair cell heterogeneity can be seen in illustrations in publications about
several elasmobranch species (Lowenstein et al. 1964; Corwin 1977). Work
by Hoshino (1975) also demonstrated the presence of at least two types of
hair cells in the ears of the lamprey Entosephenus japonicus, although
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Ficure 3.3. Schematic diagram of sensory hair cells from the oscar Astronotus
ocellatus. The cells at the left, now called type I-like hair cells, are found in the
striola region of the utricle and in the central part of the saccular epithelium,
whereas the cells at the right, type II hair cells, are found outside the utricular
striolar region and at the margins of the saccule. Similar types of hair cells are found
in the ears of other species as well as in the lateral line. Each fish sensory hair cell
is surrounded by supporting cells that reach from the apical membrane of the
epithelium to the basal membrane. The hair cells extend only part way to the basal
membrane. The apical end of each hair cell has a cuticular plate into which is
embedded a series of microvillus-like stereocilia. At one end of the group of
stereocilia is a single true cilium, or kinocilium. This ciliary bundle projects into the
lumen of the end organ. Type I-like cells receive both afferent and efferent innerva-
tion, whereas type II cells often only have afferent innervation. (From Chang et al.
1992, © John Wiley and Sons, Inc. 1992.)

these do not have the same ultrastructural characteristics as those that
define hair cell types in bony and cartilaginous fishes. Finally, we now have
evidence that heterogeneity also occurs in the teleost lateral line (Song et al.
1996).
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Initially, two types of hair cells were identified in each of the otolith end
organs of the cichlid Astronotus ocellatus (the oscar) (Chang et al. 1992;
Popper et al. 1993) (Fig. 3.3). One of these cells was first identified in the
striolar region of the utricle of Astronotus, whereas the other cell type was
found in the extrastriolar region. The striolar region of the epithelium is a
zone characterized by hair cells having relatively short ciliary bundles, with
adjacent hair cells having opposed directional orientations. The striolar hair
cells were found to have extensive rough endoplasmic reticulum (ER) just
below the nucleus, very large mitochondria, and very small synaptic bodies
associated with the synaptic regions. In contrast, the synaptic bodies of the
extrastriolar hair cells are large with no subnuclear ER and relatively small
mitochondria. Several structural and biochemical studies on the utricle of
Astronotus revealed differences between striolar and extrastriolar hair
cells. For example, striolar cells are reactive with an antibody to the
calcium-binding protein S-100 and express cytochrome oxidase, whereas
the extrastriolar hair cells do not show these reactions (Saidel et al. 1990;
Saidel and Crowder 1997).

Morphologically, extrastriolar hair cells closely resemble amniote type 11
hair cells and have been given that name. The striolar hair cells bear striking
resemblance to mammalian type I hair cells. However, the definition of
amniote type I hair cells includes the presence of a unique “chalice” or calyx
innervation in which an afferent fiber envelops most of the hair cell body.
Because this type of innervation has not been observed in the otolithic end
organs of fishes, striolar cells have been called type I-like hair cells (Chang
etal. 1992). At the same time, calyxlike endings have been found associated
with hair cells in the semicircular canal cristae of Carassius auratus
(Lanford and Popper 1996).

3.4.2 Evolution of Hair Cell Heterogeneity

Several arguments support the idea that two hair cell types evolved very
early in the evolution of the octavolateralis system. First, the two types are
found in diverse teleost taxa (Wegner 1982; Chang et al. 1992; Popper et al.
1993; Saidel et al. 1995; Lanford and Popper 1996). Second, there is evi-
dence that the same types of cells are also found in the lateral line of
Astronotus (Song et al. 1996), suggesting that they were present very early
in the evolution of sensory hair cells. Third, examination of published
figures from studies on elasmobranchs (Lowenstein et al. 1964; Corwin
1977) shows structures in some hair cells that resemble teleost type I-like
hair cells.

3.5 Hair Cell and Nerve Fiber Addition

Unlike most other vertebrates, fishes continue to add large numbers of
sensory hair cells in the otic end organs for much (if not all) of an animal’s
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life (Corwin 1981a,b, 1983; Popper and Hoxter 1984; Lombarte and Popper
1994). This is in contrast to amphibians (Corwin 1985) and birds (Jgrgensen
and Mathiesen 1988), which only add a small number of hair cells
postembryonically, and mammals, which may not add hair cells at all
(e.g., Forge et al. 1995; Rubel et al. 1995).

Analysis of several end organs of the elasmobranch ear demonstrates
that hair cell addition continues for a number of years (Corwin 1981b,
1983). Evidence for hair cell addition is also found among diverse bony
fishes including goldfish (Platt 1977) and Astronotus (Popper and Hoxter
1984). The most comprehensive example of addition comes from a study of
the saccule, lagena, and utricle of the hake Merluccius merluccius, a com-
mercially important fish whose life history is well known (Lombarte and
Popper 1994). Figure 3.4 shows that a 6-month-old hake has ~5000 saccular
hair cells, whereas a 9-year-old hake will have over one million. Interest-
ingly, hair cell addition is greatest in the saccule of this species and particu-
larly in the region of the saccule closest to the swim bladder (Lombarte and
Popper 1994).

Is the addition of hair cells accompanied by an increase in the number of
afferent neurons? This question has not been studied extensively, and the
results are contradictory. No increase in the number of eighth neurons was
observed in the ray (Raja clavata) as hair cells were added, suggesting that
the number of hair cells innervated by each neuron increased with the age
of the animal (Corwin 1983). In contrast, there was a small but significant
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FIGURE 3.4. Sensory hair cell addition vs. fish age in each of the otolithic end organs
of the hake (Merluccius merluccius) for fish from ~7-cm total length (6 months of
age) to 75cm (9 years old). Note that the greatest amount of hair cell addition
occurred in the saccule, whereas hair cell addition was about comparable in the
lagena and utricle. (Data from Lombarte and Popper 1994.)
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increase in the number of nerve fibers to the saccule of Astronotus as the
number of hair cells increased (Popper and Hoxter 1984), and this increase
has been corroborated in developmental studies (Presson and Popper
1990). However, although the number of hair cells in Astronotus increased
by at least 100-fold, the number of neurons only increased ~4.8 times. As in
the ray, this results in a substantial increase in the number of hair cells
innervated by each neuron as Astronotus grows, with the result being a ratio
of hair cells to neurons of 30:1 in small fish to over 300:1 in the largest fish
(Popper and Hoxter 1984).

3.5.1 Significance of Hair Cell Addition

The functional significance of the postembryonic addition of hair cells is not
really understood. In the macula neglecta of Raja clavata, Corwin (1983)
found evidence of increased neural sensitivity to sound as the number of
hair cells innervated by each neuron increased. In contrast, Rogers and
colleagues (Popper et al. 1988; Rogers et al. 1988) noted that as fishes grow,
changes occur in the relative sizes and positions of the different structures
associated with hearing. They developed a model that predicts that growth
in the number of hair cells tends to maintain sound detection and processing
capabilities in the fact of this structural change. At this point, there are no
other data to directly test these competing hypotheses. The only indirect
data come from a study on goldfish 45 and 120 mm in standard length,
showing that hearing sensitivity and frequency range do not vary with size
(Popper 1971). Yet it is possible that this size difference was not large
enough to show differences in hearing sensitivity.

4. The Auditory Periphery

The auditory periphery in bony fishes includes the inner ear and, in many
species, ancillary structures that may enhance hearing capabilities (both
sensitivity and bandwidth). No ancillary structures have been described for
elasmobranchs and agnathans.

4.1 The Ear

The inner ear in fishes and elasmobranchs includes three semicircular
canals and associated sensory regions (cristac ampullaris) and three
otolithic end organs, the saccule, utricle, and lagena (Figs. 3.5, 3.6, and 3.7).
Some species of fish and all elasmobranchs (Fig. 3.7) have a seventh end
organ, the macula neglecta (Retzius 1881; Corwin 1977, 1981a). The ear in
agnathans (Fig. 3.8) is strikingly different from that in jawed fishes (Retzius
1881; Lowenstein et al. 1968; Lowenstein and Thornhill 1970) in that vari-
ous species have one or two canals as opposed to three canals found in all
other vertebrates. Although these species have otolithic organs, they are
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Ficure 3.5. Head of an otophysan fish, the minnow (Phoxinus laevis), showing
the ear and brain. This ear is very similar to that of the goldfish, a closely related
otophysan. A: dorsal view. B: lateral view. Aa, Ae, Ap, ampullae of semicircular
canals; Bo, olfactory bulb; C, cerebellum; Ca, Ch, Cp, semicircular canals; Ct,
transverse canal; L, lagena; M, midbrain; Mo, medulla; Mph, pharyngeal muscles;
Raa, Rl, Rs, rami of eighth cranial nerve innervating ear; S, saccule; Ss, common
crus; U, utricle; X, cranial nerve X. (From von Frisch and Stetter 1932). See Figure
3.5A for details of the structure of the ear of Phoxinus.

not likely to be serially homologous to the comparably named otolithic end
organs of fishes (Popper and Hoxter 1987).

4.2 General Structure of the Ear in Fishes

4.2.1 Teleosts

Within teleosts, there is considerable variation in the structure of the
otolithic end organs, as seen in Figure 3.6. The greatest variability is found



3. The Auditory Periphery in Fishes 57

FiGure 3.6. Drawings of the ears of three bony fishes to show the variation in
structure encountered. A: minnow Phoxinus laevis, an otophysan (from Wohlfahrr
1933). Top lateral view, bottom medial view. B: Atlantic herring Clupea harengus
(redrawn from Retzius 1881). C: lungfish Protopterus (redrawn from Retzius 1881).
Aa, Ae, Ap, cristae of semicircular canals; Ca, Ch, Cp, semicircular canals; Ct,
transverse canal (connecting left and right saccules); L, lagena; Fsl, foramen be-
tween saccule and lagena; mn, Pn, papilla (macula) neglecta; ms, saccular macula;
mu, utricular macula; pl, lagenar macula; Raa, Rl, Rs, branches of eighth nerve; S,
saccule; Ss, common canal; U, utricle.

in the end organs associated with hearing—the saccule in most species and
the utricle in clupeids (Blaxter et al. 1981; Platt and Popper 1981). This
variation includes the gross shapes and sizes of the end organs, as well as
the shapes and sizes of the otoliths, the extent of sensory epithelium
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FiGure 3.7. Drawing of the ear of the angle shark Squantia angelus (from Retzius
1881). Left is medial view and right is lateral view. Selected structures: aa, ae, ap,
ampullae of semicircular canals; ac, eighth nerve; ade, opening to endolymphatic
duct; ca, ch, cp, semicircular canals; cr, cristae of semicircular canals; de, endolym-
phatic duct; 1, lagena; mn, macula neglecta; ms, saccular macula; mu, utricular
macula; pl, lagenar macula; raa, rl, rs, ru, branches of eighth nerve; s, saccule; u,
utricle.

covered by the otoliths, the shapes and sizes of the sensory epithelia, the
hair cell orientation patterns on the epithelia, the lengths of the ciliary
bundles in different epithelial regions, and the distribution of different hair
cell types.

Perhaps the most pronounced differences in gross organ structure are the
relative sizes of the saccule and lagena in otophysan fishes (including gold-
fish, carps, and catfishes) (Fig. 3.6A) compared with all other teleosts (often
informally called “nonotophysans”) (Fig. 3.6B). In the nonotophysan fishes,
the saccule is generally much larger than the lagena (Fig. 3.6B). In contrast,
the otophysan lagena has approximately the same epithelial area as the
saccule (Fig. 3.6A). _

The functional significance of this difference has not been shown experi-
mentally, but there is reason to suggest that the saccule and lagena may play
somewhat different roles in hearing in otophysan and nonotophysan fishes
(Schellart and Popper 1992; Popper and Fay 1993). In otophysans, the
saccule receives nondirectional, pressure-dependent input from the swim
bladder, and the lagena responds primarily to particle motion (Fay 1984)
(see Section 5.7). In some nonotophysans, the saccule may respond to both
of these sound components. The function of the diminutive nonotophysan
lagena is not known.
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In general, the utricle does not vary substantially in gross structure
among fishes or among most vertebrates other than the agnathans (Platt
and Popper 1981). The only exceptions are found in fishes that use the
utricle in sound detection. These include the clupeid (herringlike) fishes
where the swim bladder actually projects to an air bubble that is intimate to
the utricle (e.g., Blaxter et al. 1981) and where the utricle may be involved
in detection ultrasonic sounds for predator avoidance (Mann et al. 1997).
In addition, at least some of the Ariid catfishes (e.g., Arius felis) have an
enlarged utricle compared with other fishes, and it has been suggested that
this end organ is adapted for detection of low-frequency sounds used by
these species in communication and in a form of echolocation (Popper and
Tavolga 1981).

4.2.2 Elasmobranchs

The structural plan of the ear in elasmobranchs is basically the same as in
other vertebrates (Fig. 3.7), with three semicircular canals, three otolithic
end organs, and a macula neglecta (e.g., Tester et al. 1972; Corwin 1977,
1981a; Popper and Fay 1977). However, unlike most other vertebrates, the
macula neglecta is often quite large (Corwin 1977, 1978, 1981a, 1989). It is
located in the posterior canal duct (Fig. 3.7, de-endolymphatic duct) and
consists of paired sensory epithelia overlaid by a single gelatinous cupula.
The elasmobranch ear is embedded in cartilaginous otic capsules that lie
just below a tiny pair of endolymphatic pores that open to the dorsal sur-
face of the animal. These pores mark the position of the endolymphatic
(or parietal) fossa, which is a “dished-out” area in the chondrocranium
covered by a taut layer of skin (Corwin 1977, 1981a, 1989; Popper and Fay
1977).

4.2.3 Agnathans

The gross structure of the agnathan ear (Fig. 3.8) differs from that in other
vertebrates. The lampreys (Petromyzoniformes) have two semicircular
canals and a single, elongate, sensory epithelium that has been called the
macula communis (Lowenstein et al. 1968) (Fig. 3.8B). The ear also has
enlarged chambers that open to the macula communis and contain numer-
ous multiciliated epithelial cells lining its walls. These ciliated cells, which
are not found in any other vertebrate ears, appear to cause fluid movements
within the chamber (Lowenstein et al. 1968; Popper and Hoxter 1987). The
functional significance of this movement is not known.

The ear of the hagfish Myxine glutinosa was first described by Retzius
(1881) and most recently by Lowenstein and Thornhill (1970) (Fig. 3.8A).
If anything, the hagfish ear is even simpler than that in the lamprey. The
labyrinth is toroidal in shape and is, for all practical purposes, a single
canal that contains two semicircular canallike cristae that Lowenstein
and Thornhill called anterior and posterior. Lying between the cristae,
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FiGure 3.8. Schematic drawings of the ears of two jawless fishes. A: hagfish Myxine
glutinosa (from Lowenstein and Thornhill 1970). a, Anterior nerve branches; AA,
anterior ampulla; AC, anterior canal crista; AG, anterior ganglion (eighth nerve);
AR, anterior ramus of eighth nerve; cp, central and posterior nerve branches; ED,
endolymphatic duct (proximal part); MC, macula communis; PA, posterior ampulla;
PC, posterior crista; PG, posterior ganglion (eighth nerve); PR, posterior ramus
of eighth nerve. B: lamprey Lampetra fluviatilis. This schematic drawing shows the
lower half of the left labyrinth. Note the locations of the ampullae of the two
semicircular canals and their cristae as well as the position of the macula communis,
which is made up of the m. utriculi, m. sacculi, and m. lagenae. The large ciliated
chambers contain numerous cells, each of which has multiple kinocilia on its apical
surface (Popper and Hoxter 1987). (From Lowenstein et al. 1968.)

essentially at the base of the toroid, is a macula communis. This macula is
elongate and extends up into both the anterior and posterior chambers of
the toroid, which results in sensory hair cells of the macula being located on
several different planes of the hagfish.
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4.3 Orolithic End Organs

Each of the gnathostome otolithic end organs, the saccule, utricle, and
lagena, is a sac that includes two major structures (Fig. 3.6). Lining a portion
of the wall of the sac is a sensory epithelium (or macula) that contains hair
cells and supporting cells (Figs. 3.1 and 3.2). A calcium carbonate mass fills
a portion of the sac, lying very close to the sensory epithelium (Fig. 3.6). In
nonteleost bony fishes and in cartilaginous fishes and agnathans (as well as
in all tetrapods), the mass is composed of elongate or fusiform crystals
embedded in a gelatinous matrix (Carlstrom 1963; Gauldie 1996). In most
teleosts, however, the crystals are fused into a solid mass, the otolith (Fig.
3.9). The functional difference between an otoconial mass and an otolith
has not been investigated.

Both the otolith and otoconial mass are far denser than the rest of the
fish’s body. They are kept in position near the epithelium via a thin gelati-
nous otolithic “membrane” (Dunkelberger et al. 1980), which appears to
connect to the surface of the epithelium and to the otolith (Popper 1977).
In other fishes (and tetrapods), the otoconia are actually embedded in
the otolithic membrane that is attached to the surface of the sensory
epithelium.

The shape of the otoliths in teleost fishes, particularly the saccular otolith,
is highly species specific (Fig. 3.9), and has been used to classify fossil fishes
(see Gauldie 1996). The functional significance of this shape, if any, to
audition is not known.

4.4 Ultrastructure of the Sensory Epithelium
4.4.1 Teleost Fishes

The sensory epithelium in each of the otolithic end organs contains hair
cells and supporting cells (see Sections 3.1 and 3.2). The hair cells in each
end organ are divided into “orientation groups,” each of which has cells
oriented in approximately the same direction as defined by having their
kinocilia on the same side of the ciliary bundle (Fig. 3.2). The orientation
directions may shift abruptly, creating groups of oppositely oriented hair
cells separated by an uneven dividing line, often called the “striola.” There
is considerable interspecific variation in the hair cell orientation patterns in
different fish species (Fig. 3.10).

The orientation pattern in the lagena and utricle tend to be relatively
conservative among fishes, and the usual fish utricular pattern is also similar
to the general tetrapod pattern (Fig. 3.10A). The only exception to this rule
is in species where the utricle is adapted for sound detection, such as in the
clupeids and the marine catfish (Arius felis) (see Section 4.2.1).

The saccular hair cell orientation pattern tends to be similar in species
that do not have specializations thought to enhance hearing. These fishes
generally only respond to sounds up to 300-500 Hz with relatively poor
sensitivity (see Fay and Megela Simmons, Chapter 7). In contrast, hearing
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A. Zebrasoma veliferum

B. Halosaurid

C. Opisthoproctus soleatus

D. Chanos chanos

FiGURE 3.9. Saccular otoliths from four teleost species. In each case, the medial side
of the otolith is on the left and the lateral side on the right. A: Zebrasoma veliferum.
B: a halosaurid. C: Opisthoproctus soleatus. D: Chanos chanos. Zebrasoma and the
halosaurid are typical of many nonotophysan species in having relatively ellipsoid
otoliths with a deep groove (sulcus) on the medial side in which sits the sensory
epithelium. Opisthoproctus and Chanos (an ancestor to otophysans) demonstrate
some extremes in the shapes of saccular otoliths. (From Platt and Popper 1981.)
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Ficure 3.10. Schematic drawings of the sensory hair cell orientation patterns on
otolithic organs from different fish species. These patterns represent the vast major-
ity of fish species that have been studied and are drawn to demonstrate that the same
basic patterns are found among a wide range of fishes. The arrows approximate the
orientation of the major portion of the hair cells in each epithelial region (see Fig.
3.2). These regions are separated by darker lines. A: utricular patterns. The pattern
on the left is the most commonly found among teleosts, whereas that on the right is
less common. B: lagenar pattern on the left is the most common among fishes, but
the one on the right has been found among all otophysan fishes. C: six different
saccular patterns have been identified (see Popper and Coombs 1982). See text for
discussion. D, dorsal; M, mediolateral; R, rostral. (Reprinted from Popper and Platt
1993. Copyright CRC Press, Boca Raton, Florida, © 1993.)

specialists, species that have wider hearing ranges and greater sensitivity
than generalists, tend to have not only specializations that enhance
sensitivity peripheral to the ear but also specializations within the otic end
organ most closely linked to these specializations (Popper and Coombs
1982).
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Analysis of the hair cells among bony fishes has demonstrated the pres-
ence of six basic hair cell orientation patterns (Fig. 3.10C) (Popper and
Coombs 1982; Popper and Platt 1993). These are found across taxonomic
groups, and it has been suggested that several patterns arose multiple times
during the evolution of fishes in response to similarities in adaptive
pressures for certain kinds of sound detection or processing (Popper and
Coombs 1982).

The most common, or “standard,” pattern is found in all teleost fishes
that are thought to be hearing generalists based on their having a narrow
bandwidth of hearing (e.g., Fay 1988; Fay and Megela Simmons, Chapter 7)
or because they lack morphological structures usually associated with hear-
ing specialization. Four patterns (opposing, crossing, vertical, and dual) are
found in fishes that, based on behavioral data or morphological specializa-
tions, appear to be hearing specialists that use the saccule for audition
(Popper and Coombs 1982).

For example, the vertical pattern is found in all otophysan fishes (Popper
and Platt 1983) as well as in the unrelated mormyrids (Popper 1981).
Otophysans have Weberian ossicles providing acoustic coupling between
the swim bladder and the saccular chamber, whereas the mormyrids have
an auxiliary air bubble attached to the saccule (Stipeti¢1939). Similarly, the
opposing pattern is found among a number of species in which the swim
bladder makes close contact with the saccule. The relationship between
peripheral specializations and specializations in the saccule is strikingly
seen in two squirrelfishes (Holocentridae). One species, Myripristis kuntee,
has the swim bladder contacting the saccule and an opposing saccular
orientation pattern, whereas the standard pattern is found in Adioryx
xantherythrus, a related species that does not have a connection between
the swim bladder and saccule (Popper 1977). Based on behavioral data,
Adioryx is considered a hearing generalist, whereas Myripristis is a special-
ist (Coombs and Popper 1979).

Although most of the interspecific variation found in otolithic end organs
is associated with the saccule, there are at least two groups of teleosts in
which the utricle is associated with specializations for hearing, and it is that
end organ that has specializations in hair cell orientation patterns. One
such species is the marine catfish, Arius felis, an otophysan species that has
particularly acute hearing at ~200 Hz (Popper and Tavolga 1981), whereas
other otophysans have their best hearing from 500 to 1,000 Hz. Arius has an
enlarged utricle with hair cells only along the striolar region as opposed to
all other otophysans, which have the normal pattern of extensive extra-
striolar hair cells as well as striolar hair cells.

Another specialization in the utricle is found in the Clupeomorph fishes.
These species have an air-filled auditory bulla associated with the utricle
(Blaxter et al. 1981). Unlike other fishes, the utricle in clupeids is divided
into three parts, and the combined hair cell orientation patterns in these
regions are similar to the specialized patterns found in the saccules of
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hearing specialists (Popper 1977; Popper and Platt 1979; Popper and
Coombs 1982). In contrast, the saccule in clupeids has the standard pattern
found in species that do not have saccular specializations for hearing. At
least some clupeids can detect ultrasound up to 180 kHz, and it has been
suggested that the specialized utricle and associated structures may be
involved in this capability (Mann et al. 1997).

4.4.2 Nonteleost Bony Fishes

The basic anatomy of the ear does not differ between teleost and non-
teleost bony fishes. Species that have been studied include members
of the Actinopterygian subclass Chondrostei, the bichir Polypterus
bichir (Polypteriformes) and the shovel-nose sturgeon Scaphirhynchus
platorynchus (Acipenseriformes) (Popper 1978), and two nonteleost mem-
bers of the subclass Neopterygii, including the gar Lepisosteus osseus
(Semionotiformes) (Mathiesen and Popper 1987) and the bowfin Amia
calva (Amiiformes) (Popper and Northcutt 1983). Data are also available
for representatives of each of the three lungfish groups (Platt and Popper
1996, unpublished data) and for the lagena of the coelacanth Latimeria
chulumnae (Platt 1994).

The basic pattern of the lagena and utricle of the nonteleost bony fishes
is similar to that of teleosts, although there are some small differences that
may ultimately prove to be functionally significant if and when there are
studies of hearing and inner ear function in these species. The saccule
differs from teleosts in several ways. Most importantly, the hair cell orien-
tation pattern for all the nonteleosts most closely resembled the vertical
pattern (Fig. 3.10C, curved vertical pattern). However, although the vertical
pattern appears to be derived in teleosts from a four-quadrant pattern (e.g.,
Popper and Northcutt 1983), in nonteleosts, the vertical pattern appears
to be the primitive form of orientation. At the same time, hair cells in the
saccule of nonteleosts are oriented in four directions. But rather than
having hair cells in four distinct groups as in the teleosts, the shift in
orientation from vertical to horizontal, when it occurs in nonteleosts, is
related to developmental changes in the curvature of the epithelium and
the resultant shift in the direction of hair cells (Fig. 3.10C) (Popper 1978;
Popper and Northcutt 1983; Mathiesen and Popper 1987; Platt and Popper
1996, unpublished data).

It is also of interest that the nonteleost saccular hair cell pattern is
reminiscent of that found in both the elasmobranch (see Section 4.1.3) and
the tetrapod saccule (Spoendlin 1964), supporting the argument that these
fishes may be more closely ancestral to tetrapods than to teleosts. Second,
it is clear that the vertical pattern in these fishes is not related to that found
in the otophysans or the mormyrids. It has been suggested that the vertical
pattern found in teleosts is secondarily derived from fishes having a stan-
dard teleost pattern (Popper and Platt 1983).
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4.4.3 Chondrichthyes

The ears of the sharks and rays are basically similar to the ears of other
fishes (Fig. 3.7), with the exception that the chondrichthyes often have a
large macula neglecta (e.g., Retzius 1881; Corwin 1977) that may be a
primary sound detector (Corwin 1978). The ear is located just ventral to the
skull, and elongate endolymphatic ducts project to an endolymphatic fossa
in the dorsal chondrocranium.

The sensory epithelia in the ears of the few elasmobranchs that have been
studied have orientation patterns that are generally similar to patterns
in the primitive bony fishes (Section 4.1.2) (e.g., Lowenstein et al. 1964;
Corwin 1977, 1978; Barber and Emerson 1980). The utricular orientation
patterns are basically similar to those found in other fishes and tetrapods
(e.g., Barber and Emerson 1980), although Lowenstein et al. (1964), using
transmission electron microscopy (EM) rather than scanning EM (SEM),
reported that the orientation pattern in the utricle of Raja clavata is random
rather than organized as in other fishes.

The saccular pattern in the skate (Raja ocellata), studied using SEM,
is close to a vertical pattern, although the cells at the rostral end of the
epithelium are rotated somewhat rostrally and caudally in a pattern that
resembles the teleost standard pattern (Barber and Emerson 1980). How-
ever, because there is no detailed analysis of orientation patterns of the
saccule in this species, it is very possible that the pattern more closely
resembles the curved vertical pattern of primitive teleosts (Fig. 3.10C). In
contrast, Lowenstein et al. (1964) reported a totally uniform vertical pattern
in the saccule of R. clavata.

The lagena in both species of Raja that have been studied have hair cells
oriented dorsally and ventrally, but cells with opposing orientations are
intermixed as opposed to being in separate groups as in other fishes and
tetrapods. Finally, the macula neglecta is divided into two separate epithelia
in elasmobranchs. All of the hair cells on each epithelium are oriented in
generally the same direction, and the orientations on the two epithelia are
opposite to one another (Corwin 1977, 1978). Corwin (1978) has demon-
strated that there is substantial interspecific differences in the size of the
macula neglecta in six different elasmobranchs, and he suggested a correla-
tion between size and use of the macula neglecta in food finding.

4.4.4 Agnathans

The macula communis of the lamprey lies along the medial floor of the ear
and is divided into three contiguous regions that have been called the
anterior, middle, and posterior maculae (Lowenstein et al. 1968). These
regions have, at times, been called the saccule, lagena, and utricle, with the
assumption that these are homologous to like-named end organs of other
vertebrates (Lowenstein et al. 1968). However, there is no evidence to
demonstrate such homology (Popper and Hoxter 1987). The whole macula
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communis is covered by a thick otoconial layer, and the ciliary bundles on
the hair cells of the macula are similar to those found in other fishes. There
are no data to indicate whether lampreys are capable of detecting sound,
although Lowenstein (1970) showed a sensitive response to vibration from
the eighth nerve of isolated ears of Lampetra.

The macula communis of Myxine (the only hagfish for which there are
data) is a single structure that lies at the base of the single toroidal chamber
and extends into both the anterior and posterior vertical arms of the toroid
(Lowenstein and Thornhill 1970). The macula is covered by a mass of
otoconia and contains sensory hair cells that have a wide range of orienta-
tions. In general, those at either end of the macula appear to be generally
directed upward into the arms and toward the cristae, whereas the hair cells
on the part of the macula lying at the base appear to be oriented in a wide
range of directions, with a tendency to be oriented perpendicular to the
cells in the arms (Lowenstein and Thornhill 1970).

4.5 Functional Significance of Ear Structure
in Bony Fishes

The functional significance of diversity in ear structure has not been ex-
plored systematically beyond the observations that one or the other of the
otolith organs of the otophysan and nonotophysan hearing specialists ap-
pear to be adapted for receiving input from the swim bladder or another
nearby gas bubble. Questions remain about the functional significance of
differences in size and shape of the end organs and their otoliths, the extent
of the sensory epithelium covered by the otolith (Popper 1978), and the
degree to which end organs are segregated in separate sacs.

Although still speculative, there are three aspects of ear ultrastructure
that may be correlated with function and that may ultimately provide
insight not only into how individual ears function but also into the broader
issue of why ears of various species are morphologically distinct. These
three areas are (1) hair cell ultrastructure, (2) ciliary bundle length, and (3)
hair cell orientation patterns. The significance of hair cell ultrastructure was
considered in Sections 3.3 and 3.4 and ciliary bundle length in Section 3.2.

As discussed in Section 3.3, sensory hair cells are morphologically and
physiologically polarized so that their response to hair bundle deflection is
proportional to a cosine function of the direction of stimulation relative to
the most sensitive axis of the cell. This axis is defined as a line from the
center of the hair bundle through the eccentrically located kinocilium. The
very fact that hair cells on any epithelium are divided into orientation
groups leads to the suggestion that the patterns on the epithelium may
function in directional hearing.

One might imagine, using a very simple model of the standard pattern
(Fig. 3.10), that motion of the otolith relative to the sensory epithelium
along the rostrocaudal axis would maximally excite cells in the rostral end
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of the epithelium, whereas there would be minimum stimulation to cells
that are oriented orthogonally to this direction (the vertically oriented
cells.) Conversely, motion on the vertical axis would maximally stimulate
caudal cells and minimally stimulate the horizontally oriented cells. Finally,
stimulation along an axis that is at a 45° angle would produce the same level
of stimulation in both the horizontal and vertical cell groups.

If the assumption is then made that otolithic afferents are “labeled”
according to the orientation of the hair cells that they innervate, at least to
the first level of the auditory central nervous system (e.g., Fay 1984; Fay and
Edds-Walton 1997a; Lu et al. 1998), then it could be possible to devise a
model that computes the direction of a signal source by comparing across-
neuron patterns of activity (e.g., Buwalda 1981; Schellart and de Munck
1987; Popper et al. 1988; Rogers et al. 1988). For example, many sensory
epithelia have a complex curvature, thus increasing the range of stimulus
directions represented. In addition, each end organ in an ear is oriented on
nonparallel planes, and corresponding organs of the two ears are oriented
along nonparallel axes. Thus a fish can potentially obtain a good deal of
directional information by comparing separate inputs from hair cells from
both ears and all end organs. It is not clear, however, whether inputs to the
brain from differently oriented hair cells are spatially mapped (however,
see Wubbles et al. 1993) or functionally labeled in any way. This is an
important issue for most models of directional hearing (e.g., Schuijf 1975;
Buwalda et al. 1983; Saidel and Popper 1983a,b; Rogers et al. 1988).

Although this model suggests a way that the axis of particle motion could
be resolved, it still leaves open the question of determining the direction of
wave propagation. In other words, which end of the axis points to the sound
source? This has been called the “180° ambiguity” by Schuijf (1975). In an
attempt to solve this problem, Schuijf and colleagues (Schuijf 1975; Schuijf
and Buwalda 1980; Buwalda et al. 1983) proposed that fishes not only gain
directional information from the orientation patterns of the sensory epithe-
lia but compare phase information from organs that differ in their sensitiv-
ity to sound pressure and particle motion. This is discussed in greater detail
by Fay and Megela Simmons (Chapter 7). It is worthwhile to point out here
that the few behavioral tests of this method to resolve ambiguity support
its existence; however, the Schuijf model would only work in fishes that
can detect both sound pressure and particle motion (generally, hearing
specialists).

Also supportive of the model suggesting that hair cell orientation pat-
terns give rise to directional information are results showing that many
otolithic afferents in several unrelated species, the goldfish, Opsanus, and a
goby (Dormiator latifrons), exhibit directional sensitivity that would be
expected if the afferent innervated one hair cell or a group of hair cells
having the same directional orientation (Hawkins and Horner 1981; Fay
1984; Fay et al. 1994; Fay and Edds-Walton 1997a; Lu and Popper 1997;
Lu et al. 1998). Moreover, the axis of particle motion may be spatially
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mapped in the midbrain of a trout, Oncorhynchus mykiss (see Feng and
Schellart, Chapter 6), and there is evidence for binaural interactions in the
brain of the cod Gadus morhua (Horner et al. 1980), an important pre-
requisite for most models of directional hearing (also see McCormick,
Chapter 5, and Fay and Megela Simmons, Chapter 7).

The final question to be asked concerns the functional significance of the
different patterns of hair cell orientation in both the saccule and lagena.
Are the different patterns all achieving the same final goals for signal
detection and processing, or do they represent different mechanisms for
directional detection and processing? Interestingly, as mentioned earlier,
the same basic patterns reappear in taxonomically unrelated species, and
the standard pattern is nerve encountered in hearing specialists. Although
there are not sufficient data to directly address these issues, the fact that
certain patterns have reevolved suggests that there are only a limited
number of detection and processing schemes possible among fishes.

4.6 Innervation of the Ear

As discussed in Section 4.2, several models have been proposed for hearing
in fishes that assume an anatomic or functional segregation in the brain of
information from discrete regions of the sensory epithelium (e.g., Buwalda
1981; Schellart and de Munck 1987; Popper et al. 1988; Rogers et al. 1988).
However, little is actually known about the regional innervation of the
otolith organs or of topographic projections to brain stem nuclei.

The only systematic data on innervation of the saccular epithelium
are for Astronotus (Saidel and Popper 1983a,b; Popper and Saidel 1990;
Presson et al. 1992), Carassius (Furukawa 1981; Sento and Furukawa 1987),
and Opsanus tau (Edds-Walton et al. 1996). In these species, many afferent
neurons divide rather widely to innervate large regions of the epithelium
(Sento and Furukawa 1987; Presson et al. 1992). However, there is some
evidence that most neurons are restricted enough in their field of innerva-
tion to stay within one hair cell orientation group or region (Furukawa and
Ishii 1967; Furukawa 1981; Saidel and Popper 1983a; Edds-Walton et al.
1996), and there appear to be separate neurons innervating the marginal
and central regions of the epithelium in Astronotus (Presson et al. 1992).
Furukawa and Ishii (1967) reported a few neurons that responded as if they
innervated hair cells from both orientations, but it is not known whether
similar types of neurons are found in other species.

The size of the dendritic arbor of each neuron varies (Presson et al. 1992),
and we do not know how many hair cells are innervated by any individual
neuron, although Sento and Furukawa (1987) report at least 7-10 terminals
per afferent in the goldfish saccule, whereas Edds et al. (1989) found up to
50 terminals per arbor in the same species. Edds-Walton et al. (1996) also
report up to 100 terminals for some arbors in the saccule of Opsanus tau. It
is likely that each neuron must innervate large numbers of hair cells because
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there are far more hair cells than afferent fibers (Popper and Hoxter 1984;
Mathiesen and Popper 1987). It is also likely that each neuron makes more
than one synapse per hair cell (Popper and Saidel 1990). At the same time,
in both the saccule of Astronotus and the lagena of the anabantid Colisa
labiosa, there is considerable inter-hair cell variation in the number and
distribution of both afferent and efferent synapses (Wegner 1982; Popper
and Saidel 1990).

Little is known about efferent innervation of the ear and the relationship
between efferent and afferent innervation. It is clear, however, that there
are far fewer efferent neurons than hair cells (e.g., Sans and Highstein 1984;
Roberts and Meredith 1992) and the majority of hair cells, at least in
the saccule of Astronotus, receive efferent innervation (Popper and Saidel
1990). Although efferent neurons are known to modulate the responses of
sensory hair cells in the lateral line of some elasmobranchs and Opsanus
(Roberts and Russell 1972; Tricas and Highstein 1990, 1991) and in the ears
of at least some tetrapods (Guinan 1996), there are no data to address this
issue in the fish ear.

Several questions need to be asked with regard to innervation of the ear.
Some of the most interesting are: (1) Is the interspecific variation found in
numbers of neurons and synapses on individual hair cells meaningful or
only a consequence of the small sample size (both inter- and intraspecific)?
(2) What is the functional significance of a variable number of afferent or
efferent synapses per cell and in having efferent synapses on some popula-
tions of hair cells and not others? (3) What is the area of the epithelium
innervated by a single efferent neuron? The answer could have important
consequences for the function of the efferent system because an efferent
neuron that innervates a broad expanse of sensory epithelium would have
much coarser effects than a neuron that innervates only a small epithelial
region. (4) Is the innervation found in Astronotus typical of all fishes or are
there differences in innervation among different species, and particularly
between hearing specialists and nonspecialists? (5) Most importantly, what
are the effects of efferent activation on the encoding of sound by the ear in
fishes (Tricas and Highstein 1990, 1991)?

4.7 Ancillary Structures

It has been clearly demonstrated that the hearing specialists have ancillary
structures that function to help increase signal level and bandwidth at the
ear. The most widely found auxiliary structure is one or more gas-filled
bladders that are mechanically coupled to the inner ear. It should be noted,
however, that the presence of the abdominal swim bladder itself does not
mean that a fish is a hearing specialist, and it is only when there is some
means of mechanical coupling to the ear that specialization occurs. In
addition to the swim bladder, some species of bony fish have secondary air
bubbles located in the head near the ears (e.g., mormyrids, Stipeti¢ 1939;
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anabantids, Wegner 1979; Saidel and Popper 1983a,b; clupeids, Denton and
Gray 1980) that appear to enhance hearing sensitivity and bandwidth in
these species.

Other than the swim bladder, the best-known specializations are found in
the otophysan fishes where a series of bones, the Weberian ossicles (Weber
1820), physically couple the swim bladder to the ear, thereby providing a
direct path for motion of the swim bladder walls to be transmitted to the
fluids of the ear (Alexander 1962). The mechanical transmission and filter-
ing characteristics of the Weberian ossicles have not been systematically
investigated.

4.7.1 Swim Bladder and Other Gas Bubbles

The swim bladder (Fig. 3.5) serves a variety of roles for bony fishes, includ-
ing helping the fish maintain its position in the water column and produce
and detect sound (Blaxter 1981). Due to the low density and high compress-
ibility of the swim bladder gas, the bladder walls tend to move at a relatively
high amplitude as its volume fluctuates in a sound pressure field (Rogers
and Cox 1988). The motions of the wall, in effect, reradiate the energy in the
sound signal, and the swim bladder becomes a secondary near-field source
that can potentially stimulate the otolith organs.

The distance between the rostral end of the swim bladder and the ear
appears to be of significance for the role of the swim bladder in audition.
The swim bladder is a monopole source because it fluctuates in volume and
its nearfield attenuates steeply with distance. As a consequence, the signal
level at the ear is a function of the distance between the swim bladder and
the ear and of the characteristics of intervening structures such as bones,
muscles, and other tissues. However, there are very few data on the actual
function of these systems. Most of what can be said is speculative.

There is generally some distance between the rostral end of the swim
bladder and the inner ear in hearing generalists. In contrast, a number of
species have evolved specializations that in some way bring the swim blad-
der closer to the auditory regions of the inner ear. The most common
adaptation is a rostral extension of the swim bladder toward the auditory
bulla as found in the hearing specialist Myripristis, in the gadids (cods and
relatives), and in many other species in widely divergent taxonomic groups.
In other cases, the hearing adaptation may be a small bubble of air in the
head region. In some cases, as in the anabantid fishes (bubble-nest build-
ers), the bubble is totally separate from the swim bladder (Saidel and
Popper 1987), whereas in others, such as in the clupeids, there is a small
tube connecting the inner ear bubble to the swim bladder (Blaxter et al.
1981). It appears that the air bubbles in the head region enhance hearing
sensitivity, and in those cases where behavioral comparisons were made
between related species that have and do not have the bubbles, the species
with the bubbles always showed a wider bandwidth and greater sensitivity
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than the species without the bubbles (anabantids, Saidel and Popper 1987;
squirrelfish, Coombs and Popper 1979).

5. Response of Otolithic Afferents to Sound

The responses of otolithic organs to sound are encoded in the response
patterns of innervating eighth nerve neurons. Studies of these activity pat-
terns help reveal the acoustic response properties of the otolithic organs
and their ancillary structures, the functional characteristics of hair cells and
their synapses on primary afferents, and the dimensions of neural activity
that represent acoustic features of sound sources such as level, frequency,
and location. In addition, afferent activity patterns contain all the informa-
tion that is used by the brain in computing the characteristics of sound
sources (see Feng and Schellart, Chapter 6). Quantitative analyses of pe-
ripheral neural codes and acoustic behaviors help reveal what dimensions
of neural activity are used by the brain in computing sound source charac-
teristics (see Fay and Megela Simmons, Chapter 7). In a comparative con-
text, these analyses help to specify which structural features of the ears have
functional significance for the sense of hearing and which do not. Finally,
comparisons between fishes and other taxa with regard to peripheral repre-
sentations of sound features help to suggest which neural representations
are primitive and which are derived among the vertebrates.

The responses of primary otolith afferents in response to sound and head
motion have been systematically studied in only a few fish species. These
species include goldfish (Carassius auratus, reviewed in detail below),
catfish (Ictalurus punctatus, Moeng and Popper 1984), bullhead (Cottus
scorpius, Enger 1963), cod (Gadus morhua, Horner et al. 1981), tench
(Tinca tinca, Grozinger 1967), and the oyster toadfish (Opsanus tau, Fay
and Edds-Walton 1997a,b). The following discussion focuses on the gold-
fish, with treatment of other species investigated where appropriate.

5.1 Postsynaptic Potentials and the Hair Cell Synapse

Excitatory postsynaptic potentials (EPSPs) in saccular afferents of the gold-
fish have been extensively studied by Furukawa and his colleagues (Ishii
et al. 1971; Furukawa et al. 1972; Furukawa et al. 1978; Furukawa et al.
1982; Furukawa 1981; Suzue et al. 1987). This work has led to a multiple-
release-site model of the hair cell synapse (Furukawa 1986). The fundamen-
tal observations are that EPSPs are graded in amplitude and decline with
time during a stimulus tone, thus suggesting the hair cell synapse as the site
of adaptation (Furukawa et al. 1978). A statistical analysis of EPSP ampli-
tudes showed that the adaptive rundown of EPSPs was due to a reduction
of the number of transmitter quanta available at the presynaptic sites, given
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the stimulus level, and not to the probability of a given quantum being
released.

These and other studies provided evidence that (1) there are numerous
presynaptic release sites, (2) each release site has a different threshold and
is activated only if the stimulus level reaches that threshold, (3) a single
synaptic vesicle is allocated to each release site, and (4) once a vesicle is
released, the site remains empty until replenished from a larger store.
Among other things, this model explains why an increment in stimulus
level results in a robust spike response from highly adapted afferents
(the existence of release sites having higher thresholds) and why a small
stimulus level decrement may result in a transient loss of all spikes (only
empty, low-threshold sites are activated). Furukawa et al. (1982) also ob-
tained evidence that vacant release sites are replenished in an order from
high threshold to low and that sites with thresholds below the stimulus
level are not replenished as long as the stimulus level remains above their
threshold.

Among other effects, the multiple-release-site model predicts very high
sensitivity to both increments and decrements (amplitude modulations) in
the level of an ongoing sound. Behavioral studies (Fay 1980, 1985) indicate
that goldfish are able to detect amplitude increments and decrements as
small as 0.1dB. No other vertebrate, including humans, has been shown to
be as sensitive to amplitude fluctuations (Fay 1988). Because responses to
stimulus decrements are less pronounced in mammalian cochlear afferents
than in goldfish saccular afferents (Fay 1980), it appears that some aspects
of the multiple-release-site model may not apply as well to mammals.

5.2 Spontaneous Activity

As in all vertebrate auditory systems investigated, primary afferents of
several fish species investigated show varying degrees and patterns of spon-
taneous activity. In goldfish (Fay 1978a,b), the catfish Ictalurus nebulosus
(Moeng and Popper 1984), Gadus morhua (Horner et al. 1981), and
Opsanus (Fay and Edds-Walton 1997a), saccular afferents generally fall
into four groups with respect to spontaneous activity patterns: (1) those
without spontaneous firing, (2) those with approximately random
interspike-interval distributions, (3) those that show random bursts of
spikes giving bimodal distributions of interspike intervals, and (4) small
proportion of saccular neurons that show highly regular spontaneous
patterns. These fibers are very insensitive to sound and may serve vestibular
rather than auditory functions or may be efferent neurons. Spontaneous
rates can range up to 250 spikes/sec. As is the case for mammals (Ruggero
1992), afferents showing no spontaneous activity are among the least sensi-
tive and afferents with low, irregular spontaneous activity are the most
sensitive.
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The functional significance of spontaneous activity and its variation
among afferents is not clear. However, it has been noted in goldfish (Fay
et al. 1996b) and Opsanus (Fay and Edds-Walton 1997a) that the encoding
of a sound’s waveform differs somewhat for highly spontaneous and low or
zero spontaneous afferents. In highly spontaneous afferents, spikes tend to
occur at the same times or phase with respect to the stimulating waveform
regardless of sound level within an afferent’s dynamic range. In this case,
the sound waveform simply modulates spike probability in a linear manner.
In zero and low spontaneous afferents, spikes advance in phase over a 90°
range as sound level increases above threshold. Here, afferents respond at
the time at which the stimulating waveform reaches threshold; this thresh-
old crossing occurs earlier in time as the stimulus level is raised. These latter
afferents thus represent excitation level in terms of response time or latency
as well as spike rate or probability. This effect has implications for sound
source localization, as discussed in Section 5.7.

5.3 Frequency Selectivity of Auditory Afferents

The question of the degree to which auditory afferents of fishes are
frequency selective is important with respect to understanding the
micromechanics and biophysics of hair cells and with respect to understand-
ing the computational strategies of the brain that help in the detection and
determination of sound sources based on their spectral characteristics. As
in all vertebrates, fishes encode sound signals through phase locking in the
time domain (e.g., Fay 1978a; see Section 5.6) and through filtering in the
frequency domain (e.g., Furukawa and Ishii 1967) (see Figs. 3.11 and 3.13).
The relative importance of these two codes for mammals has long been a
matter of debate (Wever 1949), and the debate has now extended to all
vertebrate groups including fishes.

Long ago, it was pointed out that a mechanical frequency-to-place trans-
formation (von Békésy 1960) was unlikely to occur in otolith organs (von
Frisch 1938) and thus that any frequency analysis that did occur probably
depended on time-domain computations based on phase-locked inputs to
the brain. More recently, however, it has become clear that hair cell reso-
nance (Crawford and Fettiplace 1981) and local, micromechanical factors
(reviewed by Patuzzi 1996) could achieve frequency selectivity and
tonotopy in the absence of a macromechanical traveling wave (Holton and
Weiss 1983).

Quantitative data on frequency selectivity of primary auditory afferents
exist only for a few fish species including goldfish (e.g., Furukawa and Ishii
1967, Fay and Ream 1986; Fay 1977), Ictalurus (Moeng and Popper 1984),
Gadus (Horner et al. 1981), and Opsanus (Fay and Edds-Walton 1997b).
For these species, it is clear that saccular afferents differ with respect to the
center frequency and bandwidth of response. However, it has proven diffi-
cult to characterize the frequency response or tuning characteristics of
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afferents in a single, simple way. This difficulty apparently arises from
nonlinearities in the afferent response, including frequency after saturation
(see Section 5.6), frequency-dependent adaptation (see Section 5.1), single-
tone suppression (see Section 5.5), and the operational definitions used to
characterize frequency selectivity.

Furukawa and Ishii (1967) first described saccular afferents of the gold-
fish with respect to frequency selectivity and categorized them into two
groups: S1 and S2. Briefly, afferents classified as S1 respond best at high
frequencies (>500 Hz) and have larger fiber diameters and no spontaneous
activity. S1 afferents innervate primarily the rostral region of the saccule.
Hair cells of the rostral saccule tend to have short cell bodies and short
stereocilia (Platt and Popper 1984) and tend to exhibit a damped oscilla-
tion of the membrane potential in response to depolarizing current steps
(Sugihara and Furukawa 1989). Afferents classified as S2 respond best at
low frequencies (<300 Hz), are smaller in diameter, and are the major
projections from the caudal region of the saccule where hair cells are tall,
with stereocilia generally longer than those of the rostral hair cells. Tall
hair cells do not resonate but produce a “spike-plateau” response when
depolarized. The S1-S2 classification scheme focuses on a suite of afferent
characteristics but does not include quantitative descriptions of frequency
selectivity.

The frequency-response properties of goldfish saccular afferents have
been quantitatively described using several methods including frequency-
threshold (tuning) curves based on phase-locking (Fay 1978b) and spike
rate (Fay and Ream 1986) criteria, frequency-by-level response areas based
on spike rate criteria (Fay 1990, 1991; Lu and Fay 1996), and the reverse
correlation (revcor) method (Fay 1997) in response to wide-band, flat-
spectrum noise. The revcor method was first used as a way to characterize
the filtering functions of auditory nerve fibers by de Boer and de Jongh
(1978). Briefly, averaging hydrophone recordings of the acoustic noise trig-
gered by spike times produces an impulse response (revcor) that estimates
the response of the linear filtering that precedes spike generation. The
spectrum of the revcor estimates an afferent’s filter shape. In general, the
picture that emerges is that each of these measures provides a somewhat
different view of frequency selectivity. The most revealing measures are the
frequency-by-level response areas and the revcor filter functions.

Figure 3.11 compares these two measures for four representative saccular
afferents of the goldfish (Fay 1997). In this figure, the continuous lines are
the revcor filter shapes at three overall noise levels, and the functions
composed of straight line segments plot spike rate as a function of fre-
quency for tone burst stimuli, with overall level as the parameter. These
latter functions will be referred to as response areas (RAs).

The RAs for the two low-frequency afferents (bottom panels) show
characteristic frequencies (CFs; the frequency at which threshold is lowest)
in the region of 200Hz. For afferent C15 (lower left), the best frequency
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Ficure 3.11. Frequency-response data for four representative saccular afferents of
the goldfish Carassius auratus. The revcor function (40 msec in duration) is shown
as an inset. The filter shapes (smooth curves) are the spectra of the revcors after
subtracting the averaged, smoothed acoustic spectrum and then smoothing with a 5-
point moving average (9.77 Hz/point). The left ordinate applies to the revcor filter
shapes (in dB with an arbitrary reference). The dotted and dashed lines serve to
visually separate the functions obtained at different stimulus levels (spectrum levels
in dB: re: 1 dyne cochlear microphonics). Isolevel spike rate functions of tone-
burst frequency (response areas, RAs) are shown as lines connecting data points
referred to the right ordinate. Numbers are sound pressure levels in dB re: 1 dyne
cochlear microphonics . Spontaneous rates are: 0 for B22 and C10, 16 spikes/sec for
C15, and 4.4 spikes/sec for C17. (Modified from Fay 1997.)

(BF; the frequency producing the most spikes) remains at CF as level
increases. In contrast, afferent C17 (lower right) exhibits an upward shift in
BF, reaching 500 Hz as the level increases. This level-dependent “BF shift”
is common among low-CF saccular afferents (Lu and Fay 1993). At fre-
quencies above BF, both afferents show a relatively steep decline in tone-
evoked activity that converges at the spontaneous rate between 500 (C15)
and 700 Hz (C17) and falls below the spontaneous rate at higher frequen-
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cies. This single-tone suppression is common among low-CF saccular affer-
ents in goldfish (Fay 1990; also see Section 5.5).

Revcor filter functions for C15 and C17 show relatively broad tuning with
corners at ~150-200 and 600 Hz (thin vertical lines in the bottom panels).
Although the revcor features near 200 Hz tend to correspond with CF
determined from the RAs, the corner features at 600 Hz do not. For C15,
600-Hz tones are suppressive rather than excitatory, and for C17, the RA
functions decline steeply above 600 Hz. Thus revcor filter functions present
a different view of frequency selectivity than do the RAs.

Afferent B22 (upper left) has a CF near 600 Hz and a BF that remains
at this frequency throughout the dynamic range. The RA for afferent C10
(upper right) shows a CF at ~900 Hz. Note that the BF for this afferent
shifts downward to ~600 Hz as level is raised. This is common among high-
frequency saccular afferents (Lu and Fay 1993).

The revcor filter functions for these high-frequency afferents show a peak
at ~600 Hz, with roll-offs toward lower and higher frequencies. Thin verti-
cal lines approximately locate features (peaks or corners) of the filter func-
tions. In general, these features include a major peak at 600 Hz, and minor
peaks at ~170 and 900 Hz. Note that for afferent C10, the 900-Hz peak in
the filter functions corresponds to the CF determined from the RA. For
B22, the 600-Hz peak in the filter functions corresponds to CF.

These results on the frequency selectivity of goldfish saccular afferents
are rather complex, illustrating that different experimental paradigms may
produce contradictory results and may lead to different conclusions. In
general, RAs are more informative than frequency-threshold curves, in part
because suprathreshold phenomena such as the BF shift are not observable
in frequency-threshold curves. Interestingly, the revcor filter functions
present the simplest view of frequency selectivity, indicating that saccular
afferents can be placed in two major categories: those with a major peak at
~200 Hz and a plateau extending to 600 Hz and those with prominent peaks
at ~600 and 900 Hz. Perhaps the simplicity of the revcor results reflects the
more natural, wide-band stimuli used to obtain them. In any case, there is
no doubt that the saccule of the goldfish parses the sound spectrum into at
least two frequency regions and encodes energy in these regions somewhat
independently. Thus frequency selectivity exists for the goldfish saccule as
it does for the auditory receptor organs investigated among all vertebrate
classes (e.g., Sachs and Kiang 1968; Koppl and Manley 1992; Lewis 1992;
Manley and Gleich 1992).

There are limited data on frequency selectivity of saccular afferents in
other fish species, including another hearing specialist (Ictalurus, Moeng
and Popper 1984) and two hearing generalists, Gadus (Horner et al. 1981)
and Opsanus (e.g., Fay and Edds-Walton 1997b; see Fig. 3.12). In general,
these data are consistent with those for the goldfish in indicating a small
number of differently tuned peripheral channels. Opsanus and Gadus hear
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only up to several hundred hertz and their tuned channels are therefore
restricted to the very low frequencies. Recent data for Opsanus using the
revcor method (Fay and Edds-Walton 1997b) reveal two filters with peaks
at 74 and 140 Hz and a third population that apparently combines these two
filters to varying degrees.

Fishes differ from other vertebrates in having a small number of differ-
ently tuned channels, and questions arise about the utility of such a simple
system compared with the continuously variable tuning observed in all
other vertebrate classes. We point out here that many cells of the auditory
midbrain (central nucleus of the torus semicircularis) in goldfish show
sharper tuning and a more continuous distribution of CFs than those ob-
served in primary afferents (Lu and Fay 1993; see also Feng and Schellart,
Chapter 6). Sharpening and the dispersion in CF are created by inhibitory
interactions observable at the level of the midbrain (Lu and Fay 1996). For
the goldfish, then, a set of auditory filters with continuously distributed
CFs is synthesized in the brain using only two differently tuned peripheral
inputs. We suggest that similar processing occurs in other fishes as well.
Indirect evidence that such processing occurs in both hearing specialists and
generalists comes from psychophysical experiments (see Fay and Megela
Simmons, Chapter 7) demonstrating sharply tuned and continuously dis-
tributed auditory filters (e.g., Hawkins and Chapman 1975; Fay et al. 1978).

5.4 Origins of Frequency Selectivity

It is very unlikely that frequency selectivity observed in saccular afferents
arises from the sort of macromechanical tuning characteristic of the mam-
malian cochlea and the bird basilar papilla. More likely explanations in-
clude hair cell resonance and micromechanical mechanisms that are local to
hair cells and their ciliary attachments to the otoliths. Hair cell resonance
has been studied in isolated saccular hair cells of the goldfish (Sugihara
and Furukawa 1989) and Opsanus (Steinacker and Romero 1992). In both
species, two general classes of hair cells have been found: those that
produce a damped oscillation (resonance) to a current step and those that
produce a spike. In goldfish, the resonance frequency of hair cells from the
rostral saccular region varies between 40 and 200 Hz. Because these cells
likely provide input to the high-frequency saccular afferents that respond
best in the 600- to 900-Hz range (Fig. 3.11), it is unclear how the 200-Hz
resonance observed in vitro could contribute to the frequency response of
these afferents.

In Opsanus, the resonance frequency of saccular hair cells averages
142 Hz (Steinacker and Romero 1992), a value equal to the peak frequency
of the high-frequency afferents (Fig. 3.12). This suggests that the tuning of
these afferents is caused, at least in part, by hair cell resonance. At the same
time, however, the simple second-order resonance typical of hair cells alone
cannot entirely explain the filter shapes that have been observed (Figs. 3.11
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Ficure 3.12. Upper panel: averaged filter functions for the two major categories of
saccular afferents of the toadfish Opsanus tau (thick and thin solid lines) and the
average for the high-frequency afferents (dotted line) after a —24 dB/octave tilt
around a pivot point of ~100Hz (from Fay 1997). Lower panel: a similar compari-
son of the two categories of saccular afferents in the goldfish Carassius auratus.
For the goldfish, the high-frequency filter function (thick solid line) matches the
low-frequency function (thin solid line) best after a —15dB/octave tilt around a
pivot point of ~400Hz (dotted line). Although the goldfish hears in a wide fre-
quency range compared with toadfish, the hearing range is similarly divided
between two afferent types in both species. (Modified from Fay and Edds-Walton
1997b.)

and 3.12). As Lewis (1992) has pointed out (see also Lewis and Narins,
Chapter 4), second-order resonances result in filter functions having decel-
erating roll-off slopes (concave filter skirts), yet primary afferents tend to
have filter functions with accelerating slopes (i.e., have convex filter skirts),
especially above the center frequency. These and other features of the filter
functions and revcors indicate filtering of high dynamic order (Lewis 1992)
and suggest that electrical resonances of hair cells are absorbed into the
complex dynamics of an entire system that could include bidirectional
transduction (mechanical to electrical and the reverse).

For both the goldfish and Opsanus, spiking hair cells appear to provide
input to their respective low-frequency afferents. If true, how can the fre-
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quency selectivity of the low-frequency afferents be explained? A possible
explanation is illustrated in Fig. 3.12 showing averaged revcor filter func-
tions for the two classes of saccular afferents in goldfish (Fay 1997) and
Opsanus (Fay and Edds-Walton 1997b). The dotted line in each panel is the
high-frequency filter function that has been spectrally “tilted” about the
point at which the two filter functions intersect (400 Hz for goldfish, 100 Hz
for Opsanus). The best-fitting spectral tilt is —15dB per octave for the
goldfish and —24dB per octave for Opsanus. Although the magnitudes
of the tilts are difficult to interpret, this analysis suggests that the low-
frequency filter function in each species may be the result of a simple
transformation of the high-frequency filter. One mechanism that could help
explain these correspondences is that low-CF afferents may innervate hair
cells responding to otolith displacement, whereas high-CF afferents con-
tact hair cells responding to otolith acceleration. These differing response
properties could arise from differences among hair cells in hair bundle
stiffness and the friction of coupling to the otolith (cf. Rogers and Cox
1988). In this context, we note that such a spectral tilt also operates in the
mechanosensory lateral line system: the acceleration-coupled canal neuro-
masts respond to higher frequencies than the velocity-coupled superficial
neuromasts (Denton and Gray 1983). In any case, micromechanical pro-
cesses combined with hair cell resonance (and possibly bidirectional trans-
duction) apparently contribute to peripheral frequency selectivity in fishes
as well as in amphibians (Lewis 1992; see also Lewis and Narins, Chapter 4),
reptiles (K6ppl and Manley 1992), and birds (Manley and Gleich 1992).

The goldfish saccule is crudely tonotopically organized; high-CF afferents
originate primarily from the rostral region (Furukawa and Ishii 1967).
However, there is no evidence that the saccule of Opsanus is tonotopically
organized. The frequency response functions of afferents from the rostral,
middle, and caudal regions of the saccular epithelium show no tendency
for tonotopy (Fay and Edds-Walton 1997a). A similar lack of tonotopy was
reported for the saccule of Gadus (Horner et al. 1981). Furthermore,
Steinacker and Romero (1992) found resonant, nonresonant, and spiking
hair cells in all regions of the Opsanus saccular epithelium. It appears that
although individual elements of the saccule and its nerve show diverse
frequency selectivity, the epithelium may not be topographically organized
with respect to frequency. The sort of frequency analysis observed in saccu-
lar afferents of goldfish and Opsanus (Fig. 3.12) may be the most primitive
basis for parsing the acoustic spectrum yet observed in vertebrates (Fay
1997).

Fishes were probably the first vertebrates to solve problems of frequency
analysis, and these solutions may have formed a model for those of their
tetrapod descendants. However, both goldfish and Opsanus differ from
other vertebrate species in having a small number of differently tuned
channels (two or three) compared with the continuously variable tuning
observed in the auditory nerves of anuran amphibians, reptiles, birds, and
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mammals. We note that many cells of the torus semicircularis of goldfish
show sharper tuning and a more continuous distribution of CF than primary
afferents do (Lu and Fay 1993). This sharpening and dispersion in CF is
most likely created by inhibition (Lu and Fay 1996), and the result is a set
of filters with continuously distributed CF synthesized in the brain (see
Feng and Schellart, Chapter 6). These sorts of computations may underlie
many of the behavioral capacities for frequency analysis revealed in
psychophysical studies (reviewed by Fay 1988; see also Fay and Megela
Simmons, Chapter 7).

5.5 Suppression in Saccular Afferents

Saccular afferents of the goldfish reveal a set of nonlinear phenomena that
are common to auditory afferents in most vertebrate classes and thus may
be primitive functional characteristics of the peripheral neural code under-
lying the vertebrate sense of hearing. The most striking of these phenomena
are two-tone rate suppression and single-tone suppression.

In a linear system, adding two stimuli results in a response that is equal to
or greater than the response to either stimulus presented alone. Two-tone
rate suppression (TTRS) is a nonlinear effect defined as the reduction in
evoked spike rate to one stimulus as a result of the addition of a second
stimulus. In a typical TTRS experiment, the response to a stimulus just
above threshold at an afferent’s CF can be reduced by the simultaneous
presentation of a second tone in frequency regions either below or above
CF. Because this is a physiologically vulnerable response observable at the
level of basilar membrane motion in mammals (reviewed in Patuzzi 1996),
it has been hypothesized to arise from stimulus-evoked movements of outer
hair cells that feed back onto the mechanical response of the cochlear
partition. TTRS has been observed in primary auditory afferents of anuran
amphibians (Capranica and Moffat 1980; see also Lewis and Narins,
Chapter 4), reptiles (Manley 1990), birds (Hill et al. 1989b), and mammals
(Sachs and Kiang 1968) and most recently in saccular afferents of the
goldfish (Lu and Fay 1996). As in the amphibian papilla of anurans, TTRS
in the goldfish saccule occurs only in a subpopulation of low-frequency
afferents. However, unlike the case for anurans, TTRS occurs in goldfish
only for suppressive frequencies well above the CF. Although the func-
tional significance of TTRS is not clear at present, its appearance in goldfish
suggests that it is a primitive characteristic of vertebrate auditory systems
and may be caused by different mechanisms in different taxa.

In goldfish, what appears to be spontaneous activity can also be sup-
pressed in some low-CF saccular afferents by single tones presented at
frequencies well above the CF (Fay 1990, 1991). This controversial sort of
suppression has been termed “single-tone suppression” to distinguish it
from TTRS (see also Lewis and Narins, Chapter 4). Single-tone suppression
has also been reported for mammals (Henry and Lewis 1992), some reptiles
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(Manley 1990), and birds (e.g., Hill et al. 1989a). Figure 3.13 illustrates
suppression of apparently spontaneous activity in the response areas of two
saccular afferents (units 242 and 91) with CFs between 200 and 300 Hz; as
the stimulus frequency rises above the CF, the response transitions from
excitation to suppression. This is most evident during the second 25-msec
epoch of the 50-msec tone burst (bottom panels). In the region of transition
between declining excitation and suppression, it is difficult to distinguish
frequency-dependent adaptation (Coombs and Fay 1985, 1987) from sup-
pression. Single-tone suppression and frequency-dependent adaptation are
observed in many low-CF saccular afferents but in not all of them (see unit
38 in Fig. 3.13). Lewis (1986) has made similar observations for afferents of
the anuran amphibian papilla (see also Lewis and Narins, Chapter 4).

The origin of single-tone suppression is not clear. Hill et al. (1989c)
proposed that it could result from hypopolarization at the spike initiation
zone due to positive, extracellular fields produced by receptor currents
through nearby hair cells. This is plausible for goldfish because low-CF
saccular afferents must pass near rostral saccular hair cells that respond best
at higher frequencies. One of the consequences of single-tone suppression
is that the frequency R As for some saccular afferents are sharpened above
CF as time progresses throughout a brief tone burst (compare upper and
lower panels in Fig. 3.13).
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Ficure 3.13. Frequency-by-level RAs for three saccular afferents of the goldfish
Carassius auratus tuned near 250 Hz. The filled areas indicate the number of spikes
recorded during the first (top panels) and second (bottom panels) 25-msec epochs of
a 50-msec tone burst presented at the frequencies and levels indicated. The area of
each square is proportional to the number of spikes evoked. The solid lines outline
the tuning curves based on both increases and decreases of spike rate. The dotted
lines show the tuning curves from the opposite (upper or lower) panels. (From Fay
1990.)
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5.6 Phase Locking

In goldfish (Fay 1978b), Gadus (Horner et al. 1981), and Opsanus (Fay and
Edds-Walton 1997a,b), all sound-responsive saccular afferents phase lock,
or synchronize, to all acoustic waveforms within the frequency range of
hearing including noise (Fay et al. 1983; Fay 1997). Because phase locking
is ubiquitous among low-frequency afferents (for effective frequencies
below ~4kHz in most cases) in all vertebrate auditory systems investigated,
it is apparently a primitive characteristic of the neural code for hearing.

Phase locking is used in encoding interaural time differences in ongoing
sounds and in improving signal-to-noise ratios for binaural signal detection
in humans (Jeffress 1948) and presumably in all vertebrates including fishes
(e.g., Schuijf 1975; Rogers et al. 1988; Fay and Coombs 1983; see also
Section 5.7). In addition, phase locking has been hypothesized to play a role
in pitch perception and other aspects of frequency analysis in tetrapods
(Wever 1949) and fishes (Fay et al. 1983). In goldfish, the temporal error
with which saccular afferents synchronize to tones predicts behavioral fre-
quency discrimination acuity (Fay 1978b), suggesting that central computa-
tion based on a phase-locked peripheral code is a primitive strategy for
signal analysis in vertebrate auditory systems.

Saccular afferents also synchronize to the envelopes of amplitude-
modulated tones and noise (Fay 1980). For modulated tones, each afferent
has a modulation rate to which it is most sensitive, ranging between 20 and
over 200 Hz. Sensitivity to amplitude-modulated tones can be quite high
(Furukawa et al. 1982), with significant responses to increments and
decrements of sound pressure as small as 0.1 dB (Fay 1985). Responses of
goldfish saccular afferents to temporally asymmetrical envelopes exhibit
asymmetries in the phase angle of phase locking and spike rate that are
qualitatively predicted by Furukawa’s (1986) model of the hair cell synapse
(see Section 5.1) and that account for the perceptual distinctiveness of
envelope shapes (Fay et al. 1996; see also Fay and Megela Simmons,
Chapter 7).

5.7 Directional Responses to Whole Body Acceleration

As predicted by de Vries (1950), the primitive and shared mode of sound
detection in fishes results from the otolith organs responding to acoustic
particle motion as inertial accelerometers (Fay and Olsho 1979). Whole
body acceleration activates primary afferents from all otolith organs
(saccule, lagena, and utricle) in goldfish, with the most sensitive afferents
having thresholds as low as 0.1 nm at 140 Hz (Fay 1984). Saccular afferents in
Opsanus have similar thresholds, and most afferents are saturated for dis-
placements greater than 1 um (Fay and Edds-Walton 1997a,b). This displace-
ment sensitivity is remarkable. At 0-dB sound pressure level (near the
human threshold of hearing at 1 kHz), basilar membrane displacement in the
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guinea pig is about 0.2 nm (Allen 1996). In studies on the vibration sensitiv-
ity of the bullfrog sacculus, Koyama et al. (1982) reported acceleration
thresholds as low as 10~° g at 50 Hz, corresponding to displacements of about
0.1nm. This sensitivity to whole body motion predicts that behavioral detec-
tion thresholds for hearing generalists such as Astronotus (Lu et al. 1996) and
Opsanus (Fish and Offutt 1972) are probably determined by the direct
detection of acoustic particle motion (see Fay and Megela Simmons, Chapter
7, for a more complete discussion of behavioral detection thresholds).

In goldfish, all otolithic afferents responding to acceleration of the head
tend to have low-pass frequency-threshold curves when the signal level is
expressed in acceleration units, with some saccular afferents responding to
higher frequencies than lagenar and utricular afferents (Fay 1981). In
response to whole body acceleration, saccular afferents of Opsanus are
frequency selective, with one class of afferents responding best at 74 Hz
another class responding best at 140Hz, and a third population with
response peaks at both frequencies (Fay and Edds-Walton 1997b). In gen-
eral, the frequency-response functions for lagenar afferents of the goldfish
resemble those for saccular afferents of Opsamus and Gadus (Horner et al.
1981) in having the best frequencies between 100 and 200 Hz. Based on
these data, it is suggested that all otolith organs in fishes will have best
displacement thresholds in the region of 0.1nm and a frequency response
extending up to at least 200 Hz.

In goldfish (Fay 1984), Opsanus (Fay and Edds-Walton 1997a), and
Gadus (Hawkins and Horner 1981), the response of most otolithic afferents
vary as a function of the axis of translatory motion according to a cosine
function. Because a cosinusoidal directional response function has been
measured for individual hair cells (Hudspeth and Corey 1977), it appears
that most otolithic afferents probably receive effective input only from
homogeneously oriented hair cells. Figure 3.14 illustrates the directional
response of a typical afferent of the saccule of Opsanus (Fay and Edds-
Walton 1997a). In polar coordinates, synchronized spike rate functions of
the stimulation axis are cosinusoidal functions (panel A) and threshold
functions are straight lines (panel B), as would be expected in a linear
system. The line that passes through the origin and represents the long axis
of the dipole figure in panel A is the axis producing the greatest synchro-
nized spike rate. The line that passes through the origin and is perpendicu-
lar to the threshold functions in panel B is coincident with the line in panel
A. This line defines the axis of stimulation at which threshold is lowest, or
the characteristic axis (CA). It is generally assumed that directional hearing
by fishes depends on central computations using the directionality of indi-
vidual neural channels as inputs. The directionality observed in primary
afferents is preserved at least to the level of the midbrain in trout
(Oncorhynchus mykiss) (e.g., Wubbles et al. 1993) and in goldfish (Ma and
Fay 1996). See Feng and Schellart, Chapter 6, for further detail on direc-
tional representations in the central auditory system.



3. The Auditory Periphery in Fishes 85
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FiGure 3.14. A: polar plot of the responsiveness (Z) of a saccular afferent of the
toadfish Opsanus tau as a function of the axis of 100-Hz translatory motion on the
horizontal plane. Z = n, where r is the coefficient of synchronization and n is
the number of spikes recorded. Data points are plotted twice to facilitate interpre-
tation: once at the nominal stimulus axis angle and once again at the nominal angle
plus 180°. Filled and open symbols serve to visually separate the data obtained at
four stimulus levels (given as root mean square displacement in dB re: 1um).
The double-ended arrow indicates the axis on the horizontal plane that is most
excitatory. B: polar plot of displacement thresholds from the same afferent in A.
The symbols are displacement thresholds for the criteria of Z = 20 (open squares)
and Z = 100 (filled squares; the highest threshold is off scale and not plotted).
Again, thresholds are plotted twice: once at the nominal stimulus axis angle and
once again at this angle plus 180°. The straight lines through the symbols are the
best-fitting linear functions to the threshold points. The double-ended arrow per-
pendicular to the threshold lines indicates the axis at which the threshold is lowest.
The radius of the circle is 1 nm.

In goldfish (Fay 1984) and Opsanus (Fay and Edds-Walton 1997a),
otolithic afferents are widely distributed with respect to orientation of their
CA in spherical coordinates. Figure 3.15 shows these data for both species.
In this view, each symbol represents a single afferent. The symbol’s location
on the northern hemisphere of the globe represents the location at which its
CA would penetrate the globe’s surface. In the goldfish right saccule (panel
A), afferents are tightly grouped (40-60° elevation, 0-30° azimuth). The
CAs of lagenar afferents are more widely scattered in elevation but are
still loosely grouped in azimuth between 0 and 90° (panel B), and those of
utricular afferents tend to fall near the equator on the horizontal plane
(panel C). In the left saccule of Opsanus (panel D), CAs tend to cluster on
an axis near —45°. This is qualitatively consistent with the oblique angle of
the saccular epithelium in the horizontal plane (Fay et al. 1996a).

The diverse patterns of hair cell orientation over the surface of the
epithelium (see Section 4.4) primarily determine the azimuth of utricular
CAs and the elevation of saccular and lagenar CAs. Utricular afferents of
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Toadfish left saccule

FiGure 3.15. A-C: distributions of the characteristic axis (CA) for afferents of the
right saccular (n = 22), utricular (n = 29), and lagenar (n = 85) nerves of the
goldfish (Fay 1984). The view is down onto a northern hemisphere with the fish’s
ears at the globe’s center. The symbols locate the points at which CAs penetrate the
globe’s surface (from Fay 1984). D: distribution of CAs for the left saccular nerve
(n = 96) of Opsanus. (From Fay and Edds-Walton 1997a.)

Opsanus tend to have CAs clustering at 0° elevation, corresponding to the
essentially horizontal orientation of the utricular epithelium. For the sac-
cule and lagena of goldfish and the saccule of Opsanus, CA azimuths tend
to correspond with the overall azimuthal orientations of the otoliths and
sensory epithelia of the respective organs. This correspondence results from
the nearly vertical orientation of the saccular and lagenar sensory epithelia.
Thus saccular and lagenar hair cell orientation patterns appear to have
relevance only for vertical sound localization. In this case, the elevation of
the axis of acoustic particle motion could be resolved through central com-
putations across the array of afferent input. It is interesting to consider that
sound source elevation in humans and other terrestrial tetrapods is thought
to be represented, at least in part, in terms of spectral shape (Wightman
et al. 1991). Spectral shape is a stimulus feature represented monaurally in
mammals as an across-afferent (tonotopic) profile of activity. The saccule of
Opsanus is not tonotopically organized but rather is organized directly with
respect to elevation. Thus there appears to be a parallel between fishes and
tetrapods in the strategy for encoding sound source elevation.
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Encoding sound source azimuth in fishes could well depend on binaural
processing as it does in tetrapods. For many terrestrial animals, azimuth
is encoded through interaural stimulus differences of time and intensity
brought about by the physical separation of the external ears by the head.
In fishes, there probably are no usable interaural stimulus differences in
time and intensity. However, given the azimuthal orientations of the right
and left saccular and lagenar epithelia and the corresponding clustering
of CAs in azimuth, direction-dependent interaural differences in response
magnitude will result. These response differences are not due to interaural
stimulus differences but to response differences that arise from the inherent
directional characteristics of hair cells. Differences between the two ears in
terms of overall response magnitude naturally create interaural response-
time differences among low-spontaneous saccular afferents. As noted
above, the angle at which these afferents phase lock is level dependent over
a 90° range, amounting to time differences of 0-2.5 msec at 100 Hz (Fay and
Edds-Walton 1997a). It is possible that these interaural response-time dif-
ferences are used in binaural processing for resolving sound source azimuth
in fishes. Thus there appear to be parallels between fishes and tetrapods in
the use of binaural strategies for encoding sound source azimuth as well as
in a monaural strategy for encoding elevation.

In the saccular nerves of Opsanus (Fay and Edds-Walton 1997a) and
Gadus (Horner et al. 1981), there is sufficient diversity in CA elevation to
account for directional hearing in the vertical planes. However, this is not
true for the saccule of the goldfish in which afferents are tightly clustered
with respect to best elevation. Thus goldfish (and probably other hearing
specialists) may require inputs from both the saccule and lagena, or the
lagena alone, for encoding the elevation of sound sources.

For goldfish and other hearing specialists that are particularly sensitive to
sound pressure, input to the otolith organs via the swim bladder is likely
to be identical for corresponding elements of both ears. This input is also
probably independent of sound source direction because the swim bladder
provides input to both ears equally, independent of sound source location
(van Bergeijk 1967). Thus the sound pressure waveform probably produces
responses of the saccule that are highly correlated interaurally. Any addi-
tional direct particle motion input to the otolith organs (i.e., acceleration of
the head) that is not on the midsagittal plane will tend to produce responses
with interaural differences (Fay et al. 1982). Subtracting the response
from the two ears (cf. Colburn and Durlach 1978; a sort of common-mode
rejection) will leave information about interaural response differences
(amplitude and phase) caused by the head-acceleration component of the
stimulus. At the same time, adding the responses from both ears would tend
to emphasize the sound pressure waveform (common to both ears) and
minimize interaural response differences (Popper et al. 1988).

Finally, we note that the directional response of the saccule to acoustic
particle motion gives fishes the equivalent of monaural “pressure-gradient”
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receivers that have been demonstrated for the ears of some amphibians and
birds (reviewed by Fay and Feng 1987; see also Lewis and Narins, Chapter
4) and in the lateral line system (Denton and Gray 1983; see also Coombs
and Montgomery, Chapter 8). The accelerometer mode of otolith stimula-
tion in fishes could be viewed as pressure-gradient detection because par-
ticle motions normally result from pressure gradients (Rogers and Cox
1988).

One issue of directional hearing by fishes remains an enigma: a system of
particle motion receivers is subject to an ambiguity about the direction
of sound propagation (e.g., Schuijf 1975; Schellart and de Munck 1987;
Rogers et al. 1988). The axis of motion may be resolved, but it is not clear
how an accelerometer array alone can represent the vector toward the
source. Schuijf (1975) has shown that this ambiguity can be resolved in the
nearfield through the encoding of the phase relationships between particle
motion and sound pressure. Present understanding of the otolithic ears
and the peripheral neural codes data does not shed sufficient light on this
persistent question; studies at the behavioral and central levels are
required.

6. Summary and Conclusions

Tremendous strides have been made in our understanding of fish hearing
since the pioneering work of Karl von Frisch (1936, 1938) and his students
(e.g., von Frisch and Stetter 1932). This has been particularly the case
since the behavioral studies of fish hearing by Tavolga and Wodinsky
(1963) demonstrated differences in hearing capacities of different fish
species and the first volumes on fish hearing (Tavolga 1964, 1967). Since
that time, we have gained a reasonable understanding of the auditory
periphery and, as discussed in other chapters in this volume, the central
auditory system and the sense of hearing revealed through behavioral
experiments.

Still, there are many significant questions that remain in order for us to
achieve an understanding of the auditory periphery in fishes that is compa-
rable to that already gained for many amniotes (see Popper and Fay 1993).
The following are some of the most important questions that need to be
answered.

1. Are the known patterns of similarity and diversity in the structures
and functions of otolithic ears characteristic of fishes in general, or are there
important dimensions of the patterns that have been missed? The view we
now have is based on a few species, but there are many thousands of extant
species whose peripheral auditory systems have not been described or
analyzed. Functional studies on nonteleosts including Chondrichthyes and
Agnatha are needed, along with a broader survey of the bony fishes, to
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more clearly determine the functions that are primitive and those that are
derived.

2. What is the functional significance of species differences in ear struc-
tures? These differences include species-specific hair cell orientation pat-
terns, innervation patterns, and the relative sizes, shapes, and orientations
of the otoliths and their respective organs. It is generally believed that
species-specific structures imply different functions, but it is not presently
clear that fishes differ in hearing functions other than in bandwith and in
relative sensitivity to sound pressure and acoustic particle motion.

3. What are the peripheral requirements and the neural codes for sound
source localization, and do they differ between hearing generalists and
hearing specialists? Is the encoding of the sound pressure waveform
required for the unambiguous representation of sound source location? Is
the localization code distributed across otolith organs, or is one organ
sufficient? What, if any, is the role of the utricle in hearing and source
localization in nonclupeid fishes?

4. What is the role of the lagena in hearing? The lagena is large among
otophysans but diminutive among many hearing generalists. Does the
otophysan lagena play a role in directional hearing comparable to that
generally accepted for the saccule of the generalists?

5. What is the role of the swim bladder in hearing among generalists?
Is the distinction between specialists and generalists with respect to sound
pressure encoding a matter of degree, or is it the case that sound pressure
is simply ineffective in normal hearing by generalists?

6. What are the efficiency and filtering characteristics of the Weberian
ossicles? What is the nature of the energy-transmission pathway between
the output of the Weberian ossicles and the sacculi (and possibly other
otolith organs)?

7. What is the origin of peripheral frequency selectivity, and how do
species differ in a labeled-lines representation of the acoustic spectrum?
What are the consequences of hair cell resonance and spiking for the
afferent code in vivo? What hair cell mechanisms underlie species differ-
ences in hearing bandwidth?

8. What are the peripheral neural codes underlying the analysis of sound
source characteristics other than source location? What are the relative
roles of temporal and spatial codes in spectral analysis? What dimensions of
neural activity are used to synthesize pitchlike and timbrelike perceptions?
Do these differ among species, or are there widely shared general principles
for encoding sound source characteristics?

9. What is the functional significance of hair cell addition throughout the
life span of fish? Do fishes with more hair cells hear differently than fishes
with fewer hair cells?

10. What are the relative roles of the saccule, lagena, and utricle in
vestibular and auditory functions? Are these functions mixed within an
organ or parsed among organs?
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and account for, tank acoustics. Indeed, his papers continue to guide our
field even in 1999.
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The Acoustic Periphery of
Amphibians: Anatomy and
Physiology

EpwiIN R. LEwis AND PETER M. NARINS

1. Introduction

According to current classification, the living amphibians are distributed
among three orders—Caudata (newts and salamanders, or urodeles),
Gymnophiona (caecilians), and Anura (frogs and toads)—which often are
grouped in a single subclass—Lissamphibia. A current summary of the
biology of the Lissamphibia is found in Duellman and Trueb (1994).
Among the morphological features common to the three orders of
Lissamphibia, but lacking in fish, are four evidently related to acoustic
sensing (see Bolt and Lombard 1992; Fritzsch 1992 for recent reviews):
(1) a hole (the oval window) in the bony wall of the otic capsule; (2) the
insertion of one or two movable skeletal elements, the columella and the
operculum, into that hole from its lateral side; (3) a periotic labyrinth, part
of which projects into the hole from its medial side; and (4) two extraordi-
narily thin membranes (contact membranes), comprising locally fused
epithelial linings of the periotic and otic labyrinths, each contact membrane
forming part of the wall of a separate papillar recess in the otic labyrinth.
The two papillae themselves may be homologues of two sensors found in
fish—the macula neglecta and the basilar papilla. In amphibians, the puta-
tive homologue of the macula neglecta is called the amphibian papilla.
Among fish, the basilar papilla has been found only in the coelacanth fish,
Latimeria (Fritzsch 1987). Another morphological feature common to the
Lissamphibia, but absent in fish, is a large periotic cistern separated from
the saccular recess of the otic labyrinth by a large, extraordinarily thin
membranous wall (like the contact membranes). The periotic cistern is
the part of the periotic labyrinth that protrudes into the oval window and
contacts the columella and operculum (Lombard 1980).

The frogs and toads (anurans) exhibit further acoustic specializations
(Fig. 4.1). In many terrestrial anuran species, the columella spans an air-
filled space (middle ear) between the inner ear and a tympanum (ear drum),
and provides relatively rigid coupling between the tympanum and the wall
of the periotic labyrinth at the oval window—analogous to the coupling
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Ficure 4.1. Diagram of the ear of a frog or toad, depicting the elements associated
with the oval window and the relative positions of two of the acoustic sensors (the
amphibian and basilar papillae). Arrows show the putative paths of acoustic energy
in two frequency ranges according to the observations of Lombard and Straughan
(1974) (see Section 3). (From Duellman and Trueb. Biology of Amphibians © 1994.
The Johns Hopkins University Press.)

provided by the ossicular chain in mammals (Wever 1985; Jaslow et al.
1988). Physiological experiments have demonstrated conclusively that the
anuran basilar papilla and the anuran amphibian papilla both are acoustic
sensors, especially responsive to airborne sound (Frishkopf and Goldstein
1963; Capranica 1965; Frishkopf and Geisler 1966; Feng et al. 1975; Lewis,
Baird et al. 1982). In the more derived anurans, the saccule is uniquely
specialized morphologically and has been shown physiologically to be an
acoustic sensor—exquisitely sensitive to substrate vibration (seismic sig-
nals) (Ashcroft and Hallpike 1934; Cazin and Lannou 1975; Koyama et al.
1982). These various physiological results have led to the following com-
monly accepted inferences: (1) The periotic labyrinth in anurans channels
acoustic signals from the oval window to the acoustic sensors (saccule,
amphibian papilla, basilar papilla) in the otic labyrinth (Harrison 1902; de
Burlet 1935; van Bergeijk and Witschi 1957). (2) Acoustic coupling of
seismic signals from the substrate and low-frequency sound from the air to
the oval window is enhanced by the presence of the operculum and its
associated muscles (Lombard and Straughan 1974; Hetherington et al.
1986). (3) In terrestrial anurans, acoustic coupling between the air and the
oval window is enhanced by the presence of the tympanum/columella sys-
tem (Frishkopf et al. 1968; Lombard and Straughan 1974). Thus, the four
morphological features listed in the first paragraph—columella/operculum,
oval window, periotic labyrinth, and contact membranes—are considered
to be successive elements in two paths for acoustic signal from the animal’s
periphery to the sensors of the otic labyrinth. By analogy, these structures
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commonly are presumed to provide similar functions in those Lissamphibia
(ceacilians and urodeles) for which acoustic physiological data are sparse
(Kingsbury and Reed 1909; Monath 1965; Smith 1968; Wever and Gans
1976; Ross and Smith 1980). Among the living Lissamphibia, only anurans
possess a tympanum and air-filled middle ear. Physiological and behavioral
studies, which have been carried out in many anuran species, both primitive
and derived, show clearly that the anuran nervous system and the animal
itself respond conspicuously to auditory and seismic signals. The frog or
toad thus has its ear to the ground and to the air at the same time. The
urodeles (newts and salamanders) and caecilians, on the other hand, may
have their ears largely to the ground.

2. End Organs and Homologies

The amphibian inner ear is unusual in the number of end organs (separate
sensory surfaces) it contains (Retzius 1881; Wever 1985; Lewis et al. 1985).
Recall that the mammalian inner ear contains six: three semicircular canals,
a saccule, a utricle, and a cochlea. The inner ears of some caecilians contain
nine: three semicircular canals, a lagena, a utricle, a saccule, an amphibian
papilla, a papilla neglecta, and a basilar papilla (Sarasin and Sarasin 1892;
White and Baird 1982). The inner ears of some urodeles and all anurans
contain eight: three semicircular canals, a lagena, a utricle, a saccule, an
amphibian papilla, and a basilar papilla (de Burlet 1928, 1934a,b; van
Bergeijk 1957; Geisler et al. 1964; Mullinger and Smith 1969; Wever 1973;
Lombard 1977; White 1986). Some species of caecilians and urodeles lack a
basilar papilla; this lack is considered a derived state by Lombard and
White (Wever 1975; Lombard 1977; White and Baird 1982). The usual
presumption, based on morphological and developmental criteria, is that
inner-ear end organs of the same name, but in different taxa, are homolo-
gous. Thus the semicircular canals, the utricle, and the saccule of amphib-
ians are considered to be homologous to the corresponding end organs (of
the same names) in fish, reptiles, birds, and mammals; and the lagenar
macula of amphibians can be considered homologous to the maculae of the
same name in fish, reptiles, birds, and monotremes (Fritzsch 1992). The
presumption is brought into question, from time to time, however. Fritzsch
(1992), for example, has argued compellingly that a recess for the lagena,
separate from that of the saccule, has arisen independently at least three
times (i.e., the macula may be homologous from taxon to taxon, but its
recess not).

2.1 Basilar Papilla

The basilar papilla of amphibians often is taken to be homologous to the
end organs of the same name in reptiles and birds, which in turn are
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considered to be homologous to the mammalian cochlea (Baird 1974b;
Fritzsch 1992). In reptiles, birds, and monotremes, however, the basilar
papilla lies within the lagenar recess, close to its union with the saccular
recess (Baird 1974), and among the Lissamphibia, it occurs in that position
in the urodeles and caecilians (White 1978; White and Baird 1982; White
1986). In the anurans, it lies in a separate recess that opens directly into the
saccular recess (van Bergeijk and Witschi 1957; Geisler et al. 1964; Wever
1973). This led Wever (1974, 1985) to propose that the end organ labeled
“basilar papilla” in anurans arose independently of that in urodeles. Struc-
tural differences between the basilar papilla in amphibians and that in
amniotes led Lombard and Bolt (1979) to suggest that it was independently
derived in those two groups. In Latimeria, Fritzsch (1987) identified a
sensory papilla in the lagenar recess, close to its union with the saccular
recess. Its location, structure and innervation led him to conclude that it was
homologous to the basilar papillae of tetrapods. Subsequently, he argued
that the basilar papilla arose just once, in the sarcopterygians, and was
retained in somewhat different forms in Latimeria, the amphibians, and the
amniotes (Fritzsch 1992).

2.2 Amphibian Papilla

The amphibian papilla was considered by Retzius (1881) to be homologous
to the papilla neglecta of fish. The papilla neglecta, however, normally is
associated either with the upper part of the inner ear (pars superior) and the
utricle, or with the duct connecting the pars superior to the lower part of the
ear (pars inferior). In the anurans and the caecilians, the amphibian papilla
resides in an outpocketing of the pars inferior and thus is associated with
the saccule (de Burlet 1934b). Furthermore, the papilla neglecta (in an
appropriate position in the utricle) and the amphibian papilla both are
found in the inner ears of ceacilians, suggesting that the amphibian papilla
may have arisen independently (Sarasin and Sarasin 1890). The issue is not
resolved, however (Baird 1974a,b; Corwin 1977; White and Baird 1982). In
many fish, the papilla neglecta comprises two sensory patches (Platt 1977,
1983; Lewis et al. 1985). In urodeles, caecilians, and the most primitive
living frogs (genera Ascaphus and Leiopelma), the amphibian papilla com-
prises just one patch (Mullinger and Smith 1969; White 1978; White and
Baird 1982; White 1986; Lewis 1981a). In the remaining anurans, it com-
prises two patches that develop separately and merge during maturation (Li
and Lewis 1974; Lewis 1981b, 1984). White and Baird (1982) argued that
the amphibian papilla in all cases was derived from a primitive, two-patch
papilla neglecta, with one patch being lost in urodeles and primitive anurans
but retained in the caecilians and the remaining anurans. In the caecilians,
they argue, the two patches migrated to opposite ends of the large-diameter
duct separating the pars inferior and pars superior. Their argument is
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strengthened by the location of the amphibian papilla in many urodeles—in
an outpocketing from the duct itself (Lombard 1977).

Some investigators have proposed that the amphibian orders arose
independently of one another (see Duellman and Trueb 1994, pp. 437-443).
If the amphibian papilla did arise independently in the amphibians, inde-
pendent origin of any amphibian order would imply that the amphibian
papilla of its members is not homologous to the amphibian papilla of the
other amphibian orders. Based on considerable evidence, the generally
accepted view currently is that of a common origin of the three amphibian
orders (but see Duellman and Trueb 1994, p. 443), in which case the
amphibian papilla could be homologous among all amphibian taxa. Several
shared morphological features (described in a later section of this chapter)
among the amphibian papillae of caecilians, urodeles, and the most primi-
tive living anurans (Ascaphus and Leiopelma) strengthen the argument for
homology at least within the Lissamphibia (Lewis 1981a,b; White and Baird
1982).

2.3 Functional Overview

Although there have been a few such studies of the acoustic periphery in
urodeles (Ross and Smith 1977, 1978, 1980) and caecilians (Wever and Gans
1976; Wever 1985), most physiological and biophysical studies of amphibian
auditory and seismic senses have been carried out on anurans. Four of the
inner-ear end organs (saccule, lagena, amphibian papilla, and basilar pa-
pilla) of the frog seem to serve acoustic functions (auditory and/or seismic),
and all of these end organs except the lagena appear to be dedicated entirely
to acoustic function (Ashcroft and Hallpike 1934; Frishkopf et al. 1968; Feng
et al. 1975; Caston et al. 1977; Lewis, Baird et al. 1982; Baird and Lewis
1986). The acoustic frequency range seems to be divided among the saccule,
the amphibian papilla, and the basilar papilla. Where its frequency range has
been studied, in the American toad (Bufo americanus), the American bull-
frog (Rana catesbeiana), the European grass frog (R. temporaria), the leop-
ard frog (R. pipiens), and the white-lipped frog (Leptodactylus albilabris),
the anuran saccule exhibits best excitatory frequencies (BEFs) typically
below 100Hz (Moffat and Capranica 1976; Koyama et al. 1982; Yu et al.
1991; Jgrgensen and Christensen-Dalsgaard 1991; Christensen-Dalsgaard
and Narins 1993; Christensen-Dalsgaard and Jgrgensen 1996a). Where their
frequency ranges have been studied, in B. americanus, R. catesbeiana, R.
temporaria, R. pipiens, L. albilabris, the green frog (R. clamitans), the Puerto
Rican coqui (Eleutherodactylus coqui), the green treefrog (Hyla cinerea),
the spring peeper (H. crucifer), the barking treefrog (H. gratiosa), cricket
frogs (Acris gryllus, Acris crepitans), the little green toad (B. debilis),
Couch’s spadefoot toad (Scaphiopus couchi), the fire-bellied toad (Bombina
orientalis), and the tailed frog (Ascaphus truei), the anuran amphibian
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papilla has exhibited BEFs ranging from approximately 80 Hz to between
600 Hz and 1600 Hz, depending on the species, and the anuran basilar papilla
has exhibited BEFs higher than those of the amphibian papilla (Frishkopf
and Goldstein 1963; Sachs 1964; Capranica 1965; Liff 1969; Capranica et al.
1973; Capranica and Moffat 1974a,b; Moffat and Capranica 1974; Capranica
and Moffat 1975; Feng et al. 1975; Capranica 1976; Narins and Capranica
1976; Wilczynski et al. 1983, 1984; Hillery and Narins 1987; Zakon and
Wilczynski 1988; Ronken 1991).

In all anurans in which its physiological properties have been studied,
the basilar papilla has been found to be tuned to some component of the
animal’s call (Capranica 1965; Frishkopf et al. 1968; Loftus-Hills and
Johnstone 1970; Loftus-Hills 1973; Narins and Capranica 1976; Wilczynski
et al. 1983, 1984; Zakon and Wilczynski 1988). The sacculus and amphibian
papilla both seem to be more general-purpose acoustic sensors, providing
tuning over broad ranges of frequencies. Amphibian papillar units have
been found to be tuned relatively sharply, providing especially good spec-
tral resolution, while saccular units have been found to be much more
broadly tuned, apparently sacrificing some spectral resolution to achieve
greater temporal resolution. The lagena has a vibration-sensitivity (Narins
1975; Caston et al. 1977), which was found to be distributed along the
very center of its central (striolar) band (Lewis, Baird et al. 1982; Baird
and Lewis 1986). That region is surrounded by large areas of orientation
and postural-motion sensing regions (yielding traditional adapting and
nonadapting vestibular responses) (Narins 1975; Caston et al. 1977; Baird
and Lewis 1986; Cortopassi and Lewis 1995, 1996). Where it has been
studied, in R. catesbeiana, the vibratory frequency range of the lagena
overlaps those of the sacculus and the low-frequency regions of the amphib-
ian papilla, and lagenar units generally are broadly tuned and less sensitive
than saccular units (Cortopassi and Lewis 1996).

2.4 Amphibian Papilla and Cochlea:
Analogies and Distinctions

Whether or not the frog basilar papilla is a homologue of the mammalian
cochlea, the frog amphibian papilla seems to be a very much closer ana-
logue to the cochlea. The frog amphibian papilla and mammalian cochlea
have several, remarkable functional similarities: (1) The shapes of the frog
amphibian papillar tuning curves are very similar to those of cochlear units
with comparable BEFs, both kinds of units exhibiting high dynamic order,
which gives them steep tuning band edges and allows them to achieve high
spectral resolution and still maintain high temporal resolution (Frishkopf
and Goldstein 1963; Kiang et al. 1965; Narins and Hillery 1983; see Lewis
1992). (2) The tuning of frog amphibian papillar units and cochlear
units undergo very similar adjustments to changes in background sound
intensity—trading spectral resolution for temporal resolution as back-
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ground sound levels increase, and vice versa (Evans 1977; Mgller 1977,
1978; Carney and Yin 1988; Dunia and Narins 1989; Yu 1991; Lewis and
Henry 1994). (3) The sensitivity of amphibian-papillar units and cochlear
units also undergoes similar adjustments to changes in background sound
intensity—both exhibiting a gain-control (nonlinear) form of adaptation
(Abbas 1981; Costalupes et al. 1984; Megela 1984; Narins 1987; Narins and
Zelick 1988; Zelick and Narins 1985; Narins and Wagner 1989; Yu 1991;
Lewis and Henry 1995). (4) The frog amphibian papilla and the cochlea
both exhibit tonotopy, which could facilitate neural computations involving
acoustic spectra (von Békésy 1960; Lewis and Leverenz 1979; Lewis et al.
1982). (5) The individual units of the frog amphibian papilla and the cochlea
both are subject to suppression by stimuli at frequencies above and below
BEF (Goldstein et al. 1962; Katsuki et al. 1962; Frishkopf and Goldstein
1963; Sachs and Kiang 1968; Capranica and Moffat 1980; Ehret, Moffat and
Capranica 1983; Lewis 1986; Henry and Lewis 1992; Benedix et al. 1994;
Christensen-Dalsgaard and Jgrgensen 1996b); this includes both suppres-
sion of spontaneous activity (e.g., one-tone suppression) and suppression of
driven activity (e.g., two-tone suppression). (6) Units of the frog amphibian
papilla and the cochlea both exhibit responses to simultaneously applied
tone pairs that imply nonlinearities even at low stimulus levels; amphibian
papillar units exhibit especially strong responses at the f,-f; frequency,
implying quadratic distortion, and cochlear units exhibit especially strong
responses at the 2f,-f, frequency, implying cubic distortion (Goldstein and
Kiang 1968; Capranica and Moffat 1980). (7) The cochlea and the frog
amphibian papilla both evidently are sources of otoacoustic emissions
(Kemp and Martin 1976; Kemp 1979; Palmer and Wilson 1982), suggesting
that electromechanical transduction as well as mechanoelectric transduc-
tion occurs in both.

The frog amphibian papilla and mammalian cochlea also have several
remarkable structural similarities: (1) Each has a long, narrow, tono-
topically organized sensory epithelium that is compressed into a short space
by coiling (in two or three dimensions) (Lewis et al. 1985; Lewis et al. 1992).
(2) Both are tectorial (as opposed to otoconial or otolithic) end organs, and
in each the tectorial membrane covers all of the sensory surface (Lim 1972;
Lewis 1976; Kronester-Frei 1978; Shofner and Feng 1983). (3) In both, the
hair cell-body length decreases as one moves from the low-frequency end to
the high-frequency end (Bohne and Carr 1985; Evans 1988; Simmons et al.
1994).

The frog amphibian papilla and the mammalian cochlea also have con-
spicuous differences: (1) The tuning range of the cochlea extends to much
higher frequencies: the range of BEFs of amphibian papillar units extends
over approximately 2.5 to 4 octaves, ranging upward from approximately
100 Hz; the range of BEFs of cochlear units extends over approximately 8 to
10 octaves, also ranging upward from approximately 100 Hz. (2) The higher-
frequency units of the cochlea exhibit sharp tuning tips superimposed on
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broad tuning tails; amphibian papillar units exhibit no such tips or tails [e.g.,
see Kiang et al. (1965) and Zakon and Wilczynski (1988)]. (3) The tendency
of spikes in cochlear afferent axons to be phase-locked to stimulus wave-
forms extends to higher frequencies than does that of spikes in amphibian
papillar afferent axons: approximately S5kHz for cochlear axons, and
approximately 900Hz for amphibian papillar axons (Kiang et al. 1965;
Anderson et al. 1970; Narins and Hillery 1983). (4) The organizations of
supporting cells in the two organs are profoundly different. The supporting
cells surrounding the hair cells of the amphibian papilla appear to be simple
columnar epithelial cells (Geisler et al. 1964); those surrounding the hair
cells in the cochlea are highly modified, forming the elaborate organ of
Corti (e.g., see Iurato 1962). (5) The amphibian papilla is mounted on the
thick labyrinthine wall overlying the semicircular canals and lacks any
structure resembling the basilar membrane of the cochlea (Geisler et al.
1964; Lewis 1976). (6) The ability of hair cells to proliferate and regenerate
is different: hair-cell proliferation continues in adult frogs (Alfs and
Schneider 1973; Lewis and Li 1973); it is not known to do so in the cochlea.

3. The Far Periphery

The conduction of acoustic signals from the environment to the amphibian
inner ear is a subject of considerable uncertainty at this time. In anurans
and urodeles, the simplest picture is that of a dual system comprising a
columellar subsystem that primarily conducts acoustic signals that were
airborne or water-borne and an opercular subsystem that conducts acoustic
signals that were borne through the ground (seismic signals). In urodeles,
for example, the columellar subsystem evidently serves as the predominant
acoustic pathway in aquatic larvae, and the opercular subsystem (Fig. 4.2)
develops as the animal emerges to a terrestrial life, at which time the
columella becomes part of the otic capsule—fused to the other skeletal
elements and no longer movable (Monath 1965; Wever 1974, 1985;
Lombard 1977; Hetherington 1988). Adult anurans typically possess both
subsystems. In some burrowing species, however, the columellar subsystem
is lost, leaving only the opercular subsystem; and in some aquatic species,
the opercular subsystem is lost or very much reduced, leaving the columel-
lar subsystem (de Villiers 1932, 1934; Henson 1974). Larval forms of at least
some members of the family Ranidae possess a third subsystem, the bron-
chial columella, which connects the pulmonary bronchus to the inner ear
(Witschi 1949, 1955; Henson 1974). Most caecilians possess a columellar
subsystem, but all evidently lack an opercular subsystem (Taylor 1969;
Hetherington 1988).

In most anurans, the columellar subsystem comprises a tympanum that
covers a largely air-filled middle ear, a bony structure (the columella) that
spans that air-filled space, the linkages at each end of that bony structure,
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FiGure 4.2. Putative paths (arrows) of fluid displacement in the inner ear of
a salamander. Perilymph space = periotic cistern. (From Smith 1968, with
permission.)

and a small muscle (M. columellaris) connected between the bony structure
and the pectoral girdle (Wever 1979). The distal end of the columella is
linked by cartilage to the tympanum; the proximal end contacts the inner
ear at the oval window. Distally, where it spans the middle-ear space, the
columella is slender, rod-like; proximally, where it is attached to the oval
window, it is expanded into a thin plate (the footplate). M. columellaris
inserts on an extension of the footplate.

According to Duellman and Trueb (1994), the tympanum in most anuran
species is either the same diameter in males and females or slightly larger in
females. In certain species of the family ranidae, however, the tympanum is
conspicuously larger in males. Frishkopf et al. (1968) found no correla-
tion between tympanum size and sensitivity to airborne sound in one
such species, R. catesbeiana. In one group of West African frogs (genus
Petropedetes) the tympanum of adult males during mating season is deco-
rated with a fleshy papilla (Lawson 1993). It is not clear how this affects the
acoustic properties of the columellar subsystem. An especially interesting
example of the complexity and uncertainty of our current picture of the
acoustic periphery in anurans is provided by the work of Purgue (1997),
who has demonstrated that the peripheral path for emissions of the higher-
frequency components of vocalizations by males of numerous species of
Rana (which also possess tympanae conspicuously larger than the females
of the same species) is through the tympanum rather than the gular sac.
These observations are especially interesting in light of the evidence found
by Narins, Ehret, and colleagues strongly implying that a significant path for
low-frequency sound from the environment to the inner ear passes through
the frog’s body wall rather than through the tympanum (Narins et al. 1988;
Ehret et al. 1990; Jgrgensen et al. 1991; Ehret et al. 1994). This has been
demonstrated in a wide range of species—Eleutherodactylus coqui, Smilisca
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baudini, Hyla cinerea, Osteopilus septentrionalis, Dentrobates tinctorius,
D. histrionicus, Epipedobates tricolor, and E. azureiventris.

The columellar subsystem in urodeles lacks the tympanum and air-filled
middle-ear volume, yet the columella still contacts the oval window and still
includes a movable rod-like element (oriented approximately perpendicu-
lar to the oval window). Lombard and Bolt (1979) proposed that the urode-
les and anurans shared a common ancestor that possessed an anuran-like
columellar subsystem, with a tympanum and air-filled middle ear, and that
the absence of those elements in living urodeles is a derived condition. In
caecelians, the columella comprises a massive footplate and a stubby rod-
like extension that articulates with the quadrate bone of the skull (Marcus
1935; Brand 1956; Taylor 1969; Duellman and Trueb 1994, p. 306).

In anurans and urodeles, the opercular subsystem comprises a bony
(some newts and salamanders) or cartilaginous (other newts and sala-
manders and frogs and toads) plate (the operculum) attached to the oval
window, plus one or more small muscles connected between the plate
and skeletal elements of the pectoral girdle. Evidently, in some urodeles
(Monath 1965) and possibly in the anuran family pipidae (de Villiers 1932),
the footplate of the columella is fused with the operculum.

The view presented at the beginning of this subsection, namely of a dual
system comprising a columellar subsystem that primarily conducts acoustic
signals that were airborne or water-borne and an opercular subsystem that
conducts acoustic signals that were borne through the ground, clearly is
overly simplified. In 1974, Lombard and Straughan presented evidence
suggesting that both subsystems serve as paths for sounds that were air-
borne, with the opercular system serving for low-frequency sound compo-
nents and the columellar system serving for high-frequency components.
This work should be revisited in light of more recent studies of
extratympanal acoustic pathways. Wever (1979) suggested that the dual
muscle system in anurans (one separately innervated muscle associated
with the operculum, one with the columella) allows the animal to adjust the
efficacy of each subsystem independently by adjusting the tensions on the
muscles.

4. The Periotic System

The conduction of acoustic signals from the oval window (where the col-
umellar and opercular subsystems terminate) to the sensory surfaces of the
inner ear is presumed to be accomplished, at least in part, by the periotic
system. The periotic system includes tissue that lines the wall of the otic
capsule, and it includes fluid-filled chambers and ducts surrounded by thin
squamous epithelium (Fig. 4.3). These chambers and ducts and their thin
walls, together, are known as the periotic labyrinth. The periotic labyrinth
surrounds part of the otic labyrinth, which comprises the inner-ear cham-
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FiGure 4.3. Scanning electron micrograph showing a dorsad view of the transected
membranous labyrinth (combined otic and periotic labyrinths) of the Colorado
River toad, Bufo alvarius, in the vicinity of the amphibian papilla (AP). The periotic
duct (P) is separated from the recess of the amphibian papilla by a contact mem-
brane (lower CM) and from the saccular space by another contact membrane
(upper CM). The two contact membranes are separated by the amphibian papillar
twig of the eighth nerve. The amphibian papilla resides on a thick wall of limbic
tissue that separates it from the confluence (C) of the posterior and horizontal
semicircular canals. Fibrous periotic tissue is seen lying between the dense walls of
the periotic duct and canal confluence and the thin outer wall of the membranous
labyrinth.

bers in which the various sensory surfaces reside, and the ducts connecting
them, including the semicircular canals (Fig. 4.4). The solute composition of
the fluid (perilymph) in the periotic labyrinth is very similar to that of the
extracellular fluids in the animal as a whole, with sodium and chloride being
the predominant electrolytes (Rauch and Rauch 1974). The walls of the
periotic labyrinth flex easily in response to forces applied perpendicular to
the wall, but are rigid and tough in response to tangential forces.

4.1 Periotic Cistern and the Saccule

One chamber, the periotic cistern, lies between the lateral wall of the recess
in which the saccule resides and the lateral wall of the otic capsule, where
the oval window resides. The periotic cistern is in direct contact with the
columellar and opercular subsystems, through the oval window. Where
they are in direct contact, the squamous epithelial linings of the saccular
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FIGURE 4.4. Diagram of the inner ear of the American bullfrog (Rana catesbeiana),
showing the relative size of the saccular otoconial mass (depicted with darkly
shaded margins) and the relative positions of the various sensors (L, lagena; BP,
basilar papilla; AP, amphibian papilla; U, utricle; ACA, HCA, PCA, ampules of the
anterior, horizontal, and posterior semicircular canals; S, saccule. Beneath the
saccular mass, the outline of the eighth nerve and macular pad of the saccule are
depicted with dashed lines. (Illustration by Steven F. Myers, Biology Department,
University of Michigan—Flint.)

recess and the periotic cistern are fused, forming a thin lateral wall over the
saccular recess. In Latimeria there is a similar space between the lateral wall
of the otic capsule and the saccular recess, but it is filled with fat rather than
perilymph (Millot and Anthony 1965; Fritzsch and Wake 1988). In the more
derived anurans, the periotic cistern and the thin wall associated with it
nearly surround the saccular recess (McNally and Tait 1925; Wever 1985;
Lewis and Lombard 1988). The wall is thickened slightly in one place,
forming a small epithelial pad (Fig. 4.5) on which the saccular macula and
its hair cells reside. Between this macular pad and the wall of the otic
capsule is the fluid-filled space of the periotic cistern. Spanning that space
are several very thin, cylindrical struts of periotic connective tissue as well
as the much thicker saccular twig of the eighth cranial nerve. Blood flow
enters the macular pad through arterioles in the nerve twig and exits
through venules in the struts. The hair-cell side of the macular pad faces the
inside of the saccular recess, part of the otic labyrinth. In being a relatively
thin sensory surface (with hair cells) lying directly between the periotic and
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FiGURE 4.5. Macular pad of the saccule of a small Puerto Rican frog, Eleuthero-
dactylus portoricensis. From this pad, only two struts (bottom center) spanned the
periotic fluid space (extension of the periotic cistern) beneath the pad. In larger
frogs, such as R. catesbeiana, there can be as many as seven struts. Remnants of the
extremely thin tissue formed by fusion of the epithelial linings of the periotic cistern
and the saccular recess is seen around the edges of the pad and elsewhere. The dark
spots in this tissue are the nuclei of epithelial cells. On the top (endolymphatic
surface) of the pad, one can seen the gelatinous membrane, stuck to the surface of
the macula. The saccular twig of the nerve, covered by epithelial cells, is at the top
of the micrograph.

otic labyrinths, the anuran macular pad is analogous to the basilar papillae
in reptiles and birds and to the organ of Corti in the mammalian ear (Wever
1974, 1976). Undoubtedly more than any other feature, this configuration of
the macular pad in the anuran saccule led to the hair cell of the saccule of
R. catesbeiana becoming a standard model for studies of cellular and
molecular mechanisms of transduction (Hudspeth and Corey 1977,
Hudspeth and Lewis 1988). After cutting the nerve twig and the struts, one
can remove the macular pad of R. catesbeiana from a living frog for use in
in vitro experiments.

4.2 Periotic Canal and Sac and the Auditory Papillae

The periotic cistern is connected through a duct (periotic canal) to a second
chamber—the periotic sac, which lies at least partially outside of the otic
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capsule, in the brain case. En route, the periotic canal passes next to the
fluid-filled recess in which the amphibian papilla resides (see Fig. 4.3). As it
does so, the walls of the otic and periotic labyrinths are fused into a patch
of extraordinarily thin membrane (contact membrane) that forms one wall
of the amphibian-papillar recess. That wall protrudes conspicuously into
the canal, partially occluding it (Purgue and Narins 1997b). The papilla
itself, in which the hair cells reside, is not part of that wall. Instead, it is
embedded in thick limbic tissue with no underlying periotic fluid space. In
this way, the amphibian papilla is distinctly not analogous to the basilar
papillae of reptiles and birds, or to the organ of Corti in mammals (Wever
1974, 1976). In the more derived anurans, close to the contact membrane
of the amphibian-papillar recess, is a second patch of extraordinarily thin
membrane that lies between the periotic canal and the saccular recess
(Lewis 1984). In some more derived urodeles, the periotic canal also passes
close to the recess of the basilar papilla, with the walls of the periotic and
otic labyrinths again fusing to form a contact membrane. In primitive
urodeles and apparently in all anurans, the periotic canal bypasses the
recess of the basilar papilla. In those animals, a short, second duct emerges
from the periotic sac and terminates at a contact membrane that forms one
wall of the basilar-papillar recess. In all amphibians, the basilar papilla is
not part of the wall between periotic and otic labyrinths. Like the amphib-
ian papilla, it is embedded in thick limbic tissue with no underlying periotic
fluid space, and in this way is distinctly not analogous to the basilar papillae
of reptiles and birds, or to the organ of Corti in mammals. The same thing
is true of the saccular maculae in all amphibians except the derived anurans
(Lombard 1970; Lewis and Nemanic 1972; Lombard 1977; Wever 1985). In
amniotes, the periotic duct is rostral to the otic labyrinth; in amphibians it
is caudal. This difference led Baird (1974a) and Lombard (1977) to suggest
independent origins of the amphibian and amniote periotic systems (see
also Fritzsch 1992).

4.3 Putative Acoustic Paths

It is interesting to contemplate, in detail, the transfer of acoustic energy
through the columella or operculum to the periotic system. In solid
mechanical systems, energy flow occurs when there is force accompanied
by motion. If a force is applied through the skeletal element (columella
or operculum) to the oval window, and that force is accompanied by
motion of the oval window (in the same direction as the force), then energy
is being delivered through the element to the oval window. At any instant,
the rate of energy flow (SI unit 1.0J/s = 1.0W) equals the product of the
force (SI unit 1.0N = 1.0J/m) and the velocity (SI unit 1.0m/s) of that
motion.

In fluid systems, energy flow occurs when there is pressure accompanied
by fluid (volume) flow. Most of the force applied by the skeletal element to
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the oval window membrane will be passed through to the fluid, where it will
be translated to pressure. In that case, the combination of skeletal element
and oval window membrane serve as parts of a (piston-like) transducer
that takes energy across from the realm of solid mechanics to the realm
of fluids, and vice versa. If the direction of the force were perpendicular
to the oval window membrane, and the contact between the skeletal
element and the membrane were flat, then the pressure (SI unit 1.0N/m?)
developed by the transducer would equal the force passed through to the
fluid divided by the area (SI unit 1.0m’) of the contact. Under those same
circumstances, the flow (SI unit 1.0m’/s) of the fluid would equal the veloc-
ity of the skeletal element in the direction of the force multiplied by the
area of the contact. At any instant, the rate of energy flow (again SI unit
1.0W) to the fluid would equal the product of the pressure and the fluid
flow. Some of that energy will be absorbed by the periotic labyrinth, and
some will be transferred to the otic labyrinth, where the sensory surfaces
reside.

There are two fundamentally different ways that the perilymph will flow
in response to the pressure developed by the transducer: (1) it will com-
press and expand (decreasing and increasing the total volume of peri-
lymph); and (2) the walls of the periotic system will flex, allowing the
perilymph to move from place to place, but leaving its total volume con-
stant. Owing to the large value of the elastic modulus (bulk modulus) for
compression and expansion of water (approximately 2.1 X 10°N/m”) and
the limited volume of perilymph, the amplitude of flow from the first mode
will be exceedingly small (e.g., for a peak sound pressure level of 1.0Pa,
which is extremely loud, the peak volume displacement of perilymph would
be approximately 0.48 X 10’ times the total perilymph volume). If the otic
capsule were sealed, and its walls rigid, then the walls of the periotic system
could flex only through compression or expansion of the tissues and fluid
spaces adjacent to it within the otic capsule; and the amplitude of flow from
the second mode also would be exceedingly small. In all amphibians, how-
ever, the periotic system extends into the cranial cavity, through one or
more holes in the medial wall of the otic capsule (e.g., see Frishkopf and
Goldstein 1963; Smith 1968; Fritzsch 1992). This provides a pathway by
which the second mode of perilymph flow can be greatly enhanced, allowing
perilymph to move in and out of the cranial cavity in response to pressure
changes at the oval window (van Bergeijk 1957; Smith 1968). Thus one can
envision perilymph flow as being directed across the entire otic capsule,
between the oval window on its lateral side and the cranial cavity on its
medial side (see Fig. 4.2).

The wall of the periotic sac within the cranial cavity is thin and flexible.
As it flexes to accommodate the acoustically driven flow of perilymph from
the otic capsule into or out of the cranial cavity, it will displace or be
displaced by other tissues within the cavity. There are three fundamentally
different ways that such displacement will occur: (1) bulk compression or
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expansion of the surrounding cranial tissues, (2) expansion or compression
of the cranial wall, and (3) displacement of tissue (e.g., blood) out of or into
the cranial cavity through various openings (e.g., blood vessels). Again,
owing to the large value of the bulk modulus of water, displacements
resulting from the first mode will be exceedingly small (although they now
are limited by the fluid volume of the cranial cavity rather than that of the
otic capsule). The second and third modes require acoustically driven pres-
sure differences between the perilymph within the periotic sac and the
environments immediately outside the cranial cavity. Even for airborne or
water-borne sounds with wavelengths that are very long relative to the
dimensions of the ear, so that acoustic pressure gradients outside the head
are very small, such acoustically driven pressure differences could be cre-
ated, for example, by making the amplitude of the sound pressure devel-
oped by the pistion-like transducer at the oval window greater than the
sound pressure impinging on the animal. This would require that the
middle-ear subsystem conducting the sound provide pressure amplification,
that is, serve as an acoustic transformer (see Lewis 1996 for basic trans-
former theory).

Frogs and toads, including the most primitive living frogs (Ascaphus),
possess a compliant window in the cranial wall immediately adjacent to the
periotic sac (van Bergeijk and Witschi 1957; Wever 1985). It is called the
round window (Fig. 4.1) and is considered to be an analogue but not a
homologue of the structure of the same name in the mammalian ear
(Henson 1974). It is covered by a taut, but compliant membrane, with
muscle tissue on the outside, and it clearly provides a pathway by which the
acoustically driven flow of perilymph through the otic capsule is further
enhanced.

5. The Acellular Systems

Within the otic labyrinth, the extracellular fluid is endolymph, in which the
predominant cation is the potassium ion rather than the sodium ion (Simon
et al. 1973; Rauch and Rauch 1974; Lewis et al. 1985). In addition to this
fluid, one finds a fascinating variety of acellular structures, including elabo-
rate gelatinous structures and collections of calcium carbonate crystals.
Together, the endolymph and these structures are presumed to provide the
path for acoustic energy flow from the periotic system to the hair bundles on
the surfaces of the sensory maculae and papillae.

5.1 Saccular Otoconial Suspension and
Otoconial Membrane

When one opens the otic capsule of an amphibian, the most conspicuous
structure usually is the viscous suspension of calcium carbonate crystals
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(otoconia) that occupies almost the entire saccular recess (e.g., see Lewis
and Nemanic 1972). The crystal form and shape evidently are determined
by a protein matrix at the core of each otoconium (Pote and Ross 1991;
Pote, Hauer et al. 1993; Pote, Weber, and Kretsinger 1993). In adult am-
phibians, the crystal form in the saccule is aragonite, as it is in bony fishes,
Latimeria, and adult reptiles (Carlstrom and Engstrém 1955; Carlstrom
1963; Lewis and Nemanic 1972; Marmo et al. 1981; Marmo et al. 1983). In
birds and mammals, and in amphibian utricles, it is calcite. Associated with
recent research in space and gravitational biology, there has been extensive
investigation on otoconial development in the Japanese red-bellied newt,
Cynops pyrrhogaster (see Steyger et al. 1995; Wiederhold et al. 1995). In
that animal, the crystal form in the larval saccule is calcite, becoming
aragonite in the adult saccule. Otoconia in the adult amphibian saccule
appear to come in two shapes (Lewis and Nemanic 1972), which Steyger
and colleagues (1995) call prismatic and fusiform (Fig. 4.6). The latter are
considerably larger than the former. The suspension of mixed aragonite
crystals is bounded laterally by the thin wall formed by fusion of epithelial
linings of the periotic cistern and the saccular recess of the otic labyrinth,
and medially by the thick medial wall of the saccular recess. In unfixed
preparations, if the thin wall is ruptured, the otoconial suspension will flow
readily out of the saccular recess. In the more recently derived anurans, in
which the thin wall is extended, the suspension is bounded ventrally and
medially (in part) as well as laterally by the thin wall (Wever 1985; Lewis

FIGURE 4.6. Saccular otoconia from the American bullfrog (Rana catesbeiana).
Width of micrograph = 70pum.
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and Lombard 1988). In those animals, the macular pad forms an island on
the ventromedial part of the thin wall bounding the otoconial suspension. In
all of the amphibians, the otoconial suspension is clearly visible (white)
through the thin wall.

Immediately adjacent to the macular surface lies a gelatinous pad (the
gelatinous membrane) presumably comprising a variety of highly hydrated
glycoproteins or mucopolysaccharides (Wislocki and Ladman 1955;
Tachibana et al. 1973; Steel 1985; Fermin et al. 1987; Fermin and
Lovett 1989). This structure (Fig. 4.7) covers the entire macula and
is contiguous to and evidently continuous with the organic matrix of
the otoconial suspension (Hillman 1969, 1976; Lewis and Nemanic 1972).
It contains no otoconia, but appears to provide a linkage between the
otoconial suspension and the hair bundles of the receptor cells. Over

FiGURE 4.7. Gelatinous membrane from the saccule of the R. catesbeiana. This
acellular structure was photographed in a buffer solution after fixation and decalci-
fication. The gelatinous membrane is the porous, flat structure. Background ma-
terial includes the matrix in which the otoconia were embedded.
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each hair cell is a cylindrical, smooth-walled, fluid-filled pore that is
oriented perpendicular to the macular surface and penetrates almost
all the way through the gelatinous membrane (Hillman 1969; Lewis and
Nemanic 1972). In fixed preparations, the gelatinous membrane appears
to be connected to the tips of the microvilli of the supporting cells by
fibers, which form a layer between the gelatinous membrane and the
epithelial surface (Hillman 1969; Lewis and Nemanic 1972). The thickness
of the fibrous layer is approximately equal to the length of the longest
stereocilia in each hair bundle, so that only the top of the bundle
contacts the gelatinous membrane. The connection between the hair bundle
and the gelatinous membrane appears to be formed entirely between the tip
of the kinocilium and the rim of the adjacent, fluid-filled pore (Hillman
1969). The stereocilia lie directly beneath the pore itself and appear to
have no direct connections to the solid part of the gelatinous membrane
(Fig. 4.8).

5.2 The Tectoria

The basilar and amphibian papillae lack otoconia, but possess tectorial
membranes. Each papilla lies in a separate recess, one wall of which is
formed by a contact membrane. With the exception of the tectorium and
the papilla, which protrudes slightly into the recess, the recess is filled with
endolymph.

5.2.1 Basilar Papilla

To date, basilar papillae have been found to be present in two species of
caecilians, Ichthyophis kohtaoensis and I. glutinosus (Sarasin and Sarasin
1890; Jgrgensen 1981; White and Baird 1982), both of which belong to a
family (Ichthyophiidae) considered to be primitive (Duellman and Trueb
1994). They are absent in Caecilia occidentalis (Lombard 1977) and
Dermophis mexicanus (White and Baird 1982), both members of the family
Caeciliidae, and in Typhlonectes natans (Typhlonectidae) (White and
Baird 1982). Caeciliidae and Typhlonectidae are considered to be derived
families. Wever (1985) shows no basilar papilla in I glutinosus, I
orthoplicatus, D. mexicanus, and Geotrypes seraphini (Caeciliidae) (see also
Wever 1975; Wever and Gans 1976). The presence of the basilar papilla in
L glutinosus, however, has been confirmed (Sarasin and Sarasin 1890;
Jgrgensen 1981).

Basilar papillae are known to occur in six of the nine urodele families
(Ambystomatidae, Dicamptodontidae, Salamandridae, Hynobiidae,
Cryptobranchidae, and Amphiunidae) and so far have been found to be
absent in members of the other three (Proteidiae, Sirenidae, and
Plethodontidae) (Lombard 1977). The Sirenidae are considered to be
primitive, the Proteidae to be intermediate, and the Plethodontidae to
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FiGure 4.8. Diagram of a cross-section through the macula of the bullfrog saccule,
the bulbed kinocilium (K) attached to the gelatinous membrane (OM) at the edge
of a pore. Also shown are otoconial crystals (OL), the stereocilia bundle (S) and the
dense cuticular plate (C) to which they are attached, the fibrous layer (FB) between
the cell surfaces and the gelatinous membrane, and afferent (A) and efferent (E)
innervation to the hair-cell body (RC). (From Hillman 1976, with permission.)

be derived (Duellman and Trueb 1994). To date, a basilar papilla has
been found in anurans ranging from the most primitive (Ascaphus and
Leiopelma) to the most recently derived; no frog or toad has been found to
lack the sensor.

In all of these amphibians, the recess of the basilar papilla is tubular
(Fig. 4.9). In caecilians and urodeles, the end of the recess is backed by
thick periotic tissue; but its ventromedial wall is formed by the contact
membrane and backed by the periotic canal (derived urodeles) or by a short
extension of the periotic sac (caecilians and primitive urodeles) (Lombard
1977; White 1978; White 1986; White and Baird 1982). The papilla lies on
the anterolateral wall at the entrance to the recess, sometimes extending
well outside of it—into the lagenar recess. The tectorium comprises a bulky
structure that overlies the distal-most part of the papilla (relative to the
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FIGURE 4.9. Scanning electron micrograph showing the basilar papillar recess from
the toad, Bufo americanus. The wall (A), comprising dense limbic tissue, has been
transected to expose the interior of the recess. The contact membrane (B) has a
pebbly appearance owing to nuclei bulging from within the extremely flat epithelial
cells. The tectorium (C) overlies the sensory surface (D) on which the hair cells
reside. The entrance (E) to the recess from the saccular space is at the bottom.

recess entrance) and thin strands that extend to microvilli and cilia of the
more proximal cells. The bulky part of the tectorium contains fluid-filled
pores, similar to those in the gelatinous membrane of the sacculus. Imme-
diately over each hair cell covered by this bulky structure is the entrance to
one of these pores. In the tiger salamander, Ambystoma tigrinum, thin
strands have been seen connecting the bulky part of the tectorium to the
opposite wall of the chamber (White 1978).

In anurans, the recess of the basilar papilla extends directly from the
large, saccular recess to the contact membrane, where it ends (van Bergeijk
1957; van Bergeijk and Witschi 1957; Frishkopf and Flock 1974; Lewis 1978;
Lewis et al. 1985). The contact membrane is backed by a long, tubular
extension of the periotic sac (e.g., see Fritzsch 1992). The papilla lies well
within the recess. In contrast with the bulky structure in urodeles and
caecilians, the tectorium forms a thin, semicircular membrane that extends
from the distal-most part of the papilla to an evidently strong, tense strand
of tectorial material that is suspended across the recess, anchored at oppo-
site sides. Around the curved part of its perimeter, the semicircular mem-
brane (Fig. 4.10) is connected to densely microvillous epithelial cells on
the wall of the recess. Part of this connection lies over the papilla itself, and
the densely microvillous epithelial cells in that case are supporting cells
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FiGure 4.10. Phase-contrast micrograph showing the papillar recess of a leopard
frog, Rana pipiens, in cross section. The tissue was fixed and photographed in a
buffer solution. The outline of the tectorium is clearly visible in the lower right
portion of the recess. The pores in the tectorium are visible close to the papillar
surface, extending perpendicular from it. The osmium-stained basilar papillar
twig of the eighth nerve extends from the papilla toward the lower right of the
micrograph.

surrounding the two or three distal-most rows of hair cells (Fig. 4.11). Over
each of these hair cells is a cylindrical, smooth-walled, fluid-filled pore in the
tectorium. The remaining hair cells seem to lack direct association with the
tectorium (Fig. 4.12). Being essentially a semidiaphragm, the anuran
basilar-papilla tectorium extends directly into the path of any axial fluid
flow in the basilar papillar recess (see Section 5.3).

5.2.2 Amphibian Papilla

No amphibian has been found to lack an amphibian papilla. In all three
amphibian orders, the amphibian papilla resides on the dorsal surface (ceil-
ing) of its associated recess (Retzius 1881; Geisler et al. 1964; Mullinger and
Smith 1969; Wever 1975; Lewis 1976, 1978; Wever and Gans 1976). In
urodeles, caecilians, and the most primitive living anurans (Ascaphus and
Leiopelma), the recess is straight, extending medially from the saccular
recess and ending at the contact membrane, which forms its medial wall. In
the derived anurans it extends medially, then bends to extend caudally
(Fig. 4.13). It ends at the contact membrane, which forms its caudal wall.
The tectorium of the caecilian amphibian papilla has not been examined
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FIGURre 4.11. Micrograph of part of the distal region of the basilar papilla of the
African clawed frog, Xenopus laevis, showing a view directly down on four hair
bundles with bulbed kinocilia. The microvilli of supporting cells in the lower left
are clearly visible. To the distal edge (upper right) of the papilla, the remaining
microvilli are obscured by remnants of the fibrous layer of the tectorium to which
they were attached. Width of micrograph = 18.4um.

carefully. In urodeles and the most primitive frogs (Ascaphus and
Leiopelma) it is a bulky structure that hangs from the papilla and fills much
of the papillar recess (White 1978; Lewis 1981a, 1984). In the other frogs
and toads, the papilla comprises two patches of sensory epithelium that
arise separately and grow together during development (Li and Lewis
1974); and the tectorium (Fig. 4.14) has three distinct parts: (1) a bulky
structure that hangs from the anterior sensory patch and fills much of the
volume of the papillar recess adjacent to that patch, (2) a thinner structure
that hangs from the posterior sensory patch and fills only a small fraction of
the recess volume adjacent to that patch, and (3) a diaphragm-like structure
that lies in a plane perpendicular to that of the adjacent sensory epithelium
and extends across the entire papillar recess (Wever 1973, 1985; Lewis 1976,
1981a,b, 1984; Yano et al. 1990). The diaphragm-like structure is connected
around its entire margin, to the other two parts of the tectorial membrane
dorsally, and ventrally to a row of densely microvillous epithelial cells that
rings the tubular recess. This thin, gelatinous diaphragm lies between the
contact membrane and the opening of the amphibian papillar recess to the
saccular recess, standing directly across the path of axial flow of endolymph
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FiGure 4.12. Micrograph of part of the nontectorial (proximal) region of the basilar
papilla of the toad Bufo mauritanicus. Here the kinocilia are not bulbed and extend
well beyond the bundles of stereocilia.

between those two places. For that reason, Wever (1973) called it the
“sensing membrane,” although it also is known as the tectorial curtain.

In urodeles and anurans, the entire amphibian papilla is covered by
tectorium. As in the saccular gelatinous membrane, over each hair cell is a
cylindrical, smooth-walled, fluid-filled pore (Fig. 4.15). It extends in a
direction perpendicular to the papillar surface and then bends. A large
proportion of the volume of the amphibian-papillar tectorium is occupied
by these pores, all running very precisely in parallel. In fixed preparations,
the tectorial membrane appears to be connected to the tips of the microvilli
of the supporting cells by fibers (Lewis 1976; Lewis and Leverenz 1983). As
in the saccule, these fibers form a layer between the tectorium and the
epithelial surface. Again, the thickness of the fibrous layer is approximately
equal to the length of the longest stereocilia in each hair bundle, so that only
the top of the bundle contacts the gelatinous membrane; and the connection
between the hair bundle and the gelatinous membrane appears to be
formed entirely between the tip of the kinocilium and the rim of the adja-
cent, fluid-filled pore (Lewis and Leverenz 1983). As in the saccule, the
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FIGURE 4.13. Micrograph of a transected amphibian papillar recess of the green tree
frog, Hyla cinerea, showing a dorsad view of the papilla. The individual hair bundles
appear as white dots over the sensory surface. The caudal (high-frequency) region
is at the upper right, rostral (low-frequency) region at the lower left.

stereocilia lie directly beneath the pore and appear to have no direct con-
nections to the solid part of the tectorium.

5.3 Putative Acoustic Paths Revisited

A miniature scuba diver exploring the periotic labyrinth could start in the
periotic cistern and swim, in perilymph, unimpeded through the entire
labyrinth—along the thin lateral wall of the saccule, through the long,
narrow periotic canal, to the contact membranes of the amphibian and
basilar papillae, and on into the periotic sac. The diver would find no path
into the chambers and tubes of the otic labyrinth. The fluid systems of the
two labyrinths are entirely separate. Exploring the otic labyrinth, the diver
could start in the saccular recess and swim unimpeded through endolymph
paths into the recesses of the basilar and amphibian papillae, and on to the
contact membranes of the amphibian and basilar papillae.

As it was with the periotic system, it is interesting to contemplate the flow
of acoustic energy within the otic labyrinth. Again, there are two fundamen-
tally different ways that the endolymph will flow in response to the pressure
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FiGURE 4.14. Montage of two phase-contrast micrographs showing a view from the
medial side of the amphibian-papillar tectorium of the Puerto Rican coqui frog,
Eleutherodactylus coqui. The tissue was fixed and photographed in buffer solution.
The upper edge of the tectorium was attached to the papilla and follows the surface
contour of that structure. The extent of the downward curve of the caudal region of
the papilla surface in this animal can be seen in the micrograph on the right. Arrows
in the micrograph on the left point to the tectorial curtain (Wever’s sensing mem-
brane). The elaborate network of fluid-filled pores in the tectorium is clearly visible.
Horizontal line = 100 pm.

transmitted through the perilymph: (1) it will compress and expand
(decreasing and increasing the total volume of endolymph), and (2) its pres-
sure changes will cause the wall of the otic labyrinth system to expand and
contract (shifting the endolymph, but leaving its total volume constant).
Again, owing to the large value of the bulk modulus of water, the amplitude
of the flow from the first mode will be extremely small. For each acoustic
recess in the otic labyrinth, the second mode of flow requires two flexible
walls (e.g., see van Bergeijk 1957; Smith 1968).

The most obvious flexible-wall candidates are (1) the very thin wall
separating the saccular recess of the otic labyrinth from the periotic cistern,
and (2) the very thin walls (contact membranes) separating the periotic
canal or periotic sac from the recesses of the amphibian and basilar papillae
and (in the more derived anurans) from the saccular recess (Smith 1968).
The presence of these very thin walls suggests the following causal chain:
(1) the piston-like transducer at the oval window is pushed inward, displac-
ing perilymph; (2) part of the displaced perilymph deforms the lateral wall
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FIGURE 4.15. Scanning electron micrograph showing the entrance to a single pore in
the amphibian-papillar tectorium from the American bullfrog, Rana catesbeiana.
The semicircular notch at the edge of the pore entrance is the place where the
tectorium was attached to the kinociliary bulb of the hair bundle associated with the
pore.

of the saccular recess, displacing endolymph in that recess; (3) the displaced
endolymph flows through the cylindrical recesses of the basilar and amphib-
ian papillae, deforming the contact membranes (which are at the far ends of
those recesses), displacing perilymph in the periotic sac; (4) the wall of the
periotic sac expands to accept the displaced perilymph. The other part of
the displaced perilymph in step 2 flows through the periotic canal and
directly displaces perilymph in the periotic sac. The fraction of the fluid flow
through each of these paths will be inversely proportional to the fluid
impedance of the path (e.g., see Lewis 1996). If the periotic canal were
cylindrical, of length L and cross-sectional area A, it would behave as a
resistive impedance to fluid flows at low sound frequencies, with the resis-
tance being proportional to L/A”. At high frequencies, it would behave as
an inertial impedance (a mass-like element), with the impedance being
directly proportional to frequency and to L/A. The transition frequency (f;)
is given approximately by f = 41/pA, where 1 is the viscosity of the fluid and
p is the density of the fluid. Because the periotic canal is longer and much
narrower than the other fluid paths in the amphibian ear, regardless of the
frequency, its fluid impedance must be high relative to those of the other
paths, strongly suggesting that the flow owing to displacement of the peri-
lymph at the oval window will be directed largely through the recesses of
the two papillae (see Smith 1968; Purgue and Narins 1997a). This will lead
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to displacements of the structures (tectorial membranes and free-standing
hair bundles) protruding into the flow paths from the walls of those
recesses.

6. The Sensory Epithelia
6.1 Acoustic Hair Cells

As in all vertebrates, the hair bundles of amphibians comprise a large group
of stereocilia (sometimes called stereovilli) arrayed on the apical surface of
the hair cell in rows of successively greater length, with a single kinocilium
(a true cilium, with paired microtubules and a basal body) immediately
adjacent to the row of longest stereocilia. The (supporting) cells adjacent
to each papilla or macula exhibit a single, very short cilium and microvilli
(Lewis and Li 1973). Geisler and colleagues (1964) noted that along the
lateral edge of the anuran amphibian papilla the “hair cells gradually fade
out into undifferentiated cells,” suggesting that hair cells might arise by
direct transformation of the supporting cells adjacent to the papilla. Studies
of morphogenetic sequences in tadpoles and adults of R. catesbeiana sup-
ported this proposition (Lewis and Li 1973; Li and Lewis 1974, 1979) and
suggested that direct transformation of a supporting cell to an acoustic hair
cell in that animal begins with elongation of the cilium, accompanied by
shifting of the microvilli into an array of rows and transformation of the
microvilli into stereocilia (stereovilli). Baird and colleagues (1996) provide
strong evidence that the formation of hair cells in R. catesbeiana occurs in
two ways: (1) from direct transformation (transdifferentiation) of support-
ing cells to hair cells, and (2) from mitotic division of a progenitor cells. It
is clear that hair cells continue to be formed in adult anuran acoustic sensors
(Alfs and Schneider 1973; Lewis and Li 1973; Corwin 1985; Baird et al.
1996). Because mechanisms of hair cell formation in anurans (and other
submammalian vertebrates) may have profound implications with respect
to the development of ways to promote hair cell regeneration in humans
made deaf by hair cell loss, considerable effort currently is aimed at under-
standing those mechanisms (Corwin et al. 1993; Cotanche and Lee 1994;
Baird et al. 1996).

In anurans other than Ascaphus and Leiopelma, the typical acoustic hair
cell has several (usually five or more) rows of stereocilia and a kinocilium
with its distal end expanded to form a distinct bulb (Hillman 1969; Lewis
and Li 1975; Lewis 1977, 1978; Baird and Lewis 1986). The bulb is con-
nected to the tips of the stereocilia in the row adjacent to the kinocilium, so
that the kinocilium does not extend, distally, beyond that row. It also is
connected to one side of the rim of the fluid-filled pore in the tectorium or
gelatinous membrane overlying the hair cell, and evidently provides a fo-
cused mechanical linkage between the array of stereocilia and the overlying
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gelatinous structure (Hillman 1969; Hillman and Lewis 1971; Lewis 1976).
In these same animals, the nonacoustic hair cells typically have fewer rows
of stereocilia; they all lack the kinocilia bulb, and the unbulbed kinocilium
typically extends distally well beyond the row of longest stereocilia (Lewis
and Li 1975; Hillman 1976).

Typical anuran acoustic hair cells occur along the midline (seismic re-
gion) of the anuran lagenar macula (Baird and Lewis 1986). They also occur
throughout most of the anuran saccule and amphibian papilla. At the
growing edges of those two end organs, however, one finds a gradation of
morphology, between the typical acoustic type and a small hair-cell type
that Lewis and Li (1973) considered to be an undifferentiated, juvenile
form. This juvenile hair cell has fewer rows of stereocilia and an unbulbed
kinocilium that is conspicuously longer than the longest stereocilia. The
hair cells of the distal-most two or three rows in the anuran basilar papilla
(those hair cells with direct connection to the tectorial membrane) also are
the typical acoustic type; the more proximal hair cells have unbulbed
kinocilia and resemble nonacoustic types (Lewis 1977).

In caecilians, urodeles, and Ascaphus and Leiopelma, the typical acoustic
hair cell has many rows of stereocilia and a kinocilium that is neither
conspicuously bulbed nor conspicuously longer than the longest stereocilia
(Lewis and Nemanic 1972; Lewis 1981a; White and Baird 1982; White
1986). White (1986) found slight swellings at the tips of kinocilia in the
distal-most hair cells of the basilar papillae of some urodeles. One sees no
evidence of such swellings in the saccular hair cells of the mudpuppy
(Necturus maculosus), however, but there is evidence of a specialized con-
nection between the distal tip of the kinocilium and the longest stereocilia
(Lewis and Nemanic 1972). The distribution of typical acoustic hair cells in
these amphibians seems to follow the pattern of the anurans, including a
gradation to juvenile forms along the putative growing edges of the saccule
and amphibian papilla (Lewis and Nemanic 1972).

6.2 Hair-Bundle Orientation Patterns—Sensitivity Maps

Comparing micromorphology with observed physiological responses in
semicircular canals, Lowenstein and Wersill (1959) concluded that hair
cells are functionally polarized, responding in an excitatory manner to hair-
bundle strain directed along a vector oriented parallel to the surface of the
sensory epithelium and directed across the center of the apical surface of
the cell, toward the kinocilium. This sort of strain would be produced by an
appropriately directed shearing action between the epithelial surface and
the overlying acellular structures. Lowenstein and Wersill’s conclusion has
been substantiated by direct observation of stimulus-response properties of
individual hair cells (Hudspeth and Corey 1977). Thus, by placing an appro-
priately oriented arrow over each hair cell in a micrograph of an inner-ear
sensory surface, one can construct a sensitivity map—a map of the local
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shearing motion that leads to maximum excitation. Shotwell and colleagues
(1981) demonstrated that a given strain yields hair-cell depolarization that
closely matches a cosine function of the angle of the strain vector relative to
the arrow: strain aligned in the direction of the arrow yields maximum
positive voltage change; strain in the opposite direction yields maximum
negative voltage change; and strain perpendicular to the arrow yields no
voltage change.

An excellent compilation of sensitivity maps can be found in Leverenz’s
comprehensive review of inner-ear morphology (Lewis et al. 1985,
Chapter 3). In most amphibians that have been observed (the caecilian
Ichthyophis kohtaoensis; among urodeles—five species of Ambystoma plus
Dicamptodon ensatus and Rhycotriton olympicus; and among anurans—
one leiopelmatid species, three discoglossids, two pipids, one paleoarctic
pelobatid, 11 hylids, two dendrobatids, four ranids, two hyperoliids, one
rhacophorid, and one paleoarctic microhylid) arrows for the basilar papilla
are aligned predominantly parallel with the axis of the papillar recess
(toward or away from the saccular or lagenar recess), implying sensitivity
predominantly to axial motion of the endolymph or tectorium (Lewis 1978;
White and Baird 1982; White 1986). Some anurans (12 bufonid species, five
neoarctic pelobatids, and two neoarctic microhylids) exhibit conspicuous
deviation from this pattern (Lewis 1978). In those species, the arrows for
the hair cells attached to the tectorium are aligned in parallel with the axis
of the recess, but the arrows for the other hair cells form inward or outward
vortex-like patterns (Fig. 4.16), implying sensitivity to rotating (eddy)
patterns of flow proximal to the tectorial membrane.

€
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FIGURE 4.16. Sensitivity maps (showing hair cell polarization patterns) of the
basilar papillae of four anurans: (A) Scaphiopus hammondi (Pelobatidae),
(B) Hypopachus variolosus (Microhylidae), (C) Kassina sp. (Hyperoliidae), and
(D) Bombina orientalis (Discoglossidae).
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In the caecilians and urodeles in which it has been constructed, and in
Ascaphus and Leiopelma, the sensitivity map for the amphibian papilla has
arrows directed parallel to the axis of the papillar recess (toward or away
from the saccule), implying sensitivity to axial motion of the tectorial mem-
brane. In the other anurans for which maps have been constructed, the
papillar recess bends and extends caudally, and sensitivity maps are more
complicated but consistent (Lewis 1976, 1978, 1981a,b). In anurans consid-
ered to be most ancient (three species of discoglossids, four pipids, six
pelobatids) the maps imply sensitivity to tectorial motion parallel to the
long, curved axis of the posterior patch. In anurans considered to have
arisen more recently (one sooglossid, nine leptodactylids, 15 hylids, two
dendrobatids, seven ranids, three hyperoliids, one rhacophorid, three
microhylids), the maps imply sensitivity to tectorial motion parallel to the
long axis over the anterior part of the posterior patch, and tectorial motion
perpendicular to that axis over the posterior part of the patch (Fig. 4.17).
The transition between these two modes of sensitivity occurs directly under
the gelatinous diaphragm that Wever called the “sensing membrane.”

6.3 Transduction to Neuroelectric Signals

So far, we have followed the putative paths that the energy from external
acoustic signals takes from the periphery to the acellular structures overly-
ing acoustic hair cells, and we have used sensitivity maps to infer the
directions of motion in those structures that will be effective in exciting the
hair cells themselves. The combination of force and velocity in the strain
applied to the hair bundle evidently is the last instance in the causal chain
of acoustic sensing that involves energy directly from the acoustic signals.
Davis (1965) promoted the idea that transduction of an acoustic signal to a
neuroelectric signal in the cochlea was accomplished by strain-modulated
electrical resistance in combination with the electrical battery provided by
the inner-ear fluids (in the mammalian cochlea there is an electrical poten-
tial of approximately 0.1V between endolymph and perilymph). Strelioff
and his colleagues corroborated this hypothesis with direct measurement
of sound-induced electrical resistance changes in the guinea pig cochlea
(Strelioff et al. 1972; Honrubia et al. 1976). In the saccule of R. catesbeiana,
Hudspeth and his colleagues identified a cellular basis for this mode of
transduction and one of the cellular elements responsible for it—a strain-
gated ion channel, located at or near the tip of each stereocilium (Hudspeth
and Corey 1977; Hudspeth and Jacobs 1979; Shotwell et al. 1981; Hudspeth
1982; Jaramillo and Hudspeth 1991).

In transduction of this sort, the acoustic energy reaching the transducer is
used to modulate the resistance, but the energy in the resulting electrical
signal comes from the battery, and the energy of the battery comes from
metabolic sources, through ion pumps. From this point on, through the hair



132 Edwin R. Lewis and Peter M. Narins

FiGURE 4.17. Sensitivity maps of the amphibian papillae of four anurans and
one urodele [Ambystoma maculatum (Ambystomatidae), upper right]. Three of
the anurans, Bombina orientalis (Discoglossidae, upper left), Scaphiopus couchi
(Pelobatidae, left center), and Ascaphus truei (Leiopelmatidae, right center), are
members of families considered to be ancient. The other anuran, Kassina
senegalensis (Hyperoliidae, bottom of figure) is considered to be a recently derived
frog. The contact membrane (CM) and cross-section of the papillar branch (PB) of
the eighth nerve are depicted in each map.

cells and their synapses, through the eighth cranial nerve, through the brain
stem and beyond, the signals representing environmental sounds and
vibrations do not include energy from those sounds and vibrations (see
McCormick, Chapter 5, for a discussion of the amphibian CNS).

There still is one thing that must happen to the energy from the sounds
and vibrations before we move past it. It must be coupled to the gates of the
channel molecules in such a way that it can modulate their opening and
closing. The forces and motions of the tectorial or gelatinous membrane
evidently are coupled through the distal end of the kinocilium to the distal
end of the row of tallest stereocilia. Pickles and colleagues (1984) identified
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structures, which they called tip links, that seem to be ubiquitous in verte-
brate hair bundles and evidently serve to couple forces and motions from
row to row through the entire array of stereocilia (Assad et al. 1991). Owing
to the gradation of stereocilia length from one row to the next, as the hair
bundle is tilted (by shear forces applied through the distal end of the
kinocilium), the members of one row will slide relative to members of
adjacent rows. If one imagines that each tip link provides a spring-like
coupling that is under tension at rest, then that tension should increase for
shearing motion aligned with the sensitivity arrow (i.e., directed across the
luminal surface of the hair cell toward the kinocilium) and decrease for
shearing motion in the opposite direction. Presuming that the probability
that a given strain-gated channel is open increases as the tension in the
associated tip link increases, one has in this structure not only the means for
coupling the acoustic energy to its final target, but also a mechanism for the
functional polarization first observed by Lowenstein and Wersill (Corey
et al. 1989; Pickles 1993).

6.4 Reverse Transduction: Otoacoustic Emissions

Using engineering theory, Gold (1948) argued that if tuning in the mamma-
lian cochlea were accomplished largely by mechanical elements, and if it
were as sharp as he believed it was, on the basis of psychophysical experi-
ments, then it would require feedback with energy augmentation. He sug-
gested that this is accomplished by a loop involving a reverse transduction
process, allowing the mechanical energy from the external acoustic source
to be augmented by energy derived from metabolism. The reverse trans-
ducer would convert the metabolically derived energy to mechanical
energy.

Presumably, under some circumstances, perhaps pathological, some of
this metabolically derived mechanical energy could find its way back
through the acoustical paths of the inner and middle ears to the periphery,
and could be emitted into the air or water as sound. Clinical studies of
tinnitus led to the discovery of spontaneous acoustic emissions from human
ears (Citron 1969; see Lewis et al. 1985), implying that a reverse transduc-
tion mechanism does exist in the cochlea. Kemp (1979) showed that such
emissions could be evoked by externally applied acoustic stimuli. Subse-
quently, spontaneous and evoked acoustic emissions were observed in Rana
temporaria and in the hybrid species, Rana esculenta (Palmer and Wilson
1982; Whitehead et al. 1986), implying that reverse transduction also occurs
in amphibians. The frequencies of the emissions observed so far from the
frogs correspond to the BEFs of the basilar papilla and the posterior patch
of the amphibian papilla (see Section 2.3), suggesting that the emissions
may arise from those places (Whitehead et al. 1986; van Dijk et al. 1989; van
Dijk et al. 1996; Long et al. 1996). Working with frog saccular hair cells in
vitro, Assad and colleagues (1989) observed reverse transduction directly—
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changing the membrane potential in isolated saccular hair cells produced
pivoting (tilting) movement of the hair bundle (but no apparent movement
of other parts of the cell). Benser and colleagues (1996) found that this hair-
bundle motion could be very rapid. In response to mechanical stimuli, some
hair bundles twitched (in the sense that a muscle-fiber twitches), doing work
against the mechanical stimulation device; some hair bundles exhibited
spontaneous twitches and some produced stimulus-evoked mechanical os-
cillations. Evidence gathered by Assad and Corey (1992) implies that the
site of this reverse transduction (which they call the “adaptation motor™) is
the tip link.

6.5 Innervation of the Hair Cells

Among amphibians, detailed eighth nerve fiber counts are available only
for adult R. catesbeiana (Dunn 1978). The saccular branch averages ap-
proximately 960 myelinated axons and 170 unmyelinated axons; the basilar
papilla branch averages approximately 400 myelinated axons and 360 un-
myelinated axons; and the amphibian papilla branch averages approxi-
mately 1,550 myelinated axons and 60 unmyelinated axons. In adult R.
catesbeiana, the saccular macula has approximately 2,500 hair cells, the
basilar papilla has approximately 100 hair cells, and the amphibian papilla
has approximately 1,500 hair cells (Lewis and Li 1973; Lewis 1976, 1978).
In adult R. catesbeiana, saccular afferent axons have been found to inner-
vate from two to approximately 200 hair cells, amphibian papillar afferent
axons from one to approximately 15 hair cells, and basilar papillar afferent
axons from one to four hair cells with one being typical (Lewis, Baird et al.
1982; Lewis, Leverenz, and Koyama 1982). In the R. catesbeiana amphibian
papilla, afferent axons to the anterior patch tended to innervate more hair
cells than did those to the posterior patch. Simmons and colleagues (1992)
found a similar pattern in adult R. pipiens. In that animal, however, they
found that a high proportion of the afferent axons innervating the basilar
papilla were branched, and that the average number of hair cells innervated
by the branched afferents was five. The afferent axons traced into the
basilar papillar of R. catesbeiana all innervated hair cells in the rows directly
underlying the tectorial membrane. Those in R. pipiens were not so limited,
possibly accounting for the observed difference in the innervation pattern.
In R. catesbeiana, efferent innervation was found to be absent in the basilar
papilla and present in the saccule and amphibian papilla (Flock and Flock
1966; Robbins et al. 1967; Frishkopf and Flock 1974). In the amphibian
papilla, efferent terminals are more abundant in the anterior patch than
they are in the posterior patch (Flock and Flock, 1966). In R. catesbeiana,
Flock and Flock (1966) found tight junctions between axons in the amphib-
ian papilla, suggesting the possibility of electrical connections; and Dunn
(1980) found reciprocal synapses between hair cells and afferent axons in
the sensory surfaces (cristae) of the semicircular canals. These observations
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raise the possibility of interesting neural circuitry in the acoustic end organs
of amphibians, a possibility that is largely unexplored.

7. Physiology of Afferent Axons

Physiological studies of acoustic afferent axons in anurans are aided by the
fact that the fiber bundle from each end organ maintains its integrity and
relative position in the eighth nerve as the latter spans the gap between
the inside of the cranial wall and the brain (Boord et al. 1970). One can
conceive of the spike activity over all of the axons of the various acoustic
sensors of the amphibian inner ear as representing a dynamic image of
the acoustic ambiance of the animal, with each axon bearing an element of
that image. Many of the properties of these individual elements were
summarized in Section 2.3 and 2.4, above. Based on these properties, one
can think of the image as being spectrographic—reflecting both time and
frequency. Terms commonly applied to the elements of spectrographic
images are tuning and sensitivity. Tuning, interpreted broadly as selective
responsiveness to the shapes of acoustic waveforms, has been the focus of
many physiological studies of auditory and seismic axons in the amphibian
ear.

7.1 Tuning and Putative Tuning Mechanisms

Eighth-nerve tuning properties have been studied in two fundamentally
different ways: (1) variants of the frequency threshold tuning curve (FTC),
and (2) variants of the Volterra-Wiener systems of descriptive models.
FTCs and their variants are based entirely on changes in mean spike rate in
response to tonal (sinusoidal) stimuli, and thus inherently reflect the action
of an underlying nonlinear process akin to rectification. The Volterra-
Wiener descriptions may include components based on mean spike-rate
changes, but they also include components based on linear modulation of
the spike rate by the stimulus waveform. When it is less than 0.5, the widely
used synchronization index (vector strength) is such a measure of linear
modulation (Goldberg and Brown 1969; Hillery and Narins 1987). Other
such measures are the reverse-correlation (revcor) function, which is
equivalent to the first-order Wiener kernel (de Boer and de Jongh 1978;
Yu et al. 1991); and the phase-tuning curve—the phase of the linear spike-
rate modulation as a function of frequency (Hillery and Narins 1984). The
current state of the theory of dynamic processes makes linear descriptions
much easier to interpret than nonlinear descriptions in terms of underlying
physical processes. The linear descriptions of tuning as seen through
individual afferent axons of the frog saccule and the frog amphibian papilla
strongly imply underlying dynamics of high dynamic order (Lewis et al.
1990), meaning dynamics involving a large number of independent
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energy-storage elements (e.g., many mass elements, each moving
independently, and many elastic elements, each compressed or expanded
independently).

Studying FTCs in frog auditory axons, Moffat and Capranica (1976)
found that the BEFs of amphibian-papillar axons are strongly dependent on
temperature and that those for basilar papillar axons are not. Because the
properties of mechanical elements (masses and springs) typically are not
strongly dependent on temperature, they concluded that tuning in the
amphibian papilla might involve electrochemical (molecular) mechanisms,
which typically do exhibit strong temperature dependence. Subsequently,
Pitchford and Ashmore (1987) found electrochemical resonances in the
low-frequency region of the frog amphibian papilla, and Lewis and
Hudspeth (1983) found such resonances in the frog saccule. Hudspeth and
Lewis (1988) showed that, in the frog saccule, the resonance arises from an
interaction of voltage-dependent calcium channels and calcium-dependent
potassium channels, all in the individual hair cells. In the frog saccule,
however, the frequency of electrochemical resonance typically is above the
range of tuning seen in the axons. Furthermore, tuning in the saccular axons
is only weakly dependent on temperature (Egert and Lewis 1995), while
the frequency of the electrochemical resonance is strongly dependent on
temperature (Smotherman and Narins 1998). This evidence suggests that
the tuning seen in the saccular axons does not involve the electro-
chemical resonance. Similar resonances are found in the hair cells of frog
semicircular-canal cristae, where they also exhibit frequencies well above
the tuning range of the canal axons and seem not to be involved at all in that
tuning (Houseley et al. 1989).

Smotherman and Narins (1997) found that the resonance frequencies
of hair cells taken from various places along the low-frequency region of
the frog amphibian papilla, on the other hand, match very well the known
tonotopy of the afferent axons from the same region (Lewis, Leverenz, and
Koyama 1982). This finding, along with the strong temperature dependence
of the resonance (Smotherman and Narins 1998) and that of the axonal
tuning (van Dijk et al. 1990; Stiebler and Narins 1990), strongly implies that
the electrochemical resonances observed in the hair cells participate in the
tuning seen in the axons. The electrochemical resonance, however, has a
dynamic order of two. The dynamic order observed in amphibian-papillar
axonal tuning typically is eight to ten, but sometimes as high as 16 (Lewis
et al. 1990). Electrochemical resonance, with its low dynamic order, is
observed in isolated hair cells and in hair cells in situ, but with the overlying
tectorium removed. Noting the observations of frog otoacoustic emissions
by Palmer and Wilson (1982), Lewis (1988) argued that if the tuning in
axons is a consequence of the electrochemical resonance, then the high
dynamic order seen in axons implies electromechanical coupling between
hair cells, through the tectorium, which in turn implies the presence of
reverse transduction. Although it is now clear that reverse transduction is
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present, it has not yet been shown definitively that the high dynamic order
of axonal tuning actually is achieved by electromechanical coupling of
electrochemical resonances. Nevertheless, the evidence to date suggests
that the reverse transducer (the tip-link/adaptation-motor) may play a key
role in tuning observed in the low-frequency amphibian papillar axons.

Lacking strong temperature sensitivity, tuning in the frog saccule and
basilar papilla as well as that in the higher-frequency regions of the amphib-
ian papilla may be accomplished largely by mechanical elements. At the
high-frequency (caudal) end of the amphibian papilla, correlations between
morphology and tonotopy suggest involvement of the tectorium as mass
and the hair bundles as springs (Lewis and Leverenz 1983; Shofner and
Feng 1983). The mechanisms underlying mechanical tuning, however, in-
cluding the roles of the elaborate and beautifully regular pores in the
tectorium, remain an open topic for future studies. Van Bergeijk and
Witschi (1957) proposed that the tectorium of the basilar papilla is a tuned,
two-dimensional wave structure; Hillery and Narins (1984), among others,
made a similar proposal regarding the tectorium of the amphibian papilla.
Although the details of both of these proposals require modification in light
of subsequent observations, they provide interesting starting points for
further study. Whatever the mechanisms may be, it is clear that they give
rise to tuning of high dynamic order.

An aspect of tuning that has been under increasing scrutiny is the respon-
siveness to temporal aspects of the acoustic waveform (Rose and Capranica
1985; Schwartz and Simmons 1990; Simmons and Ferragamo 1993; Bodnar
and Capranica 1994; Simmons et al. 1996). An insightful approach to the
study of such responsiveness is the use of Wiener kernels as descriptive
models of tuning (de Boer and de Jongh 1978; Wolodkin et al. 1997). The
power of such an approach can be seen in Figure 4.18. Presently, it is being
extended successfully to incorporate nonlinear aspects of tuning (Wit et al.
1994; Yamada et al. 1997).

7.2 Adaptation

As implied by its name, studies of the tip-link/adaptation-motor have been
motivated by interest in its possible role in a phenomenon labeled adapta-
tion (Eatock et al. 1987; Howard and Hudspeth 1987; Shepherd and Corey
1994). Whereas adaptation in vision science produces an adjustment of
photosensitivity to changes in ambient light intensity, adaptation associated
with tip links seems to be related to tuning rather than sensitivity. It makes
the saccular hair cells, in which it has been studied, unresponsive to acoustic
stimuli of very low frequency. As mentioned in the previous section, it
also may account for the high dynamic order in tuning in low-frequency
amphibian papillar axons.

Acoustic axons are known to exhibit sensitivity adjustments to ambient
acoustic levels, however (see Lewis and Henry 1995 for a discussion about
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mechanisms). This type of adaptation (akin to adaptation in vision science)
is conspicuous in afferent axons from the frog amphibian papilla and in
afferent axons from the frog basilar papilla (Ehret and Capranica 1980;
Megela 1984; Zelick and Narins 1985; Penna and Narins 1989; Yu 1991). It
is not conspicuous in frog saccular axons, however, although it does occur to
a slight extent in some of them (Lewis 1986; Egert 1993). In response to an
increase in the ambient sound level, the sensitivities of amphibian-papillar
axons and basilar papillar axons gradually decrease (Megela and Capranica
1981; Megela 1984; Yu 1991). As mentioned in Section 2.4, frog amphibian-
papillar axons also exhibit phenomena known as one-tone suppression and
two-tone suppression (Lewis 1986; Christensen-Dalsgaard and Jgrgensen
1996b)—reduction in sensitivity to intrinsic noise in the presence of a back-
ground (suppressing) tone, and reduction in sensitivity to a tone at a fre-
quency close to BEF in response to a second (suppressing) tone at another
frequency. Showing that the response of the R. catesbeiana amphibian-
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papillar axon to a single tone can be divided into a linear (AC) component
and a nonlinear (DC) component, reflecting AC and DC components of the
underlying generator potential at the spike trigger, Lewis (1986) presented
evidence implying that adaptation and suppression both are consequences
of the DC component of generator potential being negative, biasing the
spike trigger away from threshold and making the axon less responsive
to the AC component (see Lewis and Henry 1995 for the basic theory).
Recently, Christensen-Dalsgaard and Jgrgensen (1996b) drew the same
conclusions for R. temporaria. The biophysical basis of the negative DC
response remains an open question for future research.

7.3 Directional Sensitivity

Phonotaxis tests with female treefrogs have demonstrated that anuran am-
phibians are able to accurately localize sound in both azimuth and elevation
(Feng et al. 1976; Rheinlaender et al. 1979; Gerhardt and Rheinlaender
1980, 1982; Passmore et al. 1984; Rheinlaender and Klump 1988; Klump and
Gerhardt 1989; Jgrgensen and Gerhardt 1991). Measurements of many
species have shown that the frog ear is an inherently directional, asymmetri-

4,
FiGure 4.18. Characterization and responses of a single afferent nerve fiber from
the amphibian papilla of Rana catesbeiana. A: First-order Wiener kernel, derived by
the revcor method (horizontal axis shows time in milliseconds). This is an estimate
of the impulse response of the peripheral tuning structure associated with the fiber.
It is noisy because it is the time average of the noise stimuli occurring immediately
prior to each spike. The noise (random acoustic stimulus) had a gaussian amplitude
distribution and a uniform power spectral density from 100Hz to 5.0kHz. B: Tuning
curve, derived by discrete Fourier transform of the first-order Wiener kernel in A
(horizontal axis shows frequency in Hz; vertical axis shows relative amplitude in
decibels). The center frequency is 230Hz, and the peak of the tuning curve extends
approximately 20dB above the background noise level (inherent in the noisiness of
the waveform in A). C: The upper (smooth) line in each panel shows the time course
of an acoustic stimulus waveform applied repeatedly to the ear. The stimulus was a
segment of noise with gaussian amplitude distribution and uniform power spectral
density from 70Hz to 600Hz. The lower (ragged) line shows a peristimulus time
histogram of spikes (i.e., the spike rate) in response to the waveform. Note that the
peaks and troughs of the spike-rate response are not a very good match to those of
the stimulus. D: The smooth line shows the result of passing the stimulus waveform
in C through a filter with the impulse response of A (computed simply by convolu-
tion of the impulse response in A and the smooth waveform in C). The smooth line
was scaled to allow detailed comparison with the spike rate response of C, which is
displayed again in D. Note how well the peaks and troughs of the spike rate
response are matched by the output of the filter. The goodness of the match attests
to the fidelity with which the waveform in A represents the tuning properties
associated with this axon. (Courtesy of Walter Yamada, Graduate Group in Neuro-
biology, University of California, Berkeley.)
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cal, pressure-gradient receiver (Rheinlaender et al. 1979, 1981; Feng 1980,
Chung et al. 1981; Feng and Shofner 1981; Pinder and Palmer 1983; Palmer
and Pinder 1984; Vlaming et al. 1984; Aertsen et al. 1986; Eggermont 1988;
Michelsen et-al. 1986; Wang et al. 1996). In such a receiver the eardrum is
driven by instantaneous differences between sound pressures arriving at the
external and internal surfaces of the tympanic membrane (TM). Thus it has
been proposed that sound localization in frogs depends on acoustic path-
ways to the internal surfaces of the TMs and the resultant phase differences
across the TMs (Eggermont 1988; Narins et al. 1988).

Several studies have clearly demonstrated directional sensitivity of single
auditory nerve fibers in the frog (Feng 1980; Feng and Shofner 1981;
Schmitz et al. 1992; White et al. 1992). Laser Doppler vibrometric (LDV)
measurements of the eardrum also suggest that the TM response is highly
directional (Jorgensen and Gerhardt 1991; Jorgensen et al. 1991). Sound
transmission to the inner ear through pathways other than through the TM
has been demonstrated in anuran amphibians. Among the identified path-
ways are the mouth, the opercular-opercularis muscle complex, the lateral
body walls via the lung and glottis, and substrate-borne vibrations through
the entire body (Lombard and Straughan 1974; Feng and Shofner 1981;
Narins and Lewis 1984; Wilczynski et al. 1987; Narins et al. 1988; Ehret et al.
1990; Jorgensen et al. 1991; Christensen-Dalsgaard and Narins 1993; Ehret
et al. 1994). Simultaneous single fiber recordings and LDV measurements
of the eardrum revealed that statistically significant correlations between
eardrum velocity and nerve fiber firing rate were present in about 45% of
the fibers recorded, implicating a significant role for extratympanic sound
transmission to the inner ear (Wang et al. 1996).

The directional properties of phase-locking in the auditory have also
been investigated. Schmitz et al. (1992) showed that sound direction af-
fected vector strength very little, whereas it had a strong influence on the
preferred firing phase of eighth nerve fibers. Thus, phase-locking of am-
phibian papillar neurons can potentially provide intensity-independent
information for sound localization. In addition, the consistent differences
between the directional masking patterns for vector strength and for the
preferred phase functions suggest that different mechanisms underlie noise
masking of these two measures of phase-locking in the amphibian auditory
nerve (Wang and Narins 1996).

8. Summary

In the present climate of deep reductionism in biology, there is a tendency
among many scientists to believe that the only important issues in sensory
biology center around molecular devices and cellular mechanisms. Surely,
such devices and mechanisms are intriguing, and they are important. The
authors of this chapter hope, however, that we have convinced the reader
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that knowledge about molecular devices and cellular mechanisms forms
only a small part of what we understand about the amphibian ear, and that
without the integrative context provided by our knowledge of morphology,
physiology, and neuroethology, the significance of that part would be re-
duced to zero. We also hope that we have demonstrated to the reader that
there are fascinating open questions regarding the amphibian ear at all
levels—morphological, physiological, neuroethological, and molecular—
and that the comparative approach clearly is not only the path of choice but
the path promising the greatest adventures.
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