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Preface

The past two decades have seen an extraordinary growth of interest in the auditory
mechanisms of a wide range of vertebrates and invertebrates. Investigations have ranged
from auditory mechanisms in relatively simple animals where just a few cells are em-
ployed for detection of sound, to the highly complex detection and processing systems
of man and the other mammals. Of particular significance to us has been the growing
interest in general principles of vertebrate auditory system organization, as opposed to
a specific and limited concern for the mammalian or even human systems. Some of
the interest in nonmammalian systems has risen from the desire to find simpler experi-
mental models for both the essential components (e.g., the hair cell receptor) and the
more complex functions (e.g., frequency analysis) of all vertebrate auditory systems.
Interest has also risen from questions about the evolution of hearing and the covariation
(or lack of it) in structure and function in a wide variety of biological solutions to the
problems of acoustic mechanoreception. Of course, the desire to find simpler experi-
mental models and the need to answer questions about the evolution of hearing are
not unrelated. In fact, detailed analyses of a variety of systems have led several times
to the realization that some of the “simple systems’’ are more complex than initially
thought. We have felt for some time that an exchange of ideas among workers investi-
gating different vertebrate groups and workers taking different approaches to a single
group would be of substantial mutual benefit to all involved. The product of such an
interaction would permit a greater appreciation of diversity among the vertebrates,
bring together in one place much of the data of comparative hearing, and, at the same
time, encourage the growth of general ideas and underlying “themes” of vertebrate
auditory mechanisms.

In 1978 in Honolulu, Hawaii, a joint meeting was held of the Acoustical Societies
of American and Japan. This meeting brought together a group of investigators repre-
senting a range of disciplines and a range of vertebrate classes to discuss their own
work and to hear and talk with people interested in parallel problems with different
vertebrate groups. Since it is impossible to cover all aspects of vertebrate audition in
one workshop or volume, we limited the scope of most of the contributions in this
book, an outgrowth of that meeting, to critical reviews of the recent literature on
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peripheral and central anatomy, peripheral and central neurophysiology, and psycho-
physics. In addition, we have emphasized the theme of sound localization in the dis-
cussions of the fishes, birds, and mammals. While attempts were made to cover these
topics evenly across the vertebrate classes, it was not always possible. Generally speak-
ing, we have emphasized peripheral anatomy and physiology and have not dealt in as
great detail with the central auditory systems (except for the neuroanatomy of the
anamniotic vertebrates). In the case of both reptiles and amphibians, no proper psycho-
physical data exist. The coverage of the mammals was most difficult since it was not
possible to even begin to review the existing data in a satisfactory way in only a few
chapters. In this case, therefore, specific topics of particular comparative interest were
chosen.

The joint meeting of the Acoustical Societies of America and Japan was held Novem-
ber 28 to December 2, 1978. We would like to thank Dr. John Burgess, chairman of
the Honolulu meeting, and Dr. Joseph Hall, chairman of the Physiological and Psycho-
logical Acoustics section of the Acoustical Society of America, for their help in organ-
izing the workshop. We also thank all the participants in the workshop for their ef-
forts. The success of the workshop and the timely completion of this volume is due to
them. Finally, we thank Dr. Mark Licker, our editor at Springer-Verlag, for his guidance
and assistance in the preparation of this volume.

Arthur N. Popper
Richard R. Fay
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PART ONE

Fishes

Fishes represent, by far, the largest of the vertebrate classes. The more than 25,000 ex-
tant species show an extraordinary diversity in their ways of making a living. Over the
past 15 years, we have seen a new interest in the teleost auditory system and the de-
velopment of new data and ideas on the function of all aspects of teleost hearing. We
are now learning, for example, that while there are some significant structural and
functional similarities between the auditory system of fishes and terrestrial vertebrates
(Fay and Popper, Chapter 1), there are a number of other apsects of audition, such as
sound localization (Schuijf and Buwalda, Chapter 2), which must be considered in to-
tally new ways. One area in which there has been a significant lack of data has been
the central auditory neuroanatomy. Recently, however, new techniques and results
have increased our understanding of anamniote neuroanatomy, and these data (North-
cutt, Chapter 3) promise to be of substantial value for future studies of the auditory
systems of fishes.



Chapter 1

Structure and Function in Teleost Auditory Systems

RICHARD R. Fay* and ARTHUR N. PoppER* *

1 Introduction

In this chapter much of the recent literature on hearing in fishes has been brought to-
gether. First, the gross morphological and ultrastructural bases of sensitivity to the
pressure and the motional components of underwater sound will be considered. This
will be followed by a discussion of the behavioral and physiological literature on signal
processing, particularly as it relates to the structure and function of the inner ear. The
goal is to contribute to a greater understanding of the organizing principles of auditory
processing by fishes, and by vertebrates in general, through emphasis on comparative
issues and data. However, the central auditory system or the mechanism of localization,
including the possible relationships between labyrinthine and lateral line function will
not be considered since they are considered in other chapters (see Schuijf and Buwalda,
Chapter 2; Bullock, Chapter 16; and Northcutt, Chapter 3).

Three general themes have emerged from the recent literature on fish hearing. The
first is that considerable interspecific variation exists in both the gross and ultrastruc-
tural anatomy of the auditory periphery. While species-specific patterns of overall sen-
sitivity and hearing bandwidth may be at least partially understood in these terms, the
implications of this structural variation for more complex aspects of auditory process-
ing, such as time and frequency analysis, are not yet clear. Second, the processing of
various aspects of the acoustic waveform in time appears to be relatively more impor-
tant for the teleost auditory system than analysis in the frequency domain. The
preoccupation with peripheral frequency analysis in mammalian auditory theory has
led to a number of conceptions (e.g., “‘the auditory filter’”), which should only be
applied to fish systems with the greatest caution and critical evaluation. Third, it is
now clear that the otolithic ears of fishes are inherently directionally sensitive by
virtue of rather complex hair cell orientation patterns. The potential value of these

*Department of Psychology and Parmly Hearing Institute, Loyola University of Chicago, 6525
North Sheridan Road, Chicago, Illinois 60626.

**Department of Anatomy, Schools of Medicine and Dentistry, Georgetown University, 3900
Reservoir Road, N. W., Washington, D. C. 20007.
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directional patterns in extracting high quality information from the acoustic waveform
is great, and they may play a role in signal detection in noise, sound source locali-
zation, and other aspects of complex information processing (Schuijf and Buwalda
treat this in more detail in Chapter 2).

2 Anatomy of the Auditory Periphery

Sound detection by fishes involves an inner ear and, in many cases, peripheral struc-
tures that respond to sound and carry the acoustic energy to the inner ear. In the fol-
lowing sections the anatomy of these systems will be considered as a prelude to dis-
cussing functional significance in the system.

2.1 Inner Ear Morphology

The morphology of the fish inner ear is, in a number of ways, similar to that in other
vertebrates (Fig. 1-1). The pars superior of the labyrinth consists of three semicircular
canals and their associated ampullary regions as well as one of the otolithic organs, the
utriculus. These structures are, in most species, involved with detection of the animal’s
orientation with respect to gravity and angular and linear accelerations (see Lowen-
stein 1971 for review). There is also some evidence that the utriculus may be an audi-
tory structure in the clupeids, or herringlike fishes (O’Connell 1955, Denton and
Blaxter 1976, Platt and Popper in press). The pars inferior includes two other otolithic
organs, the sacculus and lagena, and is generally considered to be involved in audition.
Each of the otolithic organs consists of a membranous wall, a sensory epithelium (or
macula) that contains a large number of sensory and supporting cells, and a single,
dense, calcareous otolith that lies in close contact with the sensory epithelium. The
macula and otolith appear to be connected by a thin otolithic membrane.

One of the most striking aspects of the gross morphology of the teleost ear is the
marked interspecific variability of the pars inferior (Retzius 1881). This variation is
especially clear when comparing the ostariophysans (fishes having a series of bones,
the Weberian ossicles, connecting the swimbladder to the inner ear), where the sac-
culus is elongate and the lagena large and round (Fig. 1-1A), with non-ostariophysans
(Figs. 1-1B and C) where, in general, the lagena is small compared with the sacculus.

Figure 1-1. (Opposite) Gross morphology of the ears in several species of fishes.
(A) An ostariophysan, Cyprinus idus (redrawn from Retzius 1881). Note the relatively
large lagena and smaller sacculus. (B) Zebrasoma veliferum, an Acanthurid from
Hawaiian reefs. (C) Salmo salar, the Atlantic salmon (redrawn from Retzius 1881).
(D) A presumably primitive chondrostean fish, Polypterus bichir (from Popper
1978b). Letter designations within the figures are as follows: A-anterior semi-circular
canal, CC-crus commune; H-horizontal semi-circular canal; L-lagena; LM-macula; LO-
lagenar otolith; S-sacculus; SI-sinus impar; SM-saccular macula; SO-saccular otolith;
M-macula; O-otolith; U-utriculus; UO -utricular otolith.
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This pattern is further contrasted with that in several primitive fishes, such as the
bichir (Polypterus bichir) (Fig. 1-1D) and shovel-nosed sturgeon (Scaphirhynuchus
platorynchus), where both the sacculus and lagena are large and in a single chamber.

In addition to the variation in general shape of the regions of the pars inferior,
there is also substantial interspecific variation in specific features of the sacculus and
lagena that may play an as yet undefined role in signal detection and processing.
This variation includes the connections between the sacculus and lagena, the general
shapes of the two organs, and the size and shape of the otolith.

The interconnections between the sacculus and lagena are of three primary types.
The ostariophysans have an opening in the medial wall of the saccular chamber that
leads directly into the lagena. In many non-ostariophysans, such as Zebrasoma (Fig.
1-1B), the lagena lies on the dorsal-posterior margin of the saccular chamber with
there being only a small opening between the two chambers. In still other species, such
as the salmonids (Fig. 1-1C) and several chondrosteans (Fig. 1-1D), the sacculus and
lagena lie in a single chamber (Popper 1976, 1977, 1978a).

The otolithic material in fishes consists of a single structure (see Fig. 1-2) that has a
density about three times that of water. The presence of a single otolith is unique to
teleost fishes; other vertebrates generally have a large number of small crystals, oto-
conia or statoconia, embedded in a gelatinous matrix (Carlstrom 1963). The saccu-
lar otoliths in fishes have distinct and complex species-specific shapes (Fig. 1-2), while
there is considerably less complexity, and less interspecific variation, in the lagenar
otoliths (Popper 1977).

2.2 Sensory Epithelia

The otolithic organs contain, in addition to the otoliths, a sensory epithelium, or
macula. A groove, or sulcus, on one side of the otolith lies close to the sensory epithel-
ium (Fig. 1-2) but is separated from it by a thin otolith membrane (Werner 1960).
Several recent scanning electron microscopic studies have shown the otolith membrane
to contain numerous holes into which the ciliary bundles of the sensory hair cells ap-
pear to fit (Dale 1976, Popper 1977, Jenkins 1979). The function of the otolith mem-
brane has not yet been explored in any detail, but several investigators have suggested
that it keeps the otolith in place near the sensory epithelium by providing a means of
attachment between the microvilli on the supporting cells surrounding the sensory
cells and the rough surface of the otolith (Dale 1976, Popper 1977, Jenkins 1979).

Several points should be made regarding the relationship between the otoliths and
sensory epithelia, since they may affect the relational movements between the two
structures and thus the stimulation of the sensory hair cells. First, the extent of the
otolithic chambers filled by the otoliths, particularly of the pars inferior, varies con-
siderably among different species. The range of variation extends from deep-sea lan-
tern fishes (fam. Myctophidae), where the otolith may fill less than one-quarter of
the saccular chamber and cover only the posterior half of the sensory epithelia (Popper
1977), to the acanthurids (Fig. 1-1B) and salmonids (Fig. 1-1C) in which the otoliths
fill the chambers and cover more than 90% of the maculae (e.g., Popper 1978a,1978b).
The second point to be made is that the otoliths in both the sacculus and lagena do
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Figure 1-2. Saccular (right) and lagenar otoliths. (A) An ostariophysan, Phoxinus
laevis; top is lateral view, bottom is medial view. Note the fluting on the saccular
otolith and the deep groove, or sulcus, on the lagenar otolith (from Wohlfahrt 1939).
(B) Medial view of the otoliths from Zebrasoma. The deeper sulcus is on the saccular
otolith in non-ostariophysans.

not necessarily cover the whole sensory epithelium, although in virtually all species the
otolith membrane extends out from the otolith to cover the entire sensory epithelium.
The extent of sensory epithelium uncovered by the saccular otolith may be from 10%
to 50% in different species. A small region on the dorsal tip of the lagenar macula is
uncovered in all species studied.

There is also substantial interspecific variation in the shapes of the sensory maculae
in the pars inferior and particularly in the sacculus (Fig. 1-3). In ostariophysans, the
saccular macula is relatively narrow and elongate (Fig. 1-3A), while in non-ostario-
physan teleosts it is broader at the rostral than the caudal end (Figs. 1-3B and C). The
pattern is also variable in primitive fishes such as several chondrosteans (Fig. 1-3D).
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The lagenar macula is substantially less variable in shape than that of the sacculus. The
only major differences, other than those seen in the primitive fishes (Fig. 1-3D), are
found in comparing the non-ostariophysans (Figs. 1-3B and C) with ostariophysans
(Fig. 1-3A).

The sensory maculae contain sensory hair cells that are surrounded by supporting
cells. The number of sensory cells on a typical teleost saccular macula may number
ten thousand or more, and it may even exceed the number of sensory cells in the audi-
tory regions of any tetrapod ear. Further, there is some evidence that the number of
sensory cells varies between species (see Platt 1977, Popper 1978a) and, more signifi-
cantly, Platt (1977) has shown that in the goldfish (Carassius auratus), the number of
sensory cells increases with the size of the animal. There is also some evidence that
the density of sensory cells varies in different regions of the same macula (Platt 1977).

The sensory hair cells have an apical ciliary bundle that consists of a single, eccen-
trically positioned kinocilium and a larger number (40 to 70 in different species) of
stereocilia. The stereocilia are usually graded in size, with the longest being found next
to the kinocilium. The supporting cells are covered with short microvilli (Fig. 1-4A)
that may attach to the otolith membrane (Dale 1976, Popper 1977).

The patterns of the ciliary bundles may vary in different regions of the sensory
maculae and between different teleost species. The names for the ciliary bundles are as
yet tentative, and different authors have given various names to what appear to be sim-
ilar bundles. For the sake of convenience, terms used by Popper (1977, 1978b) will be
used to refer to bundles. Note that similar, though not necessarily the same, types of
bundles have been seen in other vertebrate classes (e.g., Lewis and Li 1975).

The most ubiquitous of the ciliary bundles found in fishes is the F1 bundle (Fig.
1-5A), which contains a series of stereocilia and a single kinocilium one to two times
the length of the longest stereocilia. The F1 bundle is found over the bulk of the sac-
cular macular in many ostariophysans and non-ostariophysans as well as in chondro-
steans (Platt 1977, Popper 1976, 1977, 1978a, 1979). The F2 bundle contains short,
and frequently nongraded, stereocilia and a long kinocilium (Fig. 1-4B). This type of
ciliary bundle is most often found on the very margin of the saccular and lagenar
maculae and may consist of one or a few cell rows (Fig. 1-4C). The F3 ciliary bundle
(Fig. 14D) is the most difficult to define morphologically. It looks very much like the
F1 bundle except that all of the cilia are very long. The F3 bundle has been found in
epithelial regions not covered by the otolith in salmonids, over the whole lagenar
maculae in holocentrids (but not in many other non-ostariophysans) (Popper 1977),
over the complete saccular macula in myctophids (Popper 1977), and completely
covering the saccular, lagenar, and utricular maculae in several herring-like fishes of
the family Clupeidae (Platt and Popper 1979).

The functional significance of the different ciliary bundle types is yet unknown, al-
though some physiological evidence has led to the suggestion that longer ciliary bundles
are associated with vibrational senses while shorter bundles may be involved with au-
dition (see Lowenstein et al. 1964, Platt 1977). Bundles similar to the F2 bundles of
fishes are also found in sharks and may be in regions of macular growth (Corwin
1977).
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Figure 14. Sensory hair cells from teleost fishes. (A) Type I ciliary bundles with the
kinocilium just slightly longer than the longest stereocilia. (B) Type II ciliary bundles
having very long kinocilia. (C) Border of the saccular macula showing Type II ciliary
bundles on the macula margin grading into type I bundles more medially. (D) Type III
ciliary bundles with longer cilia than the type I. Letter designations within the figures
are as follows: K-kinocilium; M-microvilli; $-stereocilia (from Popper 1977).

2.3 Innervation

While not extensive, data for several teleosts including Carassius auratus (Hama 1969),
Lota lota (the burbot), and the moray eel, Gymnothorax (Popper 1979), suggest that
the saccular macula is innervated by both afferent and efferent fibers of the eighth
nerve. Studies of the three otolithic organs of the holostean, Amia calva (Popper and
Northcutt unpublished), and of the utriculus of Lota lota (Flock 1964), indicate that
there are many more sensory cells than innervating nerve fibers. However, the ratio
between afferent and efferent fibers is not known. A similar pattern has been found in
elasmobranches by Corwin (1977), who suggests that the large number of sensory cells
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synapsing on fewer nerve fibers may provide a mechanism for enhancement of de-
tection or signal averaging in the ear (also see Bullock, Chapter 16). More central pro-
jections of the 8th nerve are largely unknown, though recent studies by McCormick
(1978) and by Northcutt (Chapter 3) have shown that there are several medullary
nuclei associated with the 8th nerve, as well as projections to mesencephalic, dience-
phalic, and telencephalic regions in several fish species (also see Grozinger 1967, Page
1970, Piddington 1971, Maler, Karten, and Bennett 1973a,b, Knudsen 1977).

2.4 Hair Cell Orientation

Of particular interest in recent studies of the ultrastructure of the sensory regions of
the ears of fishes has been the orientation patterns of the sensory hair cells. In fishes,
as in most other vertebrates (e.g., Miller, Chapter 6), the sensory cells on the various
otic maculae are organized into groups, each containing hair cells having their kino-
cilium located on the same side of the cell (Figs. 1-3, 14A and D).

While data are still somewhat limited, it is beginning to appear that hair cell orien-
tation patterns, particularly on the sacculus and lagena, can be divided into two major
types based on taxonomic relationships among fishes and into several lesser types of
as yet unknown taxonomic or functional significance. One of these types is found in
the Ostariophysi while the other is in the non-ostariophysan teleosts. Patterns in prim-
itive fishes differ somewhat from teleost patterns.

The hair cell orientation pattern in the ostariophysan sacculus has some similarity
to the patterns found in the tetrapod sacculus (Lindeman 1969, Lewis and Li 1975,
Miller, Chapter 6). The saccular macula in ostariophysans contains two hair cell orien-
tation groups (e.g., Fig. 1-3A) with dorsally oriented cells on the dorsal side of the
macula and ventrally oriented cells on the ventral side. While only 6 or 7 species of
ostariophysans have been studied to date (Hama 1969, Platt 1977, Jenkins 1979;
Popper unpublished), this basic pattern appears to exist throughout the ostariophysan
taxa. The only variation in this pattern has been reported in several species of catfish
(order Siluiformes) where Jenkins (1979) has found some alteration of dorsally and
ventrally oriented cells at the anterior end of the saccular macula. The orientation pat-
tern on the ostariophysan lagena is only known for the goldfish (Platt 1977) and one
catfish, Arius felis (Popper unpublished). Both species have two oppositely orientated
groups of hair cells (Fig. 1-3A) as in the sacculus. However, in the lagena, the consider-
able curvature of the macula results in a wider range of presumed “best directions” of
stimulation. (See, however, physiological data on directional sensitivity in Section 6).

The second basic saccular orientation pattern is found in the non-ostariophysan
teleosts where, in addition to having dorsally and ventrally oriented cells on the caudal
region of the macula, there are also horizontally oriented cells on the rostral portion
(Figs. 1-3B, C, and E). Horizontally oriented cell groups are found in almost all of the
major non-ostariophysan taxa (e.g., Dale 1976, Enger 1976, Jorgensen 1976, Popper
1976, 1977, 1978a, 1978b) with the exception of a mormyrid (Popper unpublished).
In general, the basic pattern for the horizontal cell groups is to have the posteriorly
oriented cells located dorsal to the anterior cell group (Figs. 1-3A and B). However,
there is substantial interspecific variation in this pattern in a wide range of teleosts.
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In some cases, one of the cell groups will be located rostrad to the others, as in mycto-
phids (Fig. 1-3E) and several holocentrids (Popper 1977), while in the moray eel and
several relatives, the two groups alternate as to which is dorsal to the other (Popper
1979 unpublished). There is substantially less variation involving the vertically oriented
groups in non-ostariophysans, although a number of species including the cod, Gadus
morhua (Dale 1976), and several gobies (Popper unpublished) have horizontally
oriented cells in the ventro-caudad macula region.

The non-ostariophysan lagenar pattern, with a few exceptions, does not vary sub-
stantially among different species. In most species investigated so far, there is a group
of dorsally oriented cells rostrad to ventrally oriented cells (Figs. 1-3B and C). A signif-
icant exception to this pattern is seen myctophids that have a very small lagenar macu-
la (100 to 200 hair cells), and where the pattern seen in other fishes is reversed (see
Fig. 1-3E). As in the ostariophysans, the cells on the non-ostariophysan lagena are
actually oriented in a wide range of directions as a result of macula curvature.

Totally different patterns than those in teleosts are found in several non-teleosts,
including chondrosteans (Popper 1978b) and the holostean, Amia calva (Popper and
Northcutt unpublished). Each of these species has two major orientation groups on the
saccular macula, with cells actually being oriented in four directions due to macula
curvature (Fig. 1-3D). This differs from the pattern in non-ostariophysans where there
is a distinct separation between the four hair cell orientation groups. The lagenar orien-
tation pattern in these species also is somewhat different from non-ostariophysans
(Fig. 1-3D) although no single pattern is yet apparent.

2.5 Auxiliary Auditory Structures

In addition to the inner ear, many species of fish have one or two additional structures
that are associated with audition. The best known of these is the gas-filled swimblad-
der, which is located in the abdominal cavity, ventral to the vertebral column (Fig.
1-5A). The swimbladder also functions as a hydrostatic organ (Steen 1970) and, in a
more limited number of species, in sound production (Tavolga 1971, Demski, Gerald,
and Popper 1973).

The physical relationship between the swimbladder and the inner ear most likely
plays a considerable role in determining the hearing sensitivity, and possibly hearing
range, of different teleosts. A wide range of adaptations are found among teleosts
for improving coupling between the swimbladder and the ear. In the clupeids (herring-
like fishes), the swimbladder has a thin anterior tube leading to an expanded gas-filled
chamber that terminates directly in the auditory bulla close to the utriculus (O’Connell
1955, Denton and Blaxter 1976, Blaxter and Tytler 1978). The mormyrids (elephant-
nose fishes) have a small swimbladder, presumably broken off from the main swim
bladder during development (Stipetic 1939) within a region surrounded by the semi-
circular canals, while the anabantids, or bubble-nest builders, maintain a bubble of air
in the buccal cavity, which early experiments showed (Schneider 1941) improves
hearing.

These adaptations have led to the suggestion that the intimacy of the swimbladder
and ear would affect auditory sensitivity, and supporting data are found in a recent
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Figure 1-5. Schematic dorsal view of the inner ear, Weberian ossicles, and swim bladder
in an ostariophysan fish, demonstrating the connections between the three organs.
Letter designations within the figures are as follows: Ant-anterior process of tripus;
ASI-atrium sinus impar; AT-articular process of tripus; CL-claustrum; ES-endolym-
phatic sac; ET-tunica externa of the swim bladder; I-intercalarium; IT-tunica interan
of swim bladder, L1, L2, L3, L4-ligaments connecting Weberian ossicles to one
another; R-ribs; S-sacculus of inner ear; SB-swimbladder; SC-scaphium; SI-sinus im-
par; T-Tripus; TC-transverse canal; TR-transformator process of tripus; V1, V2, V3,
V4-first four vertebrate. Redrawn from Popper (1971) and Chranilov (1927) (from
Henson 1974).

study of the family Holocentridae (squirrelfish). One holocentrid group has a swim-
bladder that terminates some distance from the ear (Figs. 1-6A, B, and C), another
group has the swimbladder terminating close to the ear (Figs. 1-6D, E, and F), while
a third group has a swimbladder that terminates on the auditory bulla (Figs. 1-6G, E,
and H) (Nelson 1955). Behavioral data (see Fig. 1-7) show that a species of holocentrid
with specialized connections between the swimbladder and inner ear, Myripristis
kuntee, has substantially better sensitivity and range of hearing than Adioryx xanthery-
thrus, a species with no such intimacy (Coombs and Popper 1979). It is important to
note, however, that species differences in the frequency range of hearing cannot
simply be attributed to structures peripheral to the ear. For example, Fay and Popper
(1974, 1975) studied microphonic responses from three species (Tilapia macrocephala,
Ictalurus nebulosus, and Carassius auratus) to direct vibratory stimulation, thereby by-
passing the swimbladder and ossicular system, and showed that the species variation in
hearing bandwidth is fully reflected in the response of the inner ears themselves.
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Figure 1-6. Swimbladder-inner ear arrangements characteristic of three groups of
squirrelfish: (A and B) subfamily Holocentrinae, genera Adioryx and Flammeo;
(C, D, and E) subfamily Holocentrinae, genus Holocentrus; (F, G, and H) subfamily
Myripristinae, several genera including Myripristis. (A), (C), and (F) show the position
and relative size of the swimbladder in situ. Lateral view in (B), (E), and (G) delineate
the relationship between the anterior portion of the swimbladder and the posterior
auditory region of the skull. The anterior end of the swimbladder is depicted in an-
terior (D) and ventral (H) views. Letter designations within the figures are as follows:
A-auditory region of the skull; C-constriction between anterior and posterior chambers
of swimbladder; CE-centrum of second vertebra; M-retractor muscle of upper pharyn-
geal jaws; SB-swimbladder; T-thinned portion of swimbladder membrane where it
meets the auditory area of the skull. From Nelson (1955), courtesy Field Museum of
Natural History.
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While the swimbladder in general enhances sound detection, its precise role is not
clear. A number of recent experiments have shown that the swimbladder may amplify
signals (Chapman and Sand 1974) and that the swimbladder response is flat within the
range of hearing of several species (Sand and Hawkins 1973, Popper 1974). Other evi-
dence leads to the suggestion that the swimbladder may have differential responses in
different regions along their lengths (Vaitulevich and Ushakov 1974, Clarke, Popper,
and Mann 1975) and may show a preferential response to sound from different di-
rections (Tavolga 1977).

Perhaps the most unique of the teleost adaptations for audition are the Weberian
ossicles (Fig. 1-5), a series of bones found only in the Ostariophysi, which connect the
swimbladder to the inner ear. Presumably, movements of the swimbladder walls induce
motion in the Weberian ossicles, which in turn cause fluid movements of the inner ear
fluids (Chranilov 1927). Fluid motion in the ear ‘“catch” the fluted otoliths (Fig.
1-2A), resulting in a shearing action on the sensory hair cells (von Frisch 1938). It has
been widely suggested that the presence of the Weberian ossicles as a coupling mecha-
nism enhances hearing sensitivity and bandwidth, and behavioral data (see Section 4)
support this argument. However, it is questionable whether the Weberian ossicles pro-
vide any better acoustic coupling than occurs when the swimbladder terminates inti-
mately with the otolithic bulla as in Myripristis (Coombs and Popper 1979) (Fig. 1-7).
Of course, it is also possible that the Weberian ossicles have other functions in addition
to coupling, such as filtering or amplifying certain signals (e.g., Alexander 1962,
von Bergeijk 1967a). Direct experimental verification of the function of the Weberian
ossicles is limited to a single study by Poggendorf (1952) which showed that breaking
the ossicular chain in a catfish (Amiurus) caused a rather flat 35 dB to 40 dB loss of
sound pressure sensitivity.

3 Inner Ear Stimulation

There are three major areas of inquiry regarding inner ear stimulation including (a) the
general mode of stimulation of the hair cells, (b) the pathways of sound to the ear, and
(c) the types of analyses that occur in the ear due to the interactions between the hair
cells and the otoliths. In the case of the first and third areas, few data are available
directly related to inner ear function in fishes. Most speculation is based on studies of
the anatomy and ultrastructure of the fish ear and knowledge of what occurs in the
lateral line organs and in the ears of mammals. Investigations have provided some in-
sight into the second question, the pathways of sound to the ear, and it now appears
that such pathways are somewhat more complex than previously thought.

It is generally agreed that the relevant stimulus for a sensory hair cell is a shearing
action that causes bending of the ciliary bundle (see von Békésy 1960, Flock 1971,
1977). In the teleost ear, the otolith lies in close proximity to the sensory cells and,
presumably, provides a shearing stimulus on the ciliary bundle (Pumphrey, 1950,
Dijkgraaf 1960). Two mechanisms by which sound may cause this relative shearing
have been recently studied. In several ostariophysans (Fay and Popper 1974, 1975),
the cod, Gadus morhua (Sand and Enger 1973), and probably in a wide range of other
species where the swimbladder is used in audition, motions of the swimbladder wall
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Figure 1-7. Behavioral sound pressure audiograms for eight teleost species, illustrating
the wide variation in absolute sensitivity, bandwidth, and the upper frequency limit of
hearing. Data for Gadus morhua from Chapman and Hawkins (1973), Limanda limanda
from Chapman and Sand (1974), Futhymus affinis from Iversen (1969), Thunnus
albacares from lIversen (1967), Adioryx xantherythrus and Myripristis kuntee from
Coombs and Popper (1979), Astyanax jordani from Popper (1970), and Carassius
auratus from a composite of several audiograms taken from Fay (1978a).

occurring in response to sound pressure fluctuations are conducted to the inner ear.
As described earlier, this motion is coupled to the otolith and the relative motion be-
tween the otolith and the apical end of the hair cells causes deformation of the cilia. A
second, more general pathway probably operates in all fishes (but not at all frequen-
cies in all species) and involves direct stimulation of the ear by the impinging sound
field (Wever 1969, 1971). In this system, the fish’s body, which is about the same
density as that of water, moves with the impinging sound field, while the far denser
otoliths may move at a different amplitude and phase, resulting in relative motion be-
tween the sensory maculae and the otoliths. This inertial mode of stimulation would
be expected to exert a similar effect on all otolithic organs of the ear. Thus, a distinc-
tion between an auditory and vestibular organ becomes difficult in some cases and
may depend on the kind of neural information processing that is associated with the
input from each organ. Whether an organ would actually respond in this way to sound
may possibly be determined by the nature of the ciliary attachment of the otolith
(which may vary in different parts of the same sensory macula), as well as the coupling
of the otolith to the macula. The swimbladder route of sound to the ear is thought to
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be relatively more efficient at the higher frequencies (above 200 Hz or so) and to cause
stimulation in proportion to the sound pressure level of the impinging stimulus. The
tissue conduction route, on the other hand, is more important at the lower frequencies,
where particle motion is greater at a given sound pressure level and where the near
field extends greater distances. In this case, auditory stimulation occurs in proportion
to a vectorial component of the impinging sound (e.g., displacement) which contains
directional information.

The precise patterns of movement between the otolith and sensory macula is un-
known as yet, although there are very limited data leading to the suggestion that the
response pattern is more complex than a simple sliding action between the two tissues
(Sand and Michelsen 1978, Fay and Olsho 1979). A number of factors would, more
than likely, affect such motion and the way in which hair cells on different macular
regions are stimulated, thus leading to the suggestion that different macula regions
may be stimulated by different signals according to a “place” principle (see
van Bergeijk 1967b, Sand 1974, Popper and Clarke 1976, Sand and Michelsen 1978,
Fay and Olsho 1979). This spatial transformation could be affected by the shape of
the otoliths and maculae, the drag on the otoliths during stimulation, and the con-
nections between otolith and macula. In addition, the interspecific variation in each
structure (Section 2.3) leads to the suggestion that different species may perform dif-
ferent types of sound analysis, or alternatively, that a variety of different mechanisms
are found within fishes to ultimately do the same type of signal analysis.

4 Hearing Sensitivity and Bandwidth

Audiograms comprise, by far, the greatest amount of comparative data we have on the
function of fish auditory systems. In recent years, most of these data have been re-
viewed and presented several times (Popper and Fay 1973, Tavolga 1976, Fay 1978a,
Popper 1980) and will not be presented in detail again here. Instead, audiograms will
be reviewed for several selected species and present understanding of those factors
that determine the sensitivity and hearing bandwidth for any given species will be dis-
cussed.

Audiograms for eight species are plotted together in Fig. 1-7. In general, the species
represented range from some of the least (Euthynnus affinis) to most (Myripristis
kuntee) sensitive tested, and from some with the narrowest (Limanda limanda) to the
widest (Astyanax jordani) bandwidths tested. Sensitivity at best frequency ranges over
60 dB and the frequency above which sensitivity declines ranges over four octaves.
There are many possible sources of variation in the determination of these functions
other than species differences, however. The most important of these are the level of
ambient noise, and whether or not the systems studied responded to the pressure
(scalar) or a motional (vector) component of the stimulus.

One nearly universal feature of sound pressure audiograms for fishes is the decrease
in sensitivity below several hundred Hz, which parallels the shape of typical ambient
noise spectra (e.g., Wenz 1964) and suggests that the low frequency portions of most
of these audiograms are masked. Apparent variation in low frequency sensitivity be-
tween species may thus be due to different ambient noise levels existing in different
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experimental set-ups. Note that only the study of Chapman and Hawkins (1973) on
Gadus morhua confirmed that this was not the case for their thresholds (see Fig. 1-7).
It is also possible that this parallel between sensitivity and ambient noise spectra repre-
sents a real feature of auditory systems evolved in a noise environment. It would make
little biological sense, for example, to extend hearing sensitivity to a point very far be-
low the limits of the usual ambient noise levels. In any case, the region of declining
sensitivity toward the higher frequencies is probably not determined by ambient noise
levels and is more certainly a species characteristic.

Sound pressure audiograms such as those in Fig. 1-7 are valid descriptions of audi-
tory sensitivity only for systems that are pressure sensitive. Some species, such as the
flatfish, Limanda limanda, lack a swimbladder and have been shown to respond to
particle motion and not to sound pressure (Chapman and Sand 1974). The ratio of
pressure to particle velocity (impedance) may vary at different points in a sound field
due to near field effects and standing waves. The differences in sound pressure sensi-
tivity between Limanda limanda and a tuna, Euthynnus affinis, (also lacking a swim-
bladder) may thus be due to the impedance characteristics of the sound fields in which
they were tested. Unfortunately, without extensive impedance measurements these
differences remain uninterpretable. This same problem arises for characterizing the
sensitivity of species such as the goldfish, Carassius auratus, which have been shown to
be pressure sensitive at the higher frequencies but displacement or velocity sensitive at
lower frequencies (Enger 1966, Fay and Popper 1974,1975) when tested in small tanks
in the laboratory. This dual sensitivity probably exists for all species possessing a swim-
bladder but is practically impossible to analyze quantitatively in small airbounded
tanks in which the acoustic impedance is inevitably low and approaches that of air
(Parvulescu 1964). Progress in the comparative study of low frequency sensitivity thus
seems most likely to occur in situations where impedance can be measured and manip-
ulated, such as in large open fields (e.g., Chapman and Hawkins 1973) in well con-
trolled standing waves (Cahn, Siler, and Wodinsky 1969, Fay and Popper 1974, Haw-
kins and MacLennan 1976), or in using direct vibration of the animal’s head (e.g.,
Sand 1974, Fay and Popper 1975, Fay and Olsho 1979) in both physiological and
behavioral studies (Fay and Patricoski 1979). The latter technique is most promising in
that the direction of motion can be precisely controlled and measured.

At frequencies above 100 Hz to 200 Hz, measures of sound pressure sensitivity
probably become more valid for several reasons. Typical ambient noise spectra con-
tinue to roll off, particle displacement amplitudes roll off for equivalent sound pres-
sure levels, and the extent of the near field shrinks in proportion to wavelength. As
indicated above, the data for Limanda limanda and Euthynnus affinis (Fig. 1-7) are
probably not meaningfully plotted in units of sound pressure since both lack a swim-
bladder and are mostly likely responding to particle motion throughout their range.
The curves for Thunnes albacares (a species of tuna with a swimbladder), Gadus
morhua, and Adioryx xantherythrus are typical for fishes with swimbladders but
without special connections to the inner ears. Gadus was shown in a free field situ-
ation to be pressure sensitive down to 50 Hz (Chapman and Hawkins 1973), and it is
likely that at least the high frequency portions of the functions for Thunnus albacares
and Adioryx xantherythurs represent valid sound pressure thresholds. The curves for
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the goldfish, another squirrelfish, Myripristis kuntee, and for the blind Mexican cave
fish, Astyanax jordani, are typical for fishes with swimbladders and with special con-
nections to the ears. The goldfish and Astyanax jordani are both Ostariophysi, having
Weberian ossicles, while Myripristis kuntee has anterior projections of the swimbladder
ending close to the auditory bulla and saccule (see Section 2.5). Note here that Myri-
pristis kuntee and Adioryx xantherythrus were tested in the same sound field using
identical methods (Coombs and Popper 1979). These differences in hearing sensitivity
and bandwidth are the best behavioral demonstration to date illustrating the difference
between specialized and apparently unspecialized routes of sound conduction between
the swimbladder and the ear.

While it is clear that species differ considerably in hearing sensitivity (60 dB) and
bandwidth (4 octaves), and that these differences appear to be brought about by vari-
ation in the mechanical response of the ear and more peripheral structures, clear cor-
relations with other aspects of behavior and inner ear ultrastructure are not apparent.
In fact, several species that are well known as sound producers, such as Adioryx xan-
therythrus (Salmon 1967) and Opsanus tau (see Fine, Winn, and Olla 1978) do not
appear to be acoustically specialized and hear quite poorly (Fish and Offutt 1972,
Coombs and Popper 1979). The lesson here may be simply that the adaptive signifi-
cance of teleost hearing in general is not well understood and that a search for special-
ized sound detection-production relationships may take us away from rather than to-
ward a general understanding of the use of sound by fishes.

5 Auditory Processing

Interest in functional analysis of auditory processing by fishes has arisen less from
questions concerning intrafamily or intraclass comparison than from questions of the
rather gross relationships between structure and function within the vertebrates as a
whole. The early work of von Frisch (1938), Stetter (1929), Dijkgraaf and Verheijen
(1950) and others on capacities for frequency discrimination, for example, was moti-
vated in large part by the simple observation that fishes appear to lack a basilar mem-
brane and other biomechanical mechanisms for a “place” analysis of frequency in the
inner ear. A demonstration that frequency discrimination was possible thus provided
evidence for the operation of a “volley”-like principle in which temporal rather than
spatial neural patterns could form a code for a sensory quality possibly analogous to
“pitch.” Furthermore, the values for the just-noticeable differences for frequency in
fishes could help to define an “‘existence region” for pitch-like phenomena mediated
entirely by a temporal code.

5.1 Frequency Discrimination

Figure 1-8 presents frequency discrimination limens for several teleost species com-
pared with the range of values for a number of mammalian and avian species, exclud-
ing man. The data suggest that Carassius auratus and Phoxinus laevis (both Ostario-
physi) are more sensitive to frequency differences than several non-ostariophysans.
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Figure 1-8. Auditory frequency discrimination thresholds for fishes compared with
those for certain mammals, excluding man (Fay 1974c). Filled circles, Carassius
auratus (Fay 1970a); open circles, Carassius auratus (Jacobs and Tavolga 1968);
inverted open triangles, Phoxinus laevis (Wohlfahrt 1939); filled triangles, Phoxinus
laevis (Stetter 1929); open triangles, Phoxinus laevis (Dijkgraaf and Verheijen 1950);
filled squares, Sargus annularis; open squares, Gobius niger, inverted filled triangles,
Corvina nigra (Dijkgraaf 1950).

While this difference may be correlated with differences in inner ear structure and with
overall hearing sensitivity and bandwidth, a likely hypothesis for its physiological basis
has not been forthcoming. Before this difference can be taken more seriously, more
comparative studies should be done, preferably using identical techniques and signals
at comparable levels above threshold. The major point of Fig. 1-8 is that the ostario-
physans, at least, are not unusual among vertebrates in their frequency discrimination
capacities. A tentative conclusion here is that the mechanisms for frequency discrimi-
nation may be the same for all vertebrates, at least for frequencies below about 1 kHz
(Fay 1973). However, while many have assumed that this mechanism is based on
temporal rather than spatial neural codes, critical evidence has been lacking. Dudok
van Heel (1956) provided indirect evidence for this idea by showing that the upper
frequency at which frequency discrimination could be made was extended upward by
a rise in ambient temperature. Since the upper frequency limit for a neural frequency
following response was previously shown to rise with temperature (Adrian, Craik, and
Sturdy 1938), Dudok van Heel concluded that discriminations were based on a fre-
quency-following coding principle.

Behavioral data suggesting a temporal analysis of frequency have recently received
support from a physiological study by Fay (1978b) showing that just discriminable
differences in stimulus period were approximately equal to the standard deviations of
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interspike-interval distributions of a phase-locked response. These data lead to the
suggestion that frequency discrimination in Carassius auratus depends on the temporal
accuracy with which spikes are phase-locked in saccular neurons. These results are con-
sistent with a simple signal detection theory model of discrimination behavior stating
that frequency discrimination decisions are based on estimates of the temporal inter-
vals between neural spikes and are limited by the accuracy with which these intervals
are represented in the nervous system.

5.2 Simultaneous Frequency Analysis and Masking

While the evidence cited indicates that frequency discrimination behavior may be
based on temporal neural patterns, recent results from a variety of experiments have
suggested that at least some aspects of simultaneous frequency analysis are based on a
spatial or “place” representation of frequency at the periphery.

5.2.1 Physiological Studies

Sand (1971) and Enger (1973) studied the masking of signals by noise in medullary
neurons of goldfish and found that masking was an inverse function of the frequency
separation between signal and masker, illustrating the frequency selectivity of central
neurons. Sand (1974) and Fay and Olsho (1979) have also demonstrated that the
relative response of the goldfish saccule to stimulation in different directions is to
some degree frequency dependent. This is an indication that the direction of otolith
movement, and thus the makeup of the population of active neurons, may be frequen-
cy dependent. Other evidence for this notion comes from attempts to measure saccu-
lar otolith movement in Perca fluviatilis (Sand and Michelsen 1978). Although frag-
mentary, the results could be interpreted as an indication that the otolith develops
complex rotational movements around a horizontal axis, the position of which shows
a slight frequency dependence. Finally, Popper and Clarke (1976) investigated the
frequency-dependent fatigue effects of intense tones on subsequent tonal thresholds
and found that sensitivity was impaired most in the frequency region of the fatiguing
tone.

More direct evidence for a peripheral frequency analysis comes from studies of the
tuning characteristics of saccular neurons in goldfish (Furukawa and Ishii 1967, Fay
1978c) and the sculpin, Cottus scorpius (Enger 1963). Representative tuning curves
for these two species are plotted together in Fig. 1-9. Clearly, these neurons are not
homogeneous with respect to sensitivity, best frequency, or bandwidth, and in addi-
tion show great diversity in spontaneous discharge patterns and rates of adaptation.
Furukawa and Ishii (1967) and Fay (1978c¢) have observed that saccular neurons tuned
to the lower frequencies appeared to originate from the posterior portion of the
macula, while the higher frequency types appeared to innervate the anterior end of the
macula. While this suggestion requires confirmation by more systematic study, it
points to a crude form of tonotopic organization within the saccular macula. The
origin of the tuning illustrated here, however, is not at all clear. Fay (1978c) has
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Figure 1-9. Tuning curves for representative saccular neurons from Cottus scorpius
(Enger 1963) and Carassius auratus (Fay 1978c). The data for Cottus scorpius are
based on impulse rate criteria while those for Carassius auratus are based on phase-
locking synchronization criteria.

suggested that the low frequency neurons are stimulated by a direct tissue-conducted
route to the ear while the higher frequency fibers receive input from the swimbladder,
at least in the goldfish. Frequency analysis, in this case, could simply be a reflection of
the different frequency response characteristics associated with these two quite differ-
ent pathways to the ear. In fact, under the conditions of recording, the low frequency
saccular neurons were shown to be displacement sensitive and to have the same sensi-
tivity and bandwidths as lagenar neurons (Fay and Olsho 1979). The possibility that
the variation in tuning seen here is due to receptor cell tuning of the type observed
by Hopkins (1976) in electroreceptors cannot be ruled out and certainly deserves
further experimental attention. It is thus clear from the electrophysiological data that
there are more complex and varied processes operating in the fish saccule than was
originally expected from the gross morphology of the ear and that some sort of fre-
quency analysis probably takes place peripherally. Whether, and to what extent, this
limited “‘place” principle is used by the organism in frequency analysis is taken up in
the next section.
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5.2.2 Psychophysical Studies

Psychophysical studies of auditory masking in fishes have been motivated in part by
the notion that a peripheral analysis of frequency may be revealed through a demon-
stration of filter-like processes. One such measure for which comparative data exist
is the ratio between the level of a tonal signal at threshold and the level of a wide-band
noise masker (the critical masking ratio or CR). The CR values measured systematical-
ly in several teleost species are plotted together in Fig. 1-10. Note that the data illus-
trated fall within the total range of values determined for a larger number of teleost
species (Tavolga 1974, Chapman 1973, Buerkle 1969) and that these values fall within
the range of mammalian variation (except below 200 Hz where the fishes show gener-
ally greater sensitivity than mammals) (Fay 1978a). There are several important fea-
tures of these data that require comment. The CR functions of frequency are similar
to those seen in mammals in that they have a positive slope of approximately 3 dB/
octave. The data for one ostariophysan (goldfish) do not differ systematically from
those for several non-ostariophysan species, except in that the function extends to
higher frequencies in goldfish. One of the most interesting features of these data is that
the critical ratio depends on the azimuthal angular separation between the signal
(tone) and masker sources. When the two sources are bothlocated at the same azimuth-
al angle (dashed lines), the CRs are about 7 dB greater (showing 7 dB more masking)
than when the noise and signal are separated by 85° (dotted lines). This effect has
been demonstrated several times in different species (Chapman 1973, Chapman and
Johnstone 1974, Hawkins and Sand 1977) and is analogous to the “cocktail party
effect” and the binaural masking level difference (see Green and Yost 1975 for a re-
cent review) that has been demonstrated in man and other mammals (see Gourevitch,
Chapter 12). In terrestrial animals, this effect depends primarily on differences in the
interaural phase values between signal and masker, while in fishes, it presumably arises
from the directional characteristics of the ears themselves (see Schuijf and Buwalda,
Chapter 2, and Section 6.0 of this chapter). In any case, making the assumptions that a
rectangular band of noise centering on the signal frequency produces masking, and
that the power of this band is equal to the power of the signal at threshold, the value
of the critical ratio may be used to calculate the width of the hypothetical “critical”
bands that produce the masking. Clearly, the widths of these critical ratio bandwidths
are quite narrow for fishes and indicate a remarkable degree of frequency analysis. On
the other hand, since one of the basic assumptions underlying the calculation of criti-
cal ratio bandwidths is that signal detection is accomplished through a spectral filtering
mechanism, the results themselves cannot be used as evidence for the notion that such
a filtering mechanism exists in the teleost auditory system.

More direct measures of the auditory critical band in fishes have been made for gold-
fish (Tavolga 1974) and for Gadus morhua (Hawkins and Chapman 1975). The threshold
for a 500 Hz tone was measured for the goldfish as a function of the width of a mask-
ing noise band centered on the signal frequency. Sensitivity to the pure tones became
poorer as the bandwidth of the noise was increased up to but not beyond 200 Hz, indi-
cating that beyond this critical value, noise power was not adding to the masking ef-
fect. This critical band estimate is comparable to that for the monkey, measured at
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Figure 1-10. Critical masking ratio values for three teleost species. Filled circles,
Carassius auratus (Fay 1974a); filled square, Carassius auratus (Tavolga 1974); open
circles, Gadus morhua (Chapman and Hawkins 1973); open triangles, Gadus morhua
(Chapman 1973); open squares, Melanogrammus aeglefinus (Chapman 1973). The
solid lines indicate that the angular separation between the signal and masker was
undefined. The dashed and dotted lines indicate a 0° and 85° azimuthal separation,
respectively, between the signal and masker sources.

500 Hz (Gourevitch 1970). In Gadus morhua, the critical band was measured to be
about 100 Hz at 380 Hz and 60 Hz at 160 Hz.

Other direct measures of auditory filter characteristics come from studies of the
masking effects of tones in Carassius auratus (Tavolga 1974,Fay, Ahroon, and Orawski
1978) and in Gadus morhua (Buerkle 1968, 1969; Hawkins and Chapman 1975). At a
qualitative level, the data from each experiment agree in showing that the masking ef-
fect is generally an inverse function of the frequency separation between the signal and
the masker, suggesting the operation of a set of filter-like mechanisms with a continu-
ous distribution of best frequencies throughout the hearing range. Quantitative com-
parisons among the functions are difficult to make, however, because of the differ-
ences in the experimental paradigms used in each case. Some of the data for Carassius
auratus (Fay, Ahroon, and Orawski 1978) and Gadus morhua (Hawkins and Chapman
1975) are plotted together in Fig. 1-11. The Hawkins and Chapman (1975) curves for
Gadus are perhaps the most remarkable in showing very narrowly tuned filter charac-
teristics. Indeed, the authors concluded that central (and presumably temporally based)
mechanisms rather than peripheral-mechanical mechanisms were operating, since the
tuning appeared to far exceed that to be expected from the ear itself. While the exact
nature of such hypothetical central analyzing mechanisms has not been explicitly dis-
cussed in the literature, it is worth noting here that the process of autocorrelating the
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Figure 1-11. Psychophysical tonal masking functions for Gadus morhua (Hawkins and
Chapman 1975) and for Carassius auratus (Fay, Ahroon, and Orawski 1978). In each
case, a tonal or narrow band noise signal (frequency indicated by arrows) was masked
by tones of various frequencies, and the amount of masking is shown relative to the
maximum amount of masking observed at a given signal frequency. For Gadus mor-
hua, masking was measured by determining the signal threshold in the presence of
maskers of fixed intensity. For Carassius auratus, masking was measured by determin-
ing the level of the masker necessary to render inaudible a signal fixed at 15 dB above
quiet threshold (the psychophysical tuning curve paradigm).

stimulus waveform in time is equivalent to the determination of the shape of its
power spectrum, as through narrow band filtering, for example. Again, the results of
masking studies by themselves do not allow one to decide whether the system under
study analyses in the frequency or time domain.

In any case, the question raised by Hawkins and Chapman (1975) regarding the
quantitative relationships between the filtering achieved by the ear, and that which
can be demonstrated psychophysically, is an important one. In an attempt to clarify
precisely how tonal masking patterns would compare to the neural tuning originating
in the ear of the same species, Fay, Ahroon, and Orawski (1978) measured psycho-
physical tuning curves in the goldfish for comparison with neural tuning curves (Fay
1978c) obtained under comparable acoustic conditions for the same species.

Psychophysical tuning curves were generated by conditioning animals to a tone or
narrow noise band probe signal at 10 dB above threshold and then measuring the level
of a tonal masker that just masked the probe as a function of the masker frequency.
In comparable experiments with birds (see Saunders 1976, Dooling, Chapter 9) and
mammals (McGee, Ryan, and Dallos 1976), these masking functions resemble neural
tuning curves for 8th neurens, leading to the hypothesis that both procedures measure
similar aspects of peripheral filtering in the auditory system. For goldfish, the greatest
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correspondence between the neural tuning curves (Fig. 1-9) and the psychophysical
tuning curves (Fig. 1-11) occurs for signal frequencies below about 400 Hz where the
slopes of the upper and lower “legs” of the “V”-shaped psychophysical tuning curve
correspond to the slopes of the low frequency and high frequency neural tuning curves
respectively. Note, however, that the psychophysical tuning curves for signal frequen-
cies at and below 300 Hz have peaks corresponding to the signal frequencies while
there are no neural tuning curve peaks in the same range. A possible explanation for
this is that signal frequencies in this range activate both high frequency and low fre-
quency neurons and that detection decisions are based on input from those neurons
with the most favorable signal-to-noise ratios (S/N). In this case, a masking peak would
always occur at the frequency of the signal, giving the impression of the operation of
a set of fixed filters with a continuous distribution of best frequencies. This same ef-
fect is apparent in comparing psychophysical tuning curves measured for cutaneous
vibration in man (Labs, Gescheider, Fay, and Lyons 1979) with neural curves for
monkeys, and it may also play a role in determining the shapes of the tonal masking
functions for Gedus morhua (Fig. 1-11).

For signal frequencies above about 400 Hz, the psychophysical tuning curve often
shows two peaks (solid symbols in Fig. 1-11). The first always occurs in the 300 Hz to
400 Hz range while the second peak tends to occur at the frequency of the signal, with
a steep roll off in the masking effect extending about 200 Hz above and below the sig-
nal frequency. Neglecting these regions of reduced masking for the moment, it is clear
that the overall shape, bandwidth, and particularly the roll-off rate below 400 Hz of
higher frequency psychophysical tuning curves correspond to those of the high fre-
quency neural curves. In some respects, then, features of the psychophysical tuning
curve are predictable from the forms of the neural tuning curve, and it appears that the
goldfish is capable of using a limited degree of peripheral frequency analysis in enhanc-
ing the detectability of masked signals.

It is equally clear, however, that processes other than peripheral neural tuning oper-
ate to produce the steep masking roll-offs above and below signal frequencies in the
range above 400 Hz to 500 Hz (see filled symbols for the goldfish in Fig. 1-11). It ap-
pears that tones placed between 100 Hz and 200 Hz of the signal frequency are particu-
larly ineffective as maskers. One explanation for this effect is that beat frequencies (or
bands) are particularly highly detectable in the 100 Hz to 200 Hz range. In this case,
the neural patterns evoked by the continuous masker may be modified by the ampli-
tude modulations produced by the addition of the signal, even at rather high masker-
to-signal ratios. This idea is developed further in the next section.

5.3 Temporal Processing

There have been few studies on fishes directly addressing the question of temporal
processing. Using a stimulus generalization paradigm, Fay (1972) found evidence for
the existence of periodicity pitch in goldfish by demonstrating a “perceptual” simi-
larity between a tonal signal and a 1 kHz tone modulated in amplitude at a rate cor-
responding to the frequency of the signal. More recent studies of the detection of
amplitude modulation for tones and noise were carried out by Fay (1977, in press).
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Here, goldfish were conditioned to respond when a continuous signal such as a tone
or wideband noise (carrier signal) began to be modulated in amplitude at a given rate
(modulation-frequency, f, ) and at a given degree of amplitude change (modulation
depth, m) (Fig. 1-13 illustrates an amplitude modulated waveform and shows the defi-
nition of m). The value of m that produces a just-detectable difference between a
modulated and unmodulated signal is measured as a function of modulation-frequency.

In psychophysical experiments with human observers, using a white noise carrier,
this function has a low-pass characteristic (Viemeister 1977, Rodenburg 1977) with a
3 dB-down point for f; =55 Hz (Viemeister 1977). One interpretation of this function
is that some portion of the auditory system effectively filters out (attenuates) neural
representations of sound amplitude modulations above a certain modulation frequency.
The value of this critical frequency (the 3 dB-down point) characterizes the hypotheti-
cal low pass filter in the frequency domain, and the associated time constant [27F]™,
where F = frequency at the -3-dB point on the modulation function) characterizes the
system in the time domain. The time constant for human observers is about 3 msec, a
value comparable to that obtained using other procedures to measure the “minimum
integration time”” of the human auditory system (Green 1973).

The modulation functions for goldfish using an 800 Hz tone and wideband noise

Figure 1-12. Temporal modulation functions for goldfish measured psychophysically
(solid lines) and for single saccular neurons (dashed lines) using a wide band noise
carrier (filled symbols) and an 800 Hz tonal carrier (open symbols). The psycho-
physical data were determined by measuring the degree of sinusoidal amplitude modu-
lation (modulation depth, m), which is just detectable when impressed upon a continu-
ous carrier signal at 35 dB above quiet threshold. The neural data show the value of m,
which produces a small but statistically reliable degree of phase-locking between the
neural response and the modulation envelope (from Fay 1979).
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carrier are plotted together in Fig. 1-12. The function for the noise carrier is relatively
flat at a value of m corresponding to a peak-to-trough intensity difference of 3 to 4 dB.
This intensity difference threshold (delta I) is in the range of those reported for the
goldfish (Jacobs and Tavolga 1967) and for Gadus morhua (Chapman and Johnstone
1974) using tonal signals and successive discrimination procedures, and is well within
the range of values reported for a variety of terrestrial vertebrates (see Dooling, Chap-
ter 9). The noise modulation function for goldfish is remarkable in that it shows no
signs of rolling off below 400 Hz. The goldfish thus has a minimum integration time
below 0.4 msec and appears to be clearly superior to human observers in its ability to
detect high frequency envelope fluctuations.

The function for the 800 Hz carrier shows that sensitivity to modulation increases
steadily with frequency up to about 200 Hz and then declines. Significantly, the
modulation frequency range of greatest detectability corresponds to the frequency dif-
ference between masker and probe signal (beat frequency range) at which maskers are
least effective in the psychophysical tuning curve experiment (see filled symbols of
Fig. 1-11). This shows that the failure of the masker to interfere with the signal in this
case could be due to the highly detectable amplitude modulations (beats) occurring
in the 100 Hz to 200 Hz range. The modulation function for the 800 Hz tone is re-
markable also in that the amplitude variation, which is just detectable at 200 Hz, is
about .07 dB (m = 0.004), a value considerably smaller than the intensity discrimi-
nation ability measured for the goldfish by more traditional methods (Jacobs and
Tavolga 1967). In fact, these data predict that an 800 Hz tone (masker) presented
simultaneously with a 600 Hz or 1000 Hz tone (signal) will produce detectable beats
(m = .004) even where the masker-to-signal ratio is as great as 49 dB. (Note that
-20log m in Fig. 1-12 corresponds to the amplitude ratio of two sinusoids which
when added produce a modulated (beating) signal with the corresponding modulation
depth.) It is not known whether this exquisite sensitivity to amplitude modulation
remains for carrier frequencies well below 800 Hz, but to the extent that it does,
rather steeply skirted tonal masking functions resembling auditory “filters” such as
those of Fig. 1-11 would be expected.

It is possible that these differences between the tonal and noise modulation func-
tions rest on the spectral differences between the two stimuli. While the long term
noise spectrum remains flat and unaffected by the modulation, the spectrum of the
modulated tone contains three lines: one at the carrier frequency (fc) and one each
at frequencies fc + fm and fc - fm. An accurate frequency domain analyzer could
thus detect temporal modulation as a given spectral pattern. However, since the
deviation between the tonal and noise modulation functions begins to occur at values
of fm that would produce spectral side band separations considerably smaller than
critical bandwidth estimates (Tavolga 1974) or even frequency discrimination
thresholds (Fay 1970a), it is unlikely that a spectral analyzing mechanism is at work
here. Preliminary results of neurophysiological studies on the response of saccular
neurons to the same modulated stimuli are illustrated in Fig. 1-13, and representative
neural modulation functions are plotted in Fig. 1-12. These neural functions parallel
the psychophysical curves quite well and show that behavioral modulation detection
could be based on the degree to which neural responses are entrained by the modu-



Figure 1-13. Amplitude modulated signals and modulation period histograms for a
saccular neuron (M00605) responding to the AM signals presented about 35 dB above
behavioral threshold. The waveforms on the left illustrate an 800 Hz tone (carrier)
modulated at 50 Hz at a variety of modulation depths. The number associated with
each waveform is the value of modulation depth (m) as defined at bottom left. The
neural period histograms display the relative frequency distributions of impulses
within individual cycles of modulation. Each vertical division on the ordinate is equal
to 10% of the total number of impulses counted. The number at the left of each
period histogram is the neuron’s average firing rate in impulses per second, and the
number on the right is the coefficient of synchronization as defined in Fay (1978c¢).
Each column illustrates the response of the same neuron to a different carrier source.
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lation envelope. Note in Fig. 1-13 that an amplitude variation in the stimulus of con-
siderably less than 1 dB (m = 0.031) can cause a significant degree if neural synchro-
nization to the stimulus envelope. This high degree of “amplification’ can be thought
of as an example of temporal contour enhancement which equals or exceeds that
measured for neurons of the mammalian cochlear nucleus (Mgller 1973). This effect
appears not to be due to neural interactions but rather to some property of the hair
cell receptors or their synapses onto saccular neurons.

Other studies of temporal processing include two attempts to measure temporal
summation at threshold, or the “maximum” integration time (Green 1973), in the
goldfish (Offutt 1967, Popper 1972). Unfortunately, these two studies present con-
flicting data. Although both investigations show that threshold does not depend on
the duration of tone pulses in a train to be detected, Offutt (1967) found that sensi-
tivity increases with the percent of time the signal is “on” (duty-cycle), while Popper
(1972) found that threshold is independent of duty cycle. Popper’s data indicate that
the maximum integration time is probably shorter than the shortest signal used (10
msec), while Offutt’s data suggest that the integration time is probably longer than
the longest signal used (500 msec). Note that neither study measured the integration
time.

A recent study of forward and backward masking in goldfish (Popper and Clarke
1979) complicates the view of temporal processing further. Here it was found that
the masking effect of a brief noise burst extended both forward and backward in time
for as much as 250 msec, with most masking occurring within 50 msec of the masker.
Again, signal detectability did not depend on signal duration but was an inverse func-
tion of the silent interval between signal and masker. These results indicate that the
effects of stimulation persist for rather large intervals. This is consistent with the data
of Offutt (1967) and with the notion of a rather long minimum integration time but
is qualitatively inconsistent with the modulation detection data (Figs. 1-12, 1-13),
which show a high degree of temporal resolution. In any case, more work needs to be
done before sense can be made of the rather complex temporal effects of hearing in
the goldfish. It would also seem that introducing another variable here (such as species
differences) would not make much sense until the relations between stimulus variables
in one species are more fully understood.

In spite of these problems, the tentative conclusion has been drawn that the audi-
tory system of the goldfish is relatively well adapted for the coding and analysis of
temporal envelope patterns as well as for waveform fine structure. This conclusion is
in accord with three other sets of observations: 1) saccular neurons of the goldfish
and other species are less highly tuned than those of birds and mammals, thus allowing
for a more faithful temporal representation of complex waveforms within individual
channels; 2) fishes possess multidirectional hair cell orientation patterns, while mam-
mals and birds do not; thus, complex asymmetrical waveforms may be coded in greater
detail in fishes; 3) temporal rather than spectral acoustic patterns appear to carry bio-
logically relevant information for at least some fishes (Fine, Winn, and Olla 1978).
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6 Directional Characteristics of the Ear

The striking patterns of hair cell orientation in the ears of fishes (e.g., Popper 1977)
suggest that the directional characteristics of relative otolith movement is represented
in the neurally coded output of the ear and is likely to be of some biological signifi-
cance. It is now quite clear that the ears of most species may receive acoustic input
both directly, through the tissue conduction of particle motion, and indirectly, through
the vibratory response of the swimbladder to sound pressure fluctuations. Further-
more, the relative effect of these two conduction modes is frequency dependent, with
the tissue conducted particle motion component increasing in relative importance to-
ward the lower frequencies. While this creates an enormous stimulus specification
problem for the worker interested in measuring absolute hearing sensitivity, it is of
potentially great value to the fish in acquiring high quality information about its
acoustic environment. In combination with specializations for conducting swimbladder
motion to the ear in many species, hair cells oriented so as to respond maximally to
this input provide the animal with high sensitivity, wide hearing bandwidth, and infor-
mation on the fine structure and phase of the sound pressure waveform. Otolithic
organs not as well coupled to the swimbladder and hair cells that are not oriented to
respond maximally to swimbladder input, provide information on the amplitude and
phase of the displacement (or velocity) waveform reaching the animal directly. The
information represented in this way is thought to possibly subserve the determination
of sound source location (Schuijf and Buwalda, Chapter 2), enhanced capacities for
signal detection in noise and possibly frequency analysis. In addition, a comparison of
the relative amplitudes and phase of the pressure and displacement (or velocity) wave-
form could allow the fish access to information about the impedance of an impinging
signal and thus to information about the size, vibrational modes and range of the sig-
nal’s source. Whether fishes do in fact process this information is not known. The sug-
gestion that they do is not far fetched, however, since analogous source characteristics
of electrical signals appear to be processed in modified acoustico-lareralis systems of
the electro-sensitive fishes (Heiligenberg 1977).

Since Schuijf and Buwalda (Chapter 2) treat mechanisms for sound localization in
detail, it will only be pointed out in passing here that fishes do appear to be capable of
acoustic localization (Moulton and Dixon 1967, Chapman 1973, Popper, Salmon, and
Parvulescu 1973, Chapman and Johnstone 1974, Schuijf 1975, 1976a, 1976b, Hawk-
ins and Sand 1977), with minimum audible angles as small as 16° in the vertical
plane (Hawkins and Sand 1977) and 22° in the horizontal plane (Chapman and John-
stone 1974) for Gadus morhua. Two intact labyrinths appear to be necessary for hori-
zontal localization (Schuijf 1975) but may not be necessary for vertical localization
(Hawkins and Sand 1977; Popper in press). It is presumed that much of the infor-
mation necessary for localization is contained in the axes of water particle movement
set up by sound, which are then coded by the ear by virtue of the directional orien-
tation patterns of hair cells within the ear’s maculae and the orientation of the paired
maculae themselves.

One of the consequences of the variation in directional sensitivity of the maculae
and receptor cells within individuals is that signals should interfere with (mask) each
other primarily to the extent that they have axes of particle motion in common. In
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field studies of tonal detection in the presence of broad band noise, Chapman (1973),
Chapman and Johnstone (1974) and Hawkins and Sand (1977) have shown that the
signal-to-noise ratios at threshold may be improved by up to 7 dB or so by increasing
the angular separation between signal and masker sources up to 90° (see Fig. 1-10).
This is clearly analogous to the “cocktail party” effect well known in human hearing
research but is presumably due to peripheral rather than central neural directional fil-
tering. Since the detectability of most signals in the usual environment is most prob-
ably determined by levels of ambient noise, the improvement in detectability afforded
by this directional analyzing capability is undoubtedly of great biological significance;
it is greater, for example, than simple gains in absolute sensitivity.

Evidence that the ears of fishes do indeed respond in a directional manner comes
from experiments on Perca fluviatilis (Sand 1974) and Melanogrammus alglefinus
(Enger, Hawkins, Sand, and Chapman 1973) in which microphonic potentials were
recorded as a function of the angle of head vibration in the horizontal plane. The
results of Sand (1974) are clearest in showing that the response of the saccule is a co-
sine function of the angle between the long axis of the macula and the axis of stimu-
lation. A comparison of the relative outputs of the two nonparallel sacculi would thus
provide clear information on the axis of particle motion, and in addition, restrict the
primary “view” of the auditory system to sources located in front of and behind the
animal. Sand (1974) also observed that the relative amplitudes of saccular micro-
phonics to vertical and horizontal vibration was a function of recording location along
the macula, with the vertical component predominating in the posterior portion. The
fact that these relative amplitudes were also frequency dependent led Sand to suggest
that frequency as well as direction may be coded in the neural output of the saccule.

The only study of neural coding of directional and frequency information comes
from a study by Fay and Olsho (1979) on the goldfish in which the activity of single
saccular and lagenar nerve fibers was recorded in response to vibrational stimuli in
three orthogonal directions. The sensitivity and stimulus-response phase angle of each
neuron was measured for stimulation in the three directions. The sensitivity measures
were used to calculate “best directions™ of stimulation in the saggital and horizontal
planes (Fig. 1-14). Neurons from the saccule and lagena are practically indistinguish-
able in every respect. Best directions in the horizontal plane (20° to 30° from midline)
correspond to the microphonic data of Sand (1974) and presumably reflect the orien-
tation of the saccule in the head. Best directions in the saggital plane are rather widely
dispersed, with a modal point about 50° from vertical. While this modal point cor-
responds to the sensitivity axes of saccular hair cells in goldfish (Platt 1977) and several
other ostariophysans (Jenkins 1979), the dispersion of the distributions does not
correspond to the rather narrow range of “best directions” of hair cell orientations
expected from the saccule. The reasons for this variation are not clear, but the data
support the suggestion that otolith movement patterns are rather complex (see Section
2.2) and that neurally coded output of the ear may not be predictable from hair cell
orientation maps alone (see also Popper 1978b, 1980). The distributions of stimulus-
response phase angles are similarly diffuse and do not correspond to the rather narrow
bimodal distributions to be expected from directionally sensitive receptors. These
data, in combination with those of Sand (1974) and Sand and Michelsen (1978), could
mean that otolith movements in response to vibration are nontranslatory and generally
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Figure 1-14. Directional characteristics of single saccular (open symbols) and lagenar
(closed symbols) neurons of goldfish. For each neuron shown, displacement sensitivity
based on phase-locking criteria was measured for direct vibration of the fish’s head in
three orthogonal directions (vertical, lateral, and anterior-posterior). The axis of
greatest sensitivity (the angle of a resultant vector) was then calculated for each neu-
ron in the saggital plane (histograms projected to the right) and in the horizontal plane
(histograms projected above). Figure reprinted with permission from Comp. Biochem.
Physiol. Vol. 62A, R. Fay and L. Olsho, “Discharge Patterns of Saccular and Lagenar
Neurons,” 1979, Pergamon Press, Ltd.

complex. The observations of Popper (1977) and Platt (1977) that the modes of at-
tachment between the otolith and hair cell cilia generally are variable suggest, in ad-
dition, that even the relationship between otolith movement and hair cell stimulation
itself is likely to vary among different points on the macula. While all this variation
may be disconcerting to the investigator, this particular electrophysiological approach
to the functional analysis of species specific hair cell orientation patterns is probably
most valuable. Perhaps the careful selection of species for further study will reduce
some of the present uncertainty.
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7 Conclusions

Since the time we collaborated on an earlier review on this topic (Popper and Fay
1973), the literature has grown substantially and fruitfully in several areas. Perhaps the
greatest increase has occurred in our knowledge of the structure and ultrastructure of
the ear. It is now clear that there is enormous interspecific variation in the relative
sizes and shapes of the otolithic organs, including their maculae and otoliths, in the
relationships between the otoliths, the otolithic membrane, and the underlying macu-
lae, and in the patterns of hair cell orientation and ciliary types within the maculae.
When we realize that the number of extant teleost species is greater than the number
of all other vertebrate species combined, the task of gaining a realistic general under-
standing of the dimensions of variation and their functional correlates appears to have
no end. The diversity of questions we could ask, and conceivably answer, appears
similarly limitless, and we are placed in the position of having to select or formulate
the ones that are most likely to bring a wide range of descriptive data under some sort
of theoretical “‘control.” Two very general approaches to this problem arise from the
respective traditions of our scientific training; that of comparative psychology and
that of zoology.

The tradition of comparative psychology emphasizes, at the same time, comparison
in a gross sense, that is, across vertebrate classes, and the belief that structure-function
relationships worked out in detail for a limited number of species in one class will
provide a significant and general framework for understanding the auditory system
within that class. In combination with similar detailed analysis in other vertebrate
classes, in which the same variables, experimental techniques and theoretical con-
structs are used, this approach promises to reveal a set of common principles of audi-
tory function operating throughout the vertebrates. Much of the psychophysical
work on discriminative capacities in fishes and the accompanying use of hypothetical
constructs such as the critical band and other notions of frequency analysis fit into
this model. In order for this approach to be as fruitful as possible, we must look with
the finest experimental grain at the structural, neurophysiological, and neuroanatomi-
cal mechanisms underlying psychophysically defined capabilities of the auditory sys-
tem until we are satisfied that we understand them in at least one species. An under-
standing of the mechanisms of frequency and time analysis in the goldfish and codfish
is beginning to come together under this approach, although there is clearly much to
be done, particularly in determining the central neural mechanisms involved. The
analysis of directional hearing in one or two species treated by Schuijf and Buwalda
(Chapter 2) is another example of the potential value of this approach. Of course, the
limitations inherent in this paradigm cannot be overlooked. It is always possible that
the species chosen for study are highly specialized or otherwise inappropriate as gen-
eral models. In addition, the focus on psychophysical behavior in highly controlled
and often unusual acoustic environments may both fail to reveal the “important”
auditory functions from a biological point of view and, perhaps, mislead us with
epiphenomena. For example, while it is clear that fishes can be trained to make tonal
frequency discriminations, it is not clear that we are studying something analogous to
pitch perception in man. Another danger in this type of approach is that the appli-
cation of hypothetical constructs such as the critical band from work on mammals
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may not be appropriate for other vertebrate classes. While the fishes may exhibit be-
havior consistent with the critical band concept, the underlying mechanisms may be
quite different from those operating in mammals to the point that the behavioral
consistency is little more than coincidence. Of course, one of the values of this type
of approach is that the generality of such hypothetical constructs can be assessed.

The second general approach, the zoological one, focuses on comparison within
class and family and emphasizes the diversity of structures and functions in a wide
variety of species. This paradigm promises to reveal the dimensions of structure-
function variation. Here, we are less likely to be misled with epiphenomena or to waste
too much time with functions of little or no biological significance. In order for this
approach to succeed, of course, there must be experimental designs which focus on the
kinds of functions which clearly have survival value; for example, unconditioned be-
haviors such as the jamming avoidance response of electric fishes or the head turning
response of owls toward sound sources (Knudsen, Chapter 10). Unfortunately, there
are few such responses of fishes to sound, and this has clearly limited our progress in
bringing the morphological data under control. This area would probably profit from
some careful observation of fishes in their usual environments, perhaps with manipu-
lations of their auditory systems through lesions or with manipulation of the sonic
environment such as through the introduction of high levels of masking noise.

One of the troublesome aspects of the study of hearing in fishes is that few species
clearly communicate using sound, and many that do have no apparent specialization
for hearing and in fact are quite insensitive to sound. Thus, the type of zoological ap-
proach so valuable in the study of anuran hearing (see Capranica and Moffat, Chapter
5) will probably not be as valuable in the study of fish hearing. This fact, however, in
combination with the wide variation in peripheral auditory morphology in fishes leads
to the suggestion that factors other than vocal communication can have large effects
on the evolution of the ear. We speculate that one of the keys to understanding audi-
tory processing by fishes may simply lie in the special acoustic characteristics of the
underwater environment and the fishes’ relationships to it. The relative incompres-
sibility of water produces complex amplitude and phase relationships between the
pressure and motional components of acoustic disturbances that extend and vary
within considerable distances from sound sources. As Schuijf and Buwalda (Chapter
2) show, an analysis of the temporal relationships between these components may be
quite important for, among other things, auditory localization. The auditory systems
of fishes may thus be understood as general acoustic signal processing systems that are
possibly adapted for temporal as opposed to spectral processing and for listening with-
in regions of three-dimensional space characteristic of the widely divergent adaptive
zones of individual teleost species.
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Chapter 2

Underwater Localization—A Major Problem in
Fish Acoustics

ARIE SCHUDUF* AND ROBBERT J. A. BUWALDA?

1 General Introduction

Only recently have data on acoustic localization by aquatic vertebrates become avail-
able. It has quickly become apparent that it is not possible to extrapolate localization
mechanisms from terrestrial vertebrates to fishes, whereas this appears possible for
certain pinniped mammals (Moore and Au 1975).

At present the amount of data on localization by fishes is still very limited as com-
pared with those on localization by terrestrial vertebrates (e.g., see Knudsen, Chapter
10; Capranica and Moffat, Chapter 5; Gourevitch, Chapter 12).

Sound detection by fishes has been the subject of many reviews of and discussions
in research papers (e.g., Dijkgraaf 1952, Griffin 1955; van Bergeijk 1967, Popper and
Fay 1973; Hawkins 1973, Fay 1978a; Fay and Popper, Chapter 1). While consider-
ations on acoustic localization in fish are usually present in these papers this subject is
more extensively discussed in specialized reviews (e.g., von Frisch and Dijkgraaf 1935,
Reinhardt 1935, van Bergeijk 1964, Moulton and Dixon 1967, Popper, Salmon, and
Parvulescu 1973, Schwartz 1973, Schuijf 1974, 1976a, Schuijf and Buwalda 1975,
Myrberg, Gordon, and Klimley 1976, Sand 1976, Tavolga 1976, 1977).

The aim of this chapter is, first, to provide an up to date critical review on acoustic
localization in fishes and, second, to place the various models of the detection system in
a framework. By excluding trivial mechanisms, like the acoustic kinesis (gradient seek-
ing), from this review, acoustic localization is understood to imply some form of direc-
tional hearing. While acoustic localization then also implies distance perception, this
aspect is only touched on speculatively, in view of the complete lack of pertinent data.

Two more topics will be omitted. The ability of some surface dwelling fishes, like
the topminnow (Aplocheilus delineatus), to locate sources of surface waves has been
adequately analyzed and documented by Schwartz (1965, 1973); few new data have
been obtained since. “Echolocation” in the sea catfish (Arius felis) (Tavolga 1971,

Lgections 1,2 and 4.

Sections 2 and 3.
1’2Laborat01'y of Comparative Physiology, State University of Utrecht, Jan van Galenstraat, 40,
Utrecht, The Netherlands.
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1976), on the other hand, is still virtually terra incognita as regards the mechanisms in-
volved. Both echolocation and surface wave detection are highly specialized forms of
acoustic localization found in only a few species. Discussing the mechanisms involved
is unlikely to be of much value in placing the various models of the detection system
in a framework.

1.1 Differences between Auditory Localization in Fishes and in Man

In theory, fish might utilize the same binaural differences for directional cues as does
man. However, the close proximity of the fish’s ears and the high speed of underwater
sound propagation produce differences in stimulus timing that arise from unequal
sound path lengths several orders of magnitude smaller than in man. Moreover, most
fishes are small in comparison to a wavelength, and their bodies are about as dense as
water. Both of these factors reduce possible binaural differences in stimulus strength
to levels beyond discrimination. The physical separation of the left and right ears, of
prime importance in human directional hearing, is therefore unlikely to provide fish
with a localization cue.

Fish, as opposed to man, possess a lateral line system for detecting mechanical
stimuli in addition to their labyrinths. Until now it has not been provided conclusively
that the lateral line participates in localizing sound sources. Consequently, models of
acoustic localization in fish can be divided into: those that involve the lateral line
system; those that involve the labyrinths; or a combination of both sensory organs.

In 1964 van Bergeijk proposed his influential model of directional hearing asserting
that only the lateral line system can convey the directional information contained in
the incident sound wave. Binaural directional hearing in the “horizontal” plane with
the bilateral labyrinths would be impossible, according to van Bergeijk, because the
pulsating swimbladder would mask any difference between the labyrinths in response
to the particle motions in the incident wave. The underlying notion is that the acoustic
pressure, a nondirectional quantity, forces the swimbladder to pulsate independently
of the direction of incidence in a process thatis generally much more effective in trans-
ferring vibrations to the otolith organs than directly through inertia. This mechanism,
in addition to the factors already mentioned, should effectively reduce the two ears to
a single, nondirectional receptor. Van Bergeijk concluded that acoustic localization is
only possible in the near-field of the sound source where, at normal intensities, the
water displacements can exceed the threshold for the lateral-line receptors.

After van Bergeijk argued that directional hearing would be impossible in the far-
field of a sound source, discussions arose regarding where to fix the boundary of the
near-field. Acoustic theory shows that the “radius” of the near-field should be measured
in wavelength units. In other words, the extent of the near-field should be expressed in
terms of the acoustic distance to the sound source: kr = 2ar/\ where r = radial dis-
tance to the sound source, A = wavelength of the pure tone, and k = wave number of
the sound wave. The wave number equals the phase difference in radians between two
points at unit distance along the propagation direction of a plane sound wave. The
wave number thus equals 2n/A. The near-field/far-field transition is agreed on by most
workers in fish acoustics to occur at kr = 1 for harmonically pulsating (breathing)
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spheres, the so-called monopole sources. The gradients of the acoustic pressure in the
near-field are large compared to those in the far-field. These gradients are directly re-
sponsible for the magnitude of the particle motions in the sound wave. Since only the
motions in the near-field are adequate to stimulate the lateralline system of the fish,
the acoustic distance will be one of the factors (in van Bergeijk’s theory) controlling
the fish’s ability to localize the sound source.

An analysis of the merits of this model (Schuijf 1976a) pointed to two weak or
wrong assumptions: one is that the coupling of the swimbladder is such that it pre-
cludes directional hearing with the labyrinths and the second is that the lateral line is
involved in acoustic localization. Dijkgraaf (1964) criticized the model on the latter
point. The fact that Harris and van Bergeijk (1962) demonstrated the directional re-
sponse of the lateral-line microphonics to the near-field of a vibrating object is insuf-
ficient evidence for the use of the lateral-line system by the fish for locating sound
sources.

In a model for acoustic localization that only involves the labyrinths, proposed by
Dijkgraaf (1960), there is, in principle, no distance limit to directional hearing. Dijk-
graaf suggested that the propagation direction would be detected in the “horizontal”
plane through a bilateral pair of otolith organs that do not lie in parallel planes. In this
view the otolith organs form two inherently directional acceleration detectors having
different axes of optimal sensitivity. Determination of the angular position of a sound
source is performed in this model by using the ratio between the effective stimulus
strengths for the two detectors. The directional cue here is the orientation of the imagi-
nary line along which the particle accelerations in the incident wave act. An auditory
system based on three or more of such detectors with noncoplanar directivity axes
can, in theory, serve for detection of elevation as well as azimuth of a sound source.

The theoretical considerations above indicate that studiesin acoustic localization by
fish should start by regarding the directional hearing system as a black box whose func-
tional organization and input variables are for the greater part unknown and, moreover,
likely to exhibit considerable interspecific variation.

An analysis of this black box typically starts by acquiring data on the performance
of the entire system. Lack of knowledge concerning the adequate input conditions dic-
tates that the acoustic environment imposes no a priori restrictions on the potential
localization cues. In practice this demand is only met by experimenting in the field.
The value of reports on the most important single feat of performance, i.e., whether
acoustic localization is possible at all, is determined largely by such experiments. The
experimental evidence for directional hearing in fishes is discussed in Section 2.

Manipulation of the stimulus conditions is necessary to test which cues are relevant
for localization. The results of such analyses allow the stimulus situation to be reduced
to the essentials and enable one to produce appropriate directional stimuli in the labo-
ratory. It is then feasible to probe the black box in suitably contrived experiments,
thus to acquire a better understanding of its organization and—the last step in the
black-box approach—the relationship between function and morphology. Section 3
deals with these aspects. The conclusions from the data in Sections 2 and 3 can, under
certain assumptions, be framed into an organizational model of the operation of the
entire detection system (see Section 4). By then, it will be evident that acoustic locali-
zation, involving virtually all aspects of fish auditory physiology and morphology, is
indeed a major topic in fish acoustics.
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2 Behavioral Evidence for Directional Hearing
2.1 Introduction

Although the need for experimentation in the field in studies of acoustic localization
by fishes was recognized as early as in 1935 by von Frisch and Dijkgraaf, the first
successful application was not possible until the development and availability of the
U.S. Navy Underwater Sound Reference Laboratory type J9 sound projector and simi-
lar electrodynamic designs that enable the production of free field conditions of a
deep mid-water environment.

The evidence for directional hearing that has accumulated during the past 15 years
is reviewed in this section from comparative and methodological points of view. The
first aspect is centered on the presence or absence of a swimbladder and further audi-
tory specializations, since these factors are of considerable importance both in fish
audition in general (see Fay and Popper, Chapter 1) and in acoustic localization (see
Section 1). The methodological aspects relevant to evaluating the strength of the evi-
dence include considerations of the acoustic environment used in the experiment and
the related problems of the “‘quality” of the directional stimuli, the experimental de-
sign and nature of the behavioral response, and possible controls guaranteeing that
only the directional aspects of the stimulus were responded to.

2.2 Fish with Swimbladders
2.2.1 Fish without Specialized Swimbladder-labyrinth Connections

A straightforward way of testing directional detection is to study the ability of fish to
discriminate between differently positioned, but equidistant and equally loud, sound
sources.

Such an approach has been attempted successfully with cod (Gadus morhua) by
Olsen (1969a) (also cited in Sand and Enger 1974) and Schuijf (1975). Both were
working from rafts moored in the middle of a Norwegian fjord in order to optimize
the acoustic conditions. Both employed a two-alternative food-rewarded conditioning
paradigm, in which the experimental subject was required to indicate the active one of
two (left and right) sound projectors by swimming to either of two opposing corners
of its confining cage. Although Olsen provides no data on the possible occurrence of
different discrimination cues other than direction of sound incidence, Schuijf reports
a gradual disappearance of discrimination concomitant with diminishing the angular
separation between the two sound sources. The identity of the sources was apparently
not relevant for positive discrimination in Schuijf’s experiment. However, even virtual-
ly identical sound sources are subject to the effects of asymmetries in the acoustic envi-
ronment. A thorough analysis of the prevailing acoustic conditions, such as those de-
scribed by Schuijf (1975), is therefore needed to exclude such position effects.

Symmetrical acoustics are also required to corroborate the validity of interchanging
the sound sources as a control for determining position. Such a control was applied by
Schuijf and Buwalda (1975) in a variation of Schuijf’s (1975) discrimination experi-
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ment. This variation was contrived to test the ability of cod to discriminate between
sound waves coming from the direction of the fish’s head or tail. The positive results
obtained in this binaurally symmetrical situation indicate that binaural differences are
not always required for determination of the direction of the sound source.

An experimental task that is even less demanding than absolute discrimination is
the detection of a change in the direction of sound incidence. Again using a free-field
situation, Schuijf, Baretta, and Wildschut (1972) have shown through the food con-
ditioning of a wrasse (Labrus bergyita), that the fish will readily respond when the
sound is repeatedly switched from one sound projector to another in an otherwise
uninterrupted train of pulses when the speakers have an angular separation of 71°.
This is not so, however, when this separation is minimized. A similar result was found
for cod and haddock (Melanogrammus aeglefinus) using a classical heart rate condition-
ing paradigm, a technique that seems especially suited for such discrimination experi-
ments. These fishes were confined to a small opaque, cylindrical cage to prevent
“scanning” head or body movements and to keep them from seeing the sound sources.
The cage was suspended 6 m from the sea bottom in 25 m deep water. Both these
species proved capable of directional discrimination in the horizontal plane (Chapman
and Johnstone 1974) as well as in the median vertical plane (Hawkins and Sand 1977).
In a similar set-up Buwalda, Schuijf, and Hawkins (in ms.) ascertained a cod’s ability to
discriminate between diametrically opposed sound sources in the median vertical and
transverse vertical planes, and found that at least some fishes can discriminate in
situations that are ambiguous or otherwise confusing for man and for animals with
similar directional hearing mechanisms.

Chapman (1973), Chapman and Johnstone (1974), and Hawkins and Sand (1977)
have likewise shown that a directional masking phenomenon exists in fishes. They
found the threshold for detecting a low frequency pure tone in broad band noise
to be a function of the angular separation between noise source and signal source. The
signal-to-noise ratio at threshold was highest when both signal and noise came from the
same direction and dropped about 7 dB at an angular separation of 20°, both in the
horizontal and in the median vertical plane. Such an effect illustrates the working of
one of the two basic techniques for improving the signal-to-noise ratio employed in
sensory systems: the tuning of a spatial or a spectral window to the desired signal. The
fish’s auditory system apparently utilizes both techniques (see Fay and Popper, Chap-
ter 1 on critical bands in fish).

Having thus established the simpler manifestations of directional hearing, the results
of Schuijf and Siemelink (1974) and Schuijf (1975), who demonstrated that cods are
capable of acoustic orientation and not merely of a left-right or fore-aft discrimination
can logically be discussed. In both studies elaborate controls were employed in a four-
alternative, food-rewarded choice conditioning paradigm (i.e., making sure of symmetri-
cal free-field conditions, interchanging the sources, and denying visual orientation to
the sources) and it was ascertained that the fish was only responding to directional
acoustic cues. It is necessary to point out, however, that while a conditioned response
toward food dispersers that are in line with an equal number of sound sources is proof
for recognition of a directional cue, it is not proof for acoustic orientation in the sense
of true direction detection. The proper experimental design for showing direction de-
tection would be to include control stimulus directions that are new for the fish and to
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observe whether the directional responses correspond to the actual physical stimulus
direction. Until such an experiment has been performed, the results of Schuijf (1975)
remain the best and most complete proof for directional detection in fish.

2.2.2 Hearing Specialists

The swimbladder-labyrinth connection is decisive in separating fish into hearing special-
ists and nonspecialists (cf. Fay and Popper, Chapter 1). Although a fish should properly
be called a hearing specialist only if its superior hearing capacities are shown to be de-
pendent on the presence of specializations such as the swimbladder-labyrinth connec-
tion, all fish possessing swimbladder adaptations apparently useful for better hearing
will be accepted in this section. All such specializations operate on the principle of op-
timizing the coupling between the swimbladder and labyrinths. Thus van Bergeijk’s
argument regarding masking of potentially directional information to the labyrinths by
the essentially nondirectional information from the swimbladder should apply here.

While the data on directional hearing by specialists are still limited in quantity and
quality, the originally negative evidence (von Frisch and Dijkgraaf 1935, Reinhardt
1935) is now being replaced by more positive results.

Moulton and Dixon (1967) have shown that the polarity of the tail flip reflex of
the goldfish (Carassius auratus) depends on the side of incidence of the sound stimulus.
Although the strength of this evidence is severely marred by the complex acoustics
prevailing in the test conditions, the experiments are relevant in showing that the sac-
culi are involved in the discrimination.

Substantially better acoustic conditions were used in the studies by Olsen (1969b)
with herring (Clupea harengus) and Popper et al. (1973) with squirrelfishes of the
genus Myripristis. In both cases a directive influence on the locomotion patterns of un-
conditioned groups of fishes confined in a cage was found: the squirrelfishes tended
to turn toward the active one of a pair of sound projectors; the herring turned away.

Following these authors in using a field situation but, unlike them, providing a con-
trol by irregularly interchanging the two sources, Schuijf, Visser, Willers, and Buwalda
(1977) succeeded in demonstrating the ability of a conditioned ide (Leuciscus idus) to
discriminate between sound waves coming from the direction of its head and those
impinging on its tail.

It then appears that the close association of swimbladder and labyrinths does not
preclude (coarse) angular discrimination in hearing specialists, contrary to the sug-
gestion of van Bergeijk (1964).

2.3 Fish without Swimbladders

Convincing evidence for acoustic localization in fish without swimbladders is, so far,
only available for sharks. For example, Nelson’s (1967) demonstration of conditioned
angular discrimination in the lemon shark (Vegaprion brevirostris) is similar in design
to many of the above experiments. However, Nelson’s experiments may be less reliable
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owing to the acoustical shortcomings of the shallow pool in which the experiments
were conducted.

The bulk of data on localization in sharks stems from acoustic attraction experi-
ments, conducted in relatively deep water with, mostly, carcharhinid and sphyrnid
species (e.g., Nelson and Gruber 1963, Nelson and Johnson 1972, Myrberg et al.
1976). While such experiments are of considerable interest, there are a number of
problems in infering acoustic localization from acoustic attraction experiments. These
include knowing neither the range of attraction @ priori nor the number of sharks
present in this area before the onset of attraction. These data are necessary for a sta-
tistically valid account of an induced aggregation of sharks (Myrberg et al. 1976) and
can perhaps best be obtained in aerial observations (Nelson and Gruber 1963). From
such observations the range of attraction sometimes appears to exceed 200 yards.
Another factor complicating the statistics is the effect of animals following one
another, the contribution of which to aggregation is difficult to estimate. Finally it
must be realized that the visual presence of the often very conspicuous sound pro-
jector may provide a steering stimulus. It is not sufficient to demonstrate that a silent
projector is not attractive, because the absence of attractive sound as a releasing stimu-
lus also eliminates the need for a steering stimulus.

3 Properties of the Detection System
3.1 Introduction

However beneficial van Bergeijk’s influence may have been on the acoustic insights of
the biologists studying fish hearing, his very authority has long prevented an open view
on the problem of acoustic localization. Very few of the many studies instigated by his
theoretical work have dealt with this subject directly. They have concentrated primari-
ly on the major task of proving van Bergeijk’s conclusions wrong by unequivocally
demonstrating the directional hearing ability in fishes (see Section 2). Data of a more
descriptive character on the directional detection system involved are consequently
still rather scanty. This section will review some properties of the detection system:
the operating system’s parameters, its functional organization, and the morphological
and functional properties of its constituent parts.

3.2 System Parameters: Bounds for Angular Detection
and Discrimination

3.2.1 Angular Resolving Power

As argued in Chapter 1 the sense of hearing is very important in providing fishes with
information on their surroundings. The accuracy and, concomitantly, the usefulness of
the ““acoustic image” of the outer world depends on the spatial resolving power of the
detection system. In this respect, the fish’s hearing system is no match for some of the
more advanced terrestrial and aquatic mammals, i.e., man and bottlenose porpoise
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(Tursiops truncatus). Whereas these can boast of an angular resolution better than one
or two degrees of arc (Howard and Templeton 1966, Renaud and Popper 1975), the
few experiments conducted with fish (all of them using pure tones in the low frequen-
cy range) indicate a just noticeable difference (j.n.d.) greater by one order of magni-
tude. As compared with many other vertebrates (cf. Gourevitch, Chapter 12), how-
ever, fish do not perform that badly.

The actual jn.d. values for angular resolution by fish seem very dependent on ex-
perimental design. While Schuijf (1975), employing a rather permissive reward condi-
tioning paradigm, estimated angular resolution in cod to be no better than 45° at 75
Hz, Nelson (1967) found the appreciably smaller value of 19° (mean from pooled data
at 40 Hz, 80 Hz, and 320 Hz) in a two-alternative forced choice conditioning experi-
ment with lemon sharks. As the experimental task contained elements of acoustic
orientation, Nelson’s direct estimate of the mean orientation error, which amounts to
the even lower value of 7.1°, may also be relevant. A negative reinforcement regimen
stimulates cod and haddock to a comparable performance. Chapman and Johnstone
(1974) and Hawkins and Sand (1977) demonstrated that at about 100 Hz and with
high intensity levels, these species can readily be conditioned to switch between two
identical sound projectors 20° apart in the horizontal plane and 16° apart in the medi-
an vertical plane. Discrimination deteriorated with lower sound levels. In a similar heart
rate conditioning paradigm, Buwalda (unpublished results) diminished the angular sep-
aration between the sources in a stepwise fashion and found the angular j.n.d. for cod
to range from 8° to 21° (mean 13.6°) at 105 Hz under optimal conditions. Buwalda
subsequently established that the magnitude of the j.n.d. depends on the signal-to-
noise ratio rather than on the signal level itself (see Fig. 2-1).

Apart from giving an idea of the directional acuity of the piscine hearing system,
the magnitude of the j.n.d. is of rather limited value in providing an insight in the
mechanisms involved. It is a fallacy to suppose that animals with comparable direction-
al acuity must have similar directional hearing systems. For example, comparing the
limited data on fish with those of pinniped mammals (Gentry 1967, Terhune 1974,
Moore 1975, Moore and Au 1975) shows these animals to have comparable directional
acuity. It is physically and physiologically improbable, however, that fish use the bi-
naural difference cues employed by pinnipeds, whose directional hearing system is
akin to that of other mammals (Moore and Au 1975).

It appears more rewarding to study the angular resolving power for fishes as a
function of stimulus conditions, such as acoustic impedance, signal-to-noise ratio, etc.
Information pertaining to the nature of the mechanism involved might be obtained
through a detailed analysis of the spatial distribution of angular resolution. It is a text-
book matter now that for man the just noticeable angular difference is a function of
the orientation of the sound source relative to the listener’s own frame of reference,
with best resolution occurring in front or behind and relatively poor separation of
sources from the side. Such a result is to be expected, in view of man’s directional
hearing system operating on binaural sound path length differences. As a general rule
it can be stated that the function describing the relation between the sound source
position and the magnitude of the directional cue will be characteristic for a given sys-
tem. Consequently the angular derivative of this function, i.e., the distribution of
angular resolution, will also be characteristic and may thus become a valuable tool in
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Figure 2-1. Angular discrimination threshold data (horizontal axis) for cod plotted as a
function of (A) signal intensity level expressed in dB re 1 uvar (1 uvar = 1 ubar/pc =
6.7 X 1078 m/s) and of (B) signal-to-noise ratio. Only in the latter case is a relation ap-
parent between the just noticeable angular difference A¢ and the ordinate variable.
The data indicate a minimum j.n.d. of about 13° (at 105 Hz in the horizontal plane)
and a minimally required signal to noise ratio for directional discrimination of about
+ 10 dB.

identifying the underlying mechanism. Relevant data are, however, still sadly lacking
for fish. Future research might thus well be directed towards this potentially rewarding
subject.

3.2.2 Intensity Threshold Phenomena

In absohite threshold determinations under free-field conditions, the detection of dis-
crimination of sound direction fails at an appreciably higher stimulus level than detec-
tion of sound presence (Chapman and Johnstone 1974, Schuijf 1975, Hawkins and
Sand 1977). This phenomenon is consistent with the notion that two different sub-
systems are operative within the fish’s hearing system: one responsible for directional
detection and therefore restricted to input variables carrying directional information,
the other free to use any available input, directional or not.

In point of fact, some fishes, when faced with a signal detection task, apparently
respond to either the acoustic pressure or to a kinetic variable, whichever is prevailing
in the given acoustic conditions (Cahn, Siler, and Wodinsky 1969, Chapman and
Hawkins 1973, Buwalda, Portier, and Schuijf, in ms.). Directional detection, on the
other hand, seems dependent on a kinetic variable as shown by the findings that the
angular jn.d. is influenced (masked) by the particle motion component of noise but
not by the pressure component (Buwalda, unpublished results) and by observations
that the intensity threshold for directional discrimination is apparently best expressed
in terms of a kinetic variable (Chapman and Johnstone 1974). Expressed as acoustic
displacement, this threshold varies from about 2X 10™'® m to 107'* m and thus falls
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in the range of the calculated displacement sensitivity of the otolith organs of fishes
(Chapman and Hawkins 1973, Chapman and Sand 1974). A corollary of these facts
is that under suitable stimulus conditions the threshold for directional discrimination
should approach the threshold for signal detection.

3.2.3 Distance Range

Since van Bergeijk’s assumption (that acoustic localization is impossible in the acoustic
far-field) is the crux of his model of directional hearing with the lateral line, the
acoustic distance to the sound source at which localization is still possible becomes an
important parameter in deciding on a mechanism of directional hearing in fish. In the
majority of the experiments mentioned in Section 2, the distance limit to directional
detection was set by the mechanical limitations of the set-up rather than by the inabili-
ty to localize the distant objects on the part of the experimental subjects. As the
acoustical distances (kr = 2nr/Q) to the source exceeded unity in a number of cases
(Olsen 1969a, 1969b, Chapman 1973; Chapman and Johnstone 1974, Schuijf and
Siemelink 1974, Schuijf 1975, Schuijf and Buwalda 1975, Hawkins and Sand 1977),
directional hearing is apparently not restricted to the near-field. Only the experiments
of Popper et al. (1973) provide evidence against this notion, although Popper and Fay
(1973) later ascribed the reported disappearance of the directive influence on loco-
motion patterns at sound source distances over about 2 m to 3 m to reluctance to re-
spond rather than to a sensory inability to react to sources outside of the near-field.

The thesis that directional hearing is not subject to a distance limen provided that
the signal-to-noise ratio is sufficiently high is corroborated by the results of Olsen
(1976), who was able to condition a school of saithe (Pollachius virens) to feed near
an active source (emitting 150 Hz pure tones) and to choose correctly and immedi-
ately between sound sources some 80 m apart that were placed in such a fashion as to
exclude position learning effects. Pertinent evidence is also provided by the acoustic
attraction experiments on sharks, which can apparently be lured from hundreds of
yards in a straight course to the sound source (cf. Myrberg et al. 1976).

3.2.4 Frequency Range

At a fixed distance from the source, the ratio of acoustic pressure to the motional
variables is affected by sound frequency because the near-field extent is frequency
dependent (cf. Siler 1969). Moreover, the pressure-to-displacement transforming ef-
fect of the swimbladder provides a gain over the displacement sensitivity of the otolith
organs that is, theoretically, proportional to frequency (Sand and Hawkins 1973).
Both effects add to the swimbladder’s efficiency with increasing frequency.

While directional hearing at very low frequencies might be possible regardless of
the validity of van Bergeijk’s assumption on the swimbladder’s masking of directional
information, there should, as a consequence to this theory, be an upper-frequency
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limit to directional hearing that would coincide with the gain of the swimbladder ef-
fect exceeding unity and the fish becoming effectively pressure sensitive. Whereas
this point is reached at about 50 Hz to 100 Hz in cod (Chapman and Hawkins 1973,
Sand and Hawkins 1973, Sand and Enger 1973, Buwalda and van der Steen 1979),
Olsen (1969a) and Chapman and Johnstone (1974) found directional discrimination
to persist up to at least 300 Hz to 400 Hz in cod, which is then completely comparable
to the lemon shark without any swimbladder (Nelson 1967). It is possible that the
upper limit of directional hearing falling short of the upper limit of sound detection
in cod was more due to subliminal displacement stimuli at the highest frequencies
than to a fundamental failing of the directional detection system.

3.3 Functional Organization: A Multiple Input Detector

3.3.1 The Effect of Phase Shift between Acoustic Pressure
and Particle Motion

It will be clear by now that several acoustic variables, whether inherently directional or
not, are available to the auditory system of fishes with a swimbladder. Directional
hearing is apparently based on a motional variable, which is considered to be the parti-
cle acceleration a(t), for reasons discussed in Section 4. As follows from the previous
section, directional detection persists under a variety of conditions with widely ranging
pressure-tosmotion ratios. It is tempting to explain such a result by assuming that at
least part of the motion-sensitive detectors constituting the directional detection
system are not affected by the pressure-to-motion transforming action of the swimblad-
der; there should be only a weak coupling of pressure into the directional hearing sys-
tem. This, indeed, was van Bergeijk’s rationale for attributing directional hearing to the
lateral line. (He apparently overlooked, though, that the lateral line, too, might respond
to the near-field set up by the swimbladder pulsations.) Such weak coupling would of
course optimize the transfer of directional information to the Central Nervous System
(CNS) of the fish, It appears, however, that the acoustic pressure, the p(t) input, does
exert control over the directional choice of fish, in addition to the motional variables
in the sound field.

Schuijf and Buwalda (1975) discovered that the directional choice of cod could be
affected by a phase inversion of p(t) with respect to the unaffected particle acceler-
ation a(t). The subject was trained to discriminate sounds of opposing propagation di-
rection by swimming toward the direction of the sound (a 75 Hz pure tone) source.
However, when the active source was located behind the animal, for instance, and the
accompanying acoustic pressure p(t) was artificially shifted 180°, the cod swam for-
ward. As the oscillatory motions were not affected by the phase inversion in p(t), the
implication is that the phase relationship between p(t) and a(t) is relevant for part of
the processes in acoustic localization and that both p(t) and a(t) are necessary for di-
rectional detection. Buwalda et al. (in ms) have shown similar results for the cod in the
median and transverse vertical planes as well.

A phase analysis between p(t) and a(t) also occurs in acoustic localization by Ostari-
ophysi. Buwalda et al. (in ms. a) showed this in a laboratory experiment with Leucis-
cus idus using methods analogous to the field study of Schuijf and Buwalda (1975).



54 A. Schuijf and R. J. A. Buwalda

They could make the conditioned fish turn away from the sound source when p(t) in
the original wave was shifted 180° with respect to a(t).

Subsequently Buwalda et al. (in ms. a) studied the choice behavior of the con-
ditioned animal to nonreinforced probe stimuli with variable phase differences between
a(t) and p(t) but with a constant amplitude ratio between these variables (see Fig. 2-2).
The clear structure of the data, with rather sharp transition regions occurring at phase
differences y(a,p) between a(t) and p(t) of O and * « radians, suggested to Buwalda
et al. that a lead/lag detector, comparing its two inputs a(t) and p(t) for precedence,
might be the underlying principle of the phase analysis between a(t) and p(t) govern-
ing the discrimination of sources 180° apart. The data of Fig. 2-2 should be compared
with the phase cues existing near monopole sources in an unbounded medium (see
Fig. 2-7).

In contrast, then, to van Bergeijk’s opinion, the acoustic pressure p(t) is not a dis-
advantage imposed on directional detection, but its presence is even necessary. The
conclusion can be that the multiple-input character of the total hearing system of fishes
with a swimbladder is maintained down to the level of the subsystems involved in
acoustic localization. Apparently the directional sensitivity of this system is related to
a vector input, while the p-input is required to enable unambiguous orientation with
such a directionally sensitive sensory subsystem (see Section 4 for a further discussion).

332 The Irrelevance of Spatial Differences in Phase

Experiments by the authors have disclosed that both normally propagating and stand-
ing sound waves may be employed in testing directional hearing in fish provided that,
at the position of the fish, the acoustic variables satisfy certain conditions as to ampli-
tudes, direction (of oscillation), and phase relations.

Figure 2-2. The dependence of the directional choice of anide (Leuciscus idus L.) on
the phase relationship Y (a,p) between particle acceleration a(t), and acoustic pressure
p(t). The fish, kept in a circular netting cage with a central arena, was trained to orient
itself toward sound projectors B and D. The phase difference ¥(a,p) between a(t) and
p(t) characteristic for the training situations are indicated by dlb and ¢ a Dots indicate
prompt, unconditioned responses toward either sound projector on administration of a
probe stimulus in which ¥ (a,p) could be varied artificially from - 7 to @ rads. Note the
clear structure in the data, with response reversals occurring at 0 and * 7 rads. The ac-
celeration was measured to be positive when directed toward D, that is rostrad for the
fish when orientated as in the inset figure.
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Employing standing waves as opposed to propagating waves for locally producing
adequate stimulus conditions has some interesting implications for the mechanism of
directional hearing in fish. First, there is no such thing as wave front propagation in a
standing wave and the inherent time difference cues between separated receptors are
consequently absent. Second, a perfect simulation of the normal situation as to ampli-
tude, direction, and phase of the involved acoustic variables is often only possible
within a very restricted volume of space (sometimes only containing part of the body
of big fishes like cod), and rather large differences, with respect to the normal propa-
gating wave situation, may exist outside this volume. As directional detection remains
unaffected in a standing wave (Schuijf and Buwalda 1975, for cod; Buwalda et al. in
ms. a, for Leuciscus idus), and as standing and propagating waves are not even dis-
criminated (Buwalda et al. in ms., for cod), it must be concluded that propagation of a
characteristic spatial distribution of the acoustic variables—in short, spatial phase
differences—is irrelevant as opposed to the phase differences between the acoustic
variables (cf. Section 3.3.1).

3.3.3 Separate Processing of Acoustical Inputs in Fish?

When sensory processing in a given unknown system requires comparison of infor-
mation from two or more inputs, finding the level in the system at which interaction
between these inputs occurs is of primary importance in gaining insight into the func-
tional organization of the system.

In the case of acoustic localization in fish, involving a phase comparison of acoustic
pressure and particle motion, this interaction could well occur at the extreme periphery
of the hearing system. Mechanical superposition processes between the “‘normal”
(direct) particle motions and the “indirect” motions due to swimbladder pulsations
might result in nontranslatory (rotational) oscillations characteristic of any given stim-
ulus situation. A detector capable of resolving such oscillations might then provide the
CNS with the information conveyed by a particular oscillation pattern. Such a mecha-
nism is not readily reconciled with the notion of a weak coupling of pressure and
motion apparent from the data in Section 3.2.

On the other hand, if separate reception and processing of the different inputs oc-
curs, integration presumably takes place at a higher level, as in the CNS.

To provide a first answer to such questions Buwalda et al. (in ms. b) undertook to
study the degree of perceptual segregation between the nondirectional p-input and the
particle motion by means of cross-modality masking. The degree of segregation can be
inferred from the efficiency of masking of one input by another. Masked auditory
thresholds as a function of stimulus composition were determined for cod using clas-
sical heart rate conditioning. The stimulus generating system employed horizontal and
vertical standing waves, permitting independent control of acoustic pressure (p), hori-
zontal (u), and vertical (w) particle velocity for both signal (105 Hz pure tone) and
masker (50 Hz wide-noise band, centered at 105 Hz), over a wide range. The fish’s
masked threshold appeared to depend on the ratios of p, u, and w in the signal and
masker. The threshold for a signal with a high p/u or p/w ratio was determined by the
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pdevel in the masker. The same was true, mutatis mutandis, for u and w. It proved im-
possible, within apparatus’ limits, to mask a given sound variable (e.g., p) with another
(e.g., u), at signal-to-noise ratios well below -10 dB to -30 dB. Such results clearly
point to separate processing of pressure and motion in the cod’s hearing system.

These experiments are strongly reminiscent of the studies by Cahn, Siler and
Auwarter (1970) on Haemulon parrai (a grunt), both in the use of standing waves to
control the p/v ratio and in employing the cross-modality masking paradigm. Their
findings, implicating a masking of velocity detection by pressure, but not the converse,
are very difficult to assess, however, partly because of a lack of description of their
data and partly because the range of control of the p/v ratio was limited to about 25
dB for noise and 35 dB for pure tones (as opposed to 50 dB and 70 dB respectively in
these authors’ experiments). Nevertheless, their results indicate that the distinct per-
ceptual segregation of acoustic inputs found in cod may not be characteristic for all
or even most fish.

3.4 Considerations on the Involved Sensory Organs
3.4.1 Which Receptors are Involved?

34.1.1 Lateral Line versus Labyrinth. Now that the multiple input character of the
directional hearing system of fish has been established, it becomes opportune to have
a closer look at which receptors mediate directional hearing.

The obvious approach for assessing the involvement of a receptor in a given sensory
task is to look for the effect of its elimination. Application of Dijkgraaf’s (1973)
method for severing the appropriate cranial nerve roots, which obviates many of the
drawbacks of straightforward surgical extirpation, demonstrated that unilaterally
severing the saccular and lagenar nerves deprives the cod of its acoustic localization
ability, but not its acoustic detection ability (Schuijf 1975). Thus, it appears that the
combination of one intact ear with intact lateral line is not sufficient for localization.
This observation does not, however, rule out the possibility of the lateral line being in-
volved in directional hearing. For a decision in that matter the reverse experiment is
needed: eliminating the lateral line and observing the fish’s directional detection re-
maining unimpaired.

A more subtle method for eliminating the contribution of a receptor is the creation
of stimulus conditions known to be inadequate for the particular receptor. For in-
stance, the lateral line is not stimulated in the pressure node of a standing wave, not-
withstanding even extremely high particle motion levels (Cahn, Siler,and Fujiya 1973),
evidently because the whole fish is carried along with the particle oscillations, and the
non mass-loaded neuromasts fail to register such a motion. Such results, surprising as
they were to some fish acousticians, have a hydrodynamic parallel in the failure of the
lateral line to detect massive water currents displacing the entire fish (cf. Dijkgraaf
1963). The lateral line system, of course, can detect such stimuli as small squirts of
water or (the acoustic parallel) the oscillations in the near-field of a sound source
(Harris and van Bergeijk 1962) with its inherent steep gradients owing to divergence.

Whereas the lateral line is not stimulated in a standing wave, otolith organs are (Fay
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and Popper 1974, 1975, Hawkins and McLennan 1976, Buwalda and van der Steen
1979). The experiments conducted by Schuijf and Buwalda (1975) and Buwalda et al.
(in ms., in ms. a) demonstrate the feasibility of standing waves in directional detec-
tion studies. Therefore, the conclusion seems justified that the lateral line, though
directionally sensitive (Harris and van Bergeijk 1962, Horch and Salmon 1973, Tavolga
1977) and in this respect meeting the demands on an input channel processing the
directional information conveyed by particle motion, is not an essential part of the
detection system responsible for directional hearing. The directional detector is appar-
ently confined to the otolith organs and associated structures.

3.4.12 The Role of the Macula Neglecta in Sharks. Although sharks are among the
first fishes for which directional hearing has been demonstrated convincingly (see
Section 2.3), rather less is known of the receptors involved than is the case for teleosts.
Sharks lack a swimbladder, or comparable structures, and are consequently only sensi-
tive to particle motion (Banner 1967, Kelly and Nelson 1975) (see, however, Section
44).

In addition to the sacculus and lagena, which may function as mass-loaded detectors
of the accelerations in a sound wave, the macula neglecta has recently been credited
with a function in acoustic detection in sharks. While the original evidence was largely
of a morphological nature (Tester, Kendall, and Milisen 1972), both Fay, Kendall,
Popper, and Tester (1974) and Bullock and Corwin (1979) succeeded more or less
convincingly in demonstrating the vibration sensitivity of the macula neglecta and the
crucial role of the fossa parietalis in conducting vibrations to that part of the labyrinth
via an opening in the otic capsule (the fenestra ovalis). The macula neglecta, with its
unloaded cupula, appeared to respond to a velocity component in the vibrations (Fay
et al. 1974).

Circumstantial evidence for an acoustic functioning is found in a comparative
morphological study of the macula neglecta in six elasmobranch species (Corwin
1978). The macula neglecta appeared best developed both as to relative magnitude and
to internal organization of the hair cell fields in carcharhinid and other free-swimming
species. Since these species show best responding in acoustic attraction experiments,
there is a conspicuous correlation between the importance of acoustic localization for
a shark and the development of its macula neglecta.

Findings such as these, led Corwin (1977) to suggest that the macula neglecta of
carcharhinid sharks might be involved in directional hearing. As the perfectly parallel
alignment of the hair cells should guarantee that the macula neglecta is optimally sen-
sitive to vibrations incident parallel to the posterial canal duct containing the two
macular hair cell patches, and as the left and right posterial canal ducts are approxi-
mately perpendicular to each other, Corwin (1977, personal communication) feels
that both maculae neglectae constitute an orthogonal vector detector, somewhat com-
parable to Dijkgraaf’s (1960) model of directional hearing with the otolith organs.

The problem in assessing Corwin’s proposed mechanism for acoustic localization
is that the functional organization of the non mass-loaded macula neglecta and associ-
ated structures is more suggestive of a typical near-field acoustic receptor. The experi-
mental evidence for vibration sensitivity does not suggest otherwise, since only vi-
brators and short-range sound sources were used (Fay et al. 1974, Bullock and Corwin
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1979). A decision on the role of the highly interesting macula neglecta will therefore
have to await more physiological data, preferably obtained under realistic acoustic
conditions.

3.4.2 Functional Properties Related to Directional Detection

3.42.1 A Functional Organization of the Labyrinth. The tendency for specialization
within the labyrinth is apparent from the outset in the fact that in most fishes the re-
ceptors for position sense and for hearing reside in the pars superior and pars inferior
of the labyrinth, respectively. As this gross morphological partitioning is tied to a
segregation between perceptual modalities, so might the more subtle functional organi-
zation of the system involved with sound detection be correlated with some form of
organization within the pars inferior. Indeed, the very complexity of this structure
strongly suggests a regional functional differentiation. Not only do the three pairs of
maculae containing the total complement of receptor cells in the fish ear, differ in
dimensions, in spatial orientation, in being loaded with more or less massive otoliths or
otoconial mass (or even with a cupula only) in a more or less close association with
accessory structures, etc., but studies at the microstructural level, particularly those
employing the scanning electron microscope, have revealed that regional differenti-
ation, even within a given macula, is present as evidenced by hair cell orientation pat-
terns and differences in kinocilium length, etc. (Lowenstein, Osborne, and Thornhill
1968, Dale 1976, Enger 1976, Jgrgensen 1976, Popper 1976a, 1976b, 1977, 1978a,
1978b, Platt 1977, Fay and Popper, Chapter 1).

It is obviously relevant for the functional organization of the acoustic localization
system whether such structural differentiation could result in separate detectors for
acoustic pressure and for particle motion. Let us therefore try to assess, in general
terms, the effect of some aspects of structural variation on input selectivity.

(a) Because a fish is about as dense as water and small compared to a wavelength, the
particle oscillations in the acoustic far-field can only be detected by employing an
inertial system, i.e., hair cells coupled to a calcareous otolith or otoconial mass. On
the other hand, a group of haircells associated with an unloaded cupula-ike structure,
or coupled very loosely to an otolith, will respond only in rather strong spatial gradi-
ents of particle motion, such as can be found in the secondary near-field of the swim-
bladder and might thus indirectly be quite selective to pressure input in all but the
most extreme near-field conditions. The degree of association with or coupling to an
otolith may thus determine the p-selectivity.

(b) While fish tissues are generally considered to be essentially transparent to propa-
gated sound waves, they might well behave differently to the near field of the swim-
bladder. Both the physical proximity of a particular receptor field to the swimbladder
and the properties of the intervening tissues may influence the ratio of the field’s
“direct” particle motion sensitivity with respect to its sensitivity for the swimbladder
vibrations. Whereas mass loaded hair cells within the skull are not shielded from the
near-field motions of an external sound source because the rigid skull as a whole will
be camried along with the particle motions, this need not be true for the induced
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motions from the swimbladder that forms an internal, secondary sound source. The
crucial difference in excitation is that the skull as a rigid body is elastically constrained
in its motion relative to the swimbladder’s center, whereas this is not the case for the
external, primary sound source (for arguments see Schuijf 1976b). Screening by rigid
skull structures will then promote a specificity for the “direct” incident particle
motion by reducing the effect of the secondary near-field, whereas association with
near-field transparent, “acoustic window”-like structures could improve a coupling to
the swimbladder and promote p-selectivity by enhancing the input via the “indirect”
swimbladder route over the direct input.

(c) Where hair cell polarization is assumed to underly directional sensitivity in the
acousticodateralis system, the clear receptor cell orientation patterns found in the sac-
culus and lagena suggest yet another mechanism for separating between inputs. Because
of the fixed spatial relationship between swimbladder and labyrinths, the indirect vi-
brations reaching the otolith organs will have a fixed direction in the fish’s reference
frame. A macular or intra-macular hair cell field having an orientation pattern or sen-
sitivity axis perpendicular to this direction would thus be insensitive to pressure and
would make a perfectly selective detector for particle motion albeit in one direction
only. Sound waves can, however, come from all directions and a realistic particle
motion detector can therefore not rely on this sole principle. This same argument ex-
cludes directional sensitivity as a sufficient means for establishing p-specificity.

It thus appears from this certainly not exhaustive discussion, that there is quite a
variety of mechanisms or principles, by which a certain part of the labyrinth may
acquire a specificity for one of the available input variables. Some of these can be
recognized in the arrangements found in Ostariophysi. In this group of fish the saccu-
lus, containing a delicate fluted otolith (the sagitta), is functionally connected to the
swimbladder via a hydraulo-mechanic system consisting of the endolymphatic trans-
verse canal, the perilymphatic sinus impar and the Weberian ossicles (see Fay and
Popper, Chapter 1). No such connection is present for the relatively large lagena.
Whereas the sacculus will be stimulated very efficiently via its direct connection with
the swimbladder, the lagena might even be screened from the latter’s near field. The
resulting differential sensitivity to the swimbladder vibrations might thus make the
sacculus essentially a p-receptor, while the lagena could constitute the much-sought-
after detector of that carrier of directional information, the particle motion. Frag-
mentary evidence for such a view was first provided by Furukawa and Ishii (1967),
noting that while first order saccular neurons could be stimulated very efficiently in
their stimulus generating system, the lagenar neuron’s responses were correlated with
the fish holder vibrating at its resonance frequency (200 Hz). Very recently the issue
has been studied systematically by Fay and Olsho (1979). Sensitivity thresholds (at
100 Hz) in goldfish lagenar neurons, defined as the stimulus level producing a given
degree of phase locking, varied when expressed in terms of acoustic pressure but
clustered when expressed in terms of a motional variable, i.e., displacement (3 to
10 X 10'% m in the most sensitive preparations). Previous measurements involving
recording of microphonic potentials had shown the sacculus of Ostariophysi to re-
spond to pressure at a sound intensity level some 40 dB lower than the level at which
it would respond to particle motion, with deflated swimbladder (Fay and Popper
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1974, 1975). The sacculus should thus be quite selective to pressure. However, Fay
and Olsho (1979) found a group of saccular neurons that were similar in most re-
spects to lagenar afferents. These so-called LF (low best frequency) saccular neurons
are apparently mainly afferents from the posterior macula sacculi.

While Ostariophysi certainly possess pressure specific receptors in the anterior part
of the sacculi, such a statement cannot be made with certainty for particle motion
specific receptors. The lagena and posterior sacculus were motion specific in the
acoustic conditions of Fay and Olsho’s experiments, i.e., at pressure-to-motion ratios
some 30 dB below the far-field ratio. Although it is certainly possible that lagena
and/or posterior saccular macula will remain motion specific in conditions more close-
ly resembling a far-field situation, calling these structures motion specific receptors
will have to wait for experimental proof.

Whereas Ostariophysi may well possess functionally and physically separate pres-
sure and particle motion detectors, the situation in nonspecialized fish with a swim-
bladder is less clear. Experiments in which the ratio of direct to indirect stimulation
was somehow manipulated have been reported for only a few species. These experi-
ments indicate that the sacculus may be motion specific (Fay and Popper 1975, for
the mouth breeder Tilapia) or respond to motion below a certain frequency and to
pressure above this frequency (Sand and Enger 1973, for the cod).

Such results, apart from showing profound interspecific differences are in fact
worthless for the issue of functional differentiation, because they represent the char-
acteristics of one labyrinthine part (i.e., the sacculus) as a whole. A functional differ-
entiation within this part, or a different behavior of another structure, may thus go
unnoticed. Pertinent data can only be obtained through a detailed analysis.

The (preliminary) results of the only study along such lines thus far for nonspecial-
ists are reported by Buwalda and van der Steen (1979) for cod. Using standing waves
for stimulus control and a microphonic null response as an indicator, they found com-
plete cancellation of direct by indirect stimulation in the anterior and middle part of
the saccular macula at a p/v ratio 10 dB to 15 dB below the far-field value, at 120 Hz.
The apparent p-specificity of these parts should extend further down in the cod’s
hearing range (cf. Chapman and Hawkins 1973). The horizontally sensitive posterior
part of the macula, however, proved 8 dB to 10 dB less sensitive to p than the rest of
the sacculus, although it seems optimally situated to receive the swimbladder’s near-
field. As this result implies a screening by the surrounding structures, nearby labyrin-
thine parts such as the lagena might even be less susceptible to swimbladder vibrations.

Attractive as this notion may be in its correspondence to the Ostariophysian con-
dition, the only evidence yet is for a regional variation in differential sensitivity to
pressure and motion. This, on the other hand, already provides a basis for further
(neural) segregation of the directional and nondirectional inputs in cod.

3.4.22 Directional Sensitivity. Evidence that the fish ear satisfies the basic require-
ments of a directional detector was first provided by Enger, Hawkins, Sand, and
Chapman (1973). Reasoning that vibrating a fish in air gives an adequate simulation
of the kinetic part of underwater sound stimulation, they recorded saccular micro-
phonic potentials in haddock (Melanogrammus aeglefinus) clamped to a horizontally
vibrating table. The amplitude of the microphonics appeared to depend on the angle
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between the fish’s longitudinal axis and the driving direction, thus confirming the
directional sensitivity of the fish labyrinth to a motional variable implicit in the model
for directional hearing in fish proposed by Dijkgraaf (1960) (see Section 1.3). Sand
(1974) followed up these studies in the perch (Perca fluviatilis) with improved tech-
niques and found a regional variation of directional sensitivity in the pars inferior.
Whereas both the lagena and the sacculus responded to horizontal vibrations, the
posterior part of the saccular macula was also quite sensitive to vertical stimulation
and the lagena even more so. These results tally well with hair cell orientation pat-
terns in the perch labyrinth: they are mainly horizontal in the anterior macula sacculi,
changing gradually into a more vertical orientation in the posterior parts, including the
lagena (Enger 1976, Popper 1977). Horizontal vibrations were most effective both in
sacculus and lagena when incident at about + 20° (and * 200°) to the fish’s medio-
sagittal plane, i.e., when incident along the intersections of the left and right macular
planes with the horizontal plane.

A similar broad agreement between electrophysiologically determined directional
sensitivity and morphological data was demonstrated by Fay and Olsho (1979) in gold-
fish. However, where Sand (1974) and Enger et al. (1973) employed the technique of
recording microphonic potentials with its inherent spatial integrating effect, Fay and
Olsho studied the directional characteristics of first order saccular and lagenar affer-
ents, thus obtaining a much better spatial resolution (see Fig. 1-14 in Fay and Popper,
Chapter 1). Some scattering in their results, then, is not completely surprising, since
minor local deviations (less than 20°, Platt 1977) from the average orientation direction
are to be expected. Fay and Olsho feel, on the other hand, that the quite large devi-
ations encountered in some conditions (particularly in the sacculus) could be explained
as being the result of complex behavior of the otolith in response to translational
oscillations. Such complex behavior has also been suggested by Sand (1974) on the
basis of a frequency dependent shift in directional sensitivity along the perch saccular
macula and has subsequently been demonstrated by means of interferometric tech-
niques (Sand and Michelsen 1977).

However this may be, it does not alter the fact that in both goldfish and in perch,
a basis for directional hearing in three spatial dimensions is present in the bilaterally
symmetrical arrangement of two detectors having axes of optimal sensitivity in the
horizontal plane subtending an angle of about 30° to 40°, and having both an intra-
macular and intermacular variation in sensitivity to vertical vibrations. Exactly how
the directional information is extracted from the output of the various directionally
sensitive parts has not yet been demonstrated conclusively. The stimulus component
in the horizontal plane is apparently found by comparing the outputs of the hori-
zontally sensitive parts of the left and right ears, as proposed in the original model of
Dijkgraaf (1960). Vertical components in the respective macular planes might be
assessed monaurally on the basis of the outputs of more and less vertically orientated
hair cell fields (Sand 1974). A combination of monaural and binaural interaction
could thus determine the actual sound direction (with 180° ambiguity). On the other
hand, the vertically sensitive parts of left and right ear might equally well partake in
binaural “vector weighing” as the horizontally sensitive parts, defining position vector
components in the fish’s transversal and horizontal plane, respectively. In this case a
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central processing effecting a vector addition of the results of more peripheral bi-
naural interactions would determine the actual direction of the instantaneous particle
motion. Such mechanisms are compatible with the recent findings indicating a neural
topological representation of auditory space in vertebrates (Knudsen and Konishi
1978, Pettigrew et al. 1978, Knudsen, Chapter 10). However, such considerations
will remain largely speculative until more is known of the CNS of fishes and about
binaural processing in particular.

The very usefulness of directional sensitivities demonstrated through vibrating a
fish in air remains a matter of speculation as long as the influence of sound pressure
is not assessed. In goldfish the portion of the auditory system stimulated in such ex-
periments may constitute particle motion specific receptors (see Section 3.4.2.1) but
such cannot be held for perch a priori. In contrast to the above studies, then, Buwalda
and van der Steen (1979) stimulated cod in an underwater sound field, in which the
ratio of particle motion to pressure could be varied from +50 dB to -10 dB relative
to the far field value by employing standing waves. The results of stimulation in both
extreme situations (at 120 Hz) can be seen in Fig. 2-3. A perfect cosine-dependence of

Figure 2-3. The sensitivity of the cod sacculus to directional and nondirectional stimuli.
The microphonic potentials measured in the anterior part of the right sacculus were
converted into effective input stimulus strengths via a stimulus response calibration
curve. Open circles represent data obtained on rotating the fish in an underwater sound
field with a ratio of pressure to horizontal particle velocity more than 50 dB below the
farfield ratio. The two tangent circles allow a postulated perfect cosine dependence of
the directional sensitivity to be compared with the data. The filled circles give the re-
sults obtained with a p/v- ratio of +10 dB (f = 122 Hz, as above). The deviations from
the circle with a radius corresponding to the average input strength are very slight, in-
dicating that directionality is lost and, thus, testifying to the nondirectional character
of the pressure input (see text). From Buwalda and van der Steen (1979).
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the directional sensitivity was observed only when relatively little acoustic pressure
was present; the addition of pressure to more realistic levels progressively destroyed
this pattern until at high pevels the directionality was lost completely. Similar results
were obtained for middle and posterior parts of the saccular macula, although in the
latter case the effect of pressure was less pronounced (see Section 3.4.2.1). Directional
sensitivity is then severely reduced in cod (and probably in most fishes with swimblad-
ders) in many acoustic conditions, unless either a receptor more specific for motion or
a neural mechanism for restoring the directional sensitivity can be found. Since the
contribution of p should be invariant with direction, such a mechanism may well rely
on rather simple operations.

A final point should be made concerning the influence of p on directionality. It is
generally assumed, and indeed demonstrated in cod (see Fig. 2-3), that p constitutes
nondirectional input for the fish’s hearing system. However, Tavolga (1977) has shown
in the sea catfish (Arius felis) that the amplitude of the swimbladder wall vibrations as
measured with various transducers varies with the animal’s orientation relative to the
sound source, with the highest amplitudes occurring for sounds impinging on the head.
It is not certain, though probable, that such behavior results in differential stimulation
of the labyrinths. Anyway, more data are needed to know whether the occurrence of
this phenomenon is restricted to Arius felis with its highly specialized swimbladder and
accessory structures or whether it has a more general significance.

3.42.3 Timing. An analysis of the phase of the p(t) input relative to the a(t) input,
necessary for eliminating the 180° ambiguity in determining sound source position
from the direction of a, requires that the time structure of both inputs be adequately
encoded in the afferent information flux up to the level of the auditory system at
which the actual analysis is performed. This demand is, in principle, easily met. Phase
locking of neural activity, ensuring that the time structure is not only encoded, but
actually preserved (within certain physiological limits), seems to be an inherent proper-
ty of most acousticolateralis afferents and has been observed in the VIIIth nerve of
fishes by several authors (Enger 1963, Grozinger 1967, Furukawa and Ishii 1967, Fay
1978b, 1978c, Fay and Olsho 1979).

Recently Fay (1978c) has provided evidence that phase locking in goldfish first
order saccular neurons is (in the best-locking neurons) accurate enough to account for
the observed frequency discrimination performance in goldfish, which indicate a just
noticeable difference in stimulus period of about 3% to 5%. Although a period length
discrimination is not a sensory task entirely analogous to a phase comparison between
two acoustic inputs, it should be noted in Fig. 2-2 that, for the ide studied by Buwalda
et al. (in ms. a), in the transition regions around the values 0° and 180° for the phase
angle between p(t) and a(t) a phase shift of some 10° (i.e., about 3% of the period
length) can result in a response reversal in acoustic orientation. That the limits to both
sensory abilities are so comparable suggests that they may be set by the same process:
variability in phase locking.

Representing the stimulus period more or less faithfully in the interspike interval is
only one aspect of phase locking. The phase relationship between the neural activity
and the stimulus is at least as important, because a proper operation of the phase
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analyzer relies heavily on preservation of the phase angle between the p and the a in-
put throughout the afferent path. Fay and Olsho (1979) provide evidence that the
across-fiber distribution of phase angles between input and neural activity both in
goldfish saccular and lagenar neurons, does not always conform to the theoretical
ideal which is sharply bimodal with the peaks spaced 180° (to account for opposingly
oriented hair cell fields). It will be clear that such a divergence from the ideal condition
presents grave problems for the phase analyzer, if it is to compare the phase of ptoa
on the basis of a multifiber input. :

A somewhat comparable situation exists for penodlclty detection. Multifiber input
with large interfiber phase variation would result in a gross input for the period de-
tector in which the time structure is largely lost. However, goldfish seem to base de-
cisions in period length discrimination on a small population of the best phase locking
neurons rather than on total input (Fay 1978c¢). Similarly, the phase comparator elimi-
nating a 180° ambiguity in the directional hearing of fish may well select from among
the many available inputs the small population of neurons having an equal phase
(shift) with respect to their a(t) or their p(t)input and,thus, a constant phase relation-
ship to each other.

4 A Model Description of Acoustic Localization
4.1 Outline of the Problem

In the preceding sections the localization system of the fish was regarded as a black
box. The present problem is to construct a model of the auditory space perception in
fish on the basis of the psychophysical data and the other facts known about the sy-
tem. A successful model should frame all observed relations between the physically
defined stimulus—from which direction the sound impinges onto the fish— and the
subjective direction experienced by the fish. This output variable is a nonobservable
quantity, but in an appropriate experiment it can be inferred from the responses
elicited in the fish. The functional organization of the model must be compatible with
the morphological facts, but a handicap is not knowing which structures are part of
the system and where they fit in the organization diagram. Lack of empirical data pre-
vents such a model synthesis at any level other than the auditory periphery.

A hypothesis must be constructed about the way the (angular) position of a sound
source is detected before the procedure of constructing the model can be started. The
hypothesis here is that the line of action of the particle motion—the directive cue for
the detection—is assessed by a number of receptors having different axes of directional
sensitivity. Dijkgraaf’s model of directional hearing with the labyrinths (see Section 1)
forms a special case. The hypothesis above is compatible with the observed fact that
time-of-arrival differences such as those that occur in travelling waves, are irrelevant
for directional detection (see Section 3.3.2). However, in theory, an altemative mecha-
nism with a single receptor that is directionally sensitive can also furnish directional
information, provided that a reference indicative of the absolute stimulus magnitude is
available to overcome the inherent intensity-direction ambiguity. But in this case a
“cone of confusion,” coaxial with the receptor axis, would result; any direction of
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incidence at a given inclination with the receptor axis would be indistinguishable.
Again, to eliminate this kind of directional ambiguity, more directional receptors with
differently directed axes would be required. Both hypothetical mechanisms deserve
consideration. It will turn out below that for localization in the “‘horizontal” plane of
the fish both hypothetical mechanisms require a minimum of three receptors—two
directional receptors and one nondirectional receptor.

Synthesis of the model also requires that the input quantities of the system be
known. The difference in density and compressibility between the body of aquatic
animals and their medium is small with the exception of the swimbladder. A fishes
body will therefore be carried along with the oscillatory particle motions of the inci-
dent wave. As the wavelength of the sound will be large compared with the dimensions
of the body of the fish this will imply that the tissues of the fish oscillate throughout
with the local particle acceleration equalling those of the external wave. This also im-
plies that an enclosed inertial mass like an otolith finds itself in an accelerated refer-
ence frame. De Vries (1950) accordingly recognized that the particle acceleration
should be regarded as the input quantity for the otolith-haircell system. The otolith
mechanics transfers the acceleration into a displacement of the otolith relative to the
resting position of a haircell unit. Well above the natural frequency of the otolith sus-
pension, about 22 Hz in the ruff Acerina cernua (de Vries 1950), this displacement
output lags 180° after displacement in the sound wave and is proportional to it.
Nevertheless the acceleration should be considered the real input.

A second input variable affects directional detection; the acoustic pressure p(t) will
induce volume oscillations in the swimbladder. It follows that Fig. 24 A represents the
directional detection system of fishes with a swimbladder in block diagram.

alt) e, (to left)
= directional
detection —>
p(t) system R
aft)
A B

Figure 24. Definition of the external quantities for the black box formed by the di-
rectional detection system. (A) External quantities in vector form are either represented
by double arrows or by as many single arrows as there are spatial components. Vector
R denotes the subjective direction experienced by the fish. (B) The unit vectors €.,
and e 3 form the basis of a rectangular, body-fixed reference system necessary to de-
compose the input acceleration a(t) into components. Vector e, points to the left side
of the fish.
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4.2 The Model of Vectorial Weighing

The present models of directional localization with the labyrinths (Sand 1974, Schuijf
1976a, 1976b) assume the participation of a very limited number of directionally sen-
sitive detectors with differently directed axes. The directions of the detector configu-
ration’s symmetry axes are not yet known with respect to the body of the fish, but
these directions need not be specified for clarifying the principle of vectorial weighing.

An adequate description of how the particle accelerations of the external sound act
on the detection system of the fish requires that the instantaneous acceleration vector
a(t) be specified in a reference frame moving with the fish (Fig. 2-4B). The particle
acceleration a(t) in the unperturbed sound field (that is, if the fish were absent) can
be decomposed into components along the body-fixed coordinate axes, defined by the
mutually perpendicular vectors e , e, and e, of unit length. This forms a complete
description of the a(t) input of the black box of Fig. 24A.

Vectorial weighing is a special hypothetical model of the operation of the direction-
al detection system. The essence of vectorial weighing is readily explained for the case
of directional detection in the plane of two acceleration detectors (i.e., otolith organs).
Consider a bilateral pair of such detectors that enclose some angle § (Fig. 2-5). Then
the skew coordinate axes e, and e, are advantageously chosen along the detector axes

Figure 2-5. Vectorial weighing for two types of projections. The unit vectors e and e,
indicate the positive directions of the detector axes. The normal (= perpendicuﬁar) pro-
jections of a onto e, and e_ are denoted by a' and az, respectively, to conform to the
mathematical convention of using superscripts (not powers!) for this kind of vector de-
composition, differing from the usual one parallel to the coordinate axes in which a
forms the diagonal of a parallelogram with sides a, and a,. The two imaginary axes ¢!
and e? (superscripts, again) are normal to e? and e , respectively. From geometrical
similarities it follows that a, /a1 =a%/al.
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instead of perpendicular to each other. For the mechanics of the otoliths, the perpen-
dicular projections of a onto e, and e, are decisive; these are a' and a?, respectively
(see Fig. 2-5). The quotient a'/a?, the outcome of vectorial weighing (Schuijf and
Buwalda 1975), determines uniquely the orientation of the line—in the plane spanned
by e, and e,—along which the particles in the sound wave oscillate. Encoding of the
propagation direction of a sound wave is unambiguous in vectorial weighing with
respect to amplitude as, for instance, a doubling of a(t) does not affect the quotient.
It should be pointed out that:

1. The components a' and a? oscillate like a(t), hence the time-dependence may
be written as a’ (t), etc.

2. The relationship between the instantaneous signs of a! (t) and a® (t)—same sense
or opposite—is essential for detecting whether the particles move within the in-
terior angle formed by e, and e, or within one of its supplements. This is
reflected in a sign change in the quotient as well. This aspect of vectorial weigh-
ing lends significance to the existence of hair cell fields polarized in opposing
directions.

3. A detection process like vectorial weighing, based on detection of the instantane-
ous particle acceleration, shows a 180° directional ambiguity, since propagation
direction and the direction of a(t) in a traveling wave are alternatingly common
and opposite (Schuijf and Buwalda 1975). This problem in the modeling is over-
come by the phase model (see Section 4.3).

4.3 The Phase Model of Directional Hearing in Fish

According to the phase model of directional hearing, fish might use the phase shift be-
tween the particle acceleration and the acoustic pressure to cope with the inherent
180° ambiguity of a directional detection based solely on the instantaneous direction
of the particle acceleration. This phase shift for different locations of the sound source
with respect to the fish will be treated.

Schuijf (1976a) treated this problem by means of analytical methods for an arbi-
trary bearing of the sound source in the “horizontal” plane of the fish. The detector
configuration in this phase model consisted of a bilateral pair of acceleration detectors
plus, effectively, a single pressure detector. The present ideas on the organization of
such a detection system are illustrated in Fig. 2-6.

In Schuijf’s theory, the phase comparison is distributed over two unilateral pro-
cesses simultaneously operative. Subsequently the information from both ears would
be integrated (see also Section 3.4.2.2), and all phase comparisons would occur in the
auditory space detector of Fig. 2-6. The empirical fact that the principle of phase
analysis holds in cod for particle motions along the rostro-caudal and dorso-ventral
body axes (Schuijf and Buwalda 1975, Buwalda et al., in ms.) is not at variance with
unilateral phase comparisons, since binaural differences do not occur in these situ-
ations. Binaural differences do occur between the situation of a sound traveling one
way along the fish’s transverse axis and the situation of a sound traveling in the oppo-
site direction, but, again, this does not preclude the presence of unilateral subsystems
for a phase comparison between a(t) and p(t).
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Figure 2-6. Model of the functional organization of the acoustic localization system of
a fish for detection in the ‘‘horizontal plane.”” In the inertial mode the acceleration
components along the detector axes a!, a2, and a® cannot be shielded from any of the
labyrinth parts, whereas pressure-induced swimbladder oscillations may effectively
reach only part of the labyrinths (see Section 3.4.2). After a possible peripheral segre-
gation in the labyrinth of both kinds of stimuli (indicated by the dotted line), further
processing for eliminating direction/intensity ambiguity and 180° directional ambigui-
ty would occur in the auditory space detector.

Theory and experiment both suggest that essential elements of phase analysis are
retained in a special case that will be more closely analyzed: the discrimination of
frontally vs. caudally incident sound waves.

Examine the cue for phase analysis in this simple case of wave propagation in one
dimension. It is a convenient shorthand to denote the propagation direction of a wave
by the vector n (normal to the wave front). In the present case this implies that n can
either be directed in the +e, direction or in the -e direction of the fish (compare Fig.
2-4B). For a single frequency, far-field traveling wave the acoustic theory shows that
the acceleration leads p(t) by 90° when the wave impinges caudally onto the fish and
lags 90° after p(t) in the opposite case. This assumes that +e_ is the positive direction
for measuring the accelerations. The phase shift between a(t) and p(t) will now be de-
noted as  (a,p). The acoustic rule above is written in mathematical terms as:

-a/2 radiansif x - + o0

v(p) =

+7/2 radians if x > - o0
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Figure 2-7. Model of the phase information available to a fish in the sound field of a
pulsating sphere (monopole). (A) Geometry used for the derivation of the graphs in
the lower figure. (B) Phase difference Y(a,p) between the acceleration a(t) with re-
spect to the +e , direction of the fish (compare Fig. 2-4B) and p(t), the acoustic pres-
sure, as function of coordinate position x of the sound source in the fish’s reference
frame. In fact this position is specified in terms of acoustic distances kx for general
validity of the figure.

where x denotes the position coordinate of the sound source along the e, axis (com-
pare Figs. 2-4B and 2-7). This forms the principle of phase analysis for discriminating
opposing directions.

This result may be generalized when the source is at some finite distance from the
fish, where spherical spreading of waves occurs under free field conditions. The results
of such a calculation are shown in Fig. 2-7B. Note that the absolute value of kx cor-
responds to the acoustic distance to the source kr (see Section 1). Comparison with
the choice behavior of Leuciscus idus in a sound field in which y (a,p) could be varied
from - to +x independently of distance (Buwalda et al., in ms. a, see Section 3.3.1)
via standing waves shows that response reversals occurred at Y (a,p) = 0 and Y/ (a,p) =
* 7 (see Fig. 2-2), corresponding to the phase jump at zero distance to the source in
Fig. 2-7.
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The present efforts in this field are directed toward gaining insight into the problem
of the physiological realization of phase analysis and in particular into the mechanisms
operative in segregating the necessary directional and nondirectional information.

4.4 Speculations on Phase Analysis in Fish without Swimbladder

This review has emphasized that bony fish, like cod and ide, use the acoustic pressure
to overcome the 180° directional ambiguity in their detection with the labyrinths.
Sharks show acoustic attraction from afar but the limited psychoacoustic studies seem
to confirm that the sensitivity threshold of these fish is determined by particle motion
(Banner 1967, Kelly and Nelson 1975), as was anticipated due to their lack of a swim-
bladder. On the other hand, it has not been demonstrated that sharks are completely
insensitive to acoustic pressure, and the use of p(t) as a coherent reference cannot be
excluded;an inefficient transformer of p(t)into motion for the hair cells would be suf-
ficient. Potential candidates in this respect are the large, oil-containing liver, which
may be more compressible than water, and the parietal fossa, which can hardly dilate
but is sheared easily and is covered by a tough skin (cf. Tester et al. 1972).

Even if sharks are completely insensitive to pressure, another type of timing analy-
sis is conceivable. The cue proposed by Schuijf (1975) to explain directional hearing
in sharks is illustrated in Fig. 2-8. The direct wave results at some instant t in a particle
motion as indicated by the vector. Similarly the indirect wave results through reflec-
tion at the soft surface in a displacement that is usually opposite the propagation di-
rection because of the phase inversion at the surface (only p and not &, the vertical dis-
placement component changes sign). The displacement is, moreover, delayed owing to

Figure 2-8. In principle, sharks might use the rotational sense of particle motion to re-
move directional ambiguity when inferring the propagation direction from motion to
and from the sound source. Reflections at surface and bottom are essential in gener-
ating the cue. The detection comes down to relative timing between differently
oriented hair cell fields.
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its longer path. The combined motions, at the position of the shark’s head, result in
rotation along a flattened elliptical orbit. The cause is that both contributing waves do
not propagate in exactly the same direction and form a Lissajous figure.

One can prove that the rotational sense of the motion depends on the position of
the sound source with respect to the fish. If the sound source is caudad for the fish, as
for the shark on the right in Fig.2-8, then the rotational sense is counterclockwise and,
for symmetry reasons, clockwise for the shark on the left. The same principle holds
for reflections at a hard bottom and also for moderately and very shallow water layers.
There are limitations to the reliability of this cue with sine waves if the reflected wave
is delayed by more than one-fourth of a period. This can happen when the sound
source is distant by more than A/4 from both bottom and surface.

The available directional cue would be the orientation of the major axis of the el-
lipse, while the remaining 180° ambiguity can be resolved through the rotational sense.
This cue is, for a given situation, invariant with respect to space. The shark, however,
will resolve the sense of the rotation within its own frame of reference (e.g., by decom-
position into oscillations along the main detector axes and subsequent analysis of their
relative timing) and may even experience a reversal of the rotational sense, for instance
under a roll of 180°. Hence, an extra invariant orientational cue like gravity is needed
to inform the shark of its orientation in space.

It should be noted that in fishes with a swimbladder, the interaction of the particle
motions in the incident wave and the swimbladder pulsations may also lead to rotation-
al motions in the labyrinths (see Section 3.3.3).

The similarity of these phenomena in fish with and without swimbladder suggests a
basis for an evolution of directional hearing in fish that does not necessarily parallel
the fishes’ evolution proper. Primitive hearing systems, sensitive only to motion and
capable of unambiguous directional detection in the manner depicted above for sharks,
may have evolved into more sensitive systems through pressure detection via the swim-
bladder while retaining the original directional detectors and the principle of analysis
of rotational sense. Further development may have been either in the direction of a
more efficient, peripheral mechanical separation of the directional and the ever more
important nondirectional inputs, or in the direction of a more sophisticated neural
processing of the various inputs. In this way, the evolution of sensitive hearing need
not have impaired the ability of acoustic localization.

5 Concluding Remarks

Evidence for acoustic localization has been proffered for representatives of all of the
three major groups (in a bioacoustic sense) of fishes, i.e., specialized and nonspecialized
fish with swimbladders and fish without swimbladders. Data on the mechanisms in-
volved have nearly all been obtained, however, from only a few gadoid and cyprinid
species. More comparative studies are therefore required to substantiate the generali-
zations made in this paper.

The data obtained thus far are consistent with the notion of highly evolved direc-
tional hearing systems, either on a peripheral level (as may be true for Ostariophysi)
or in the sense of sophisticated processing of directional data (as may be postulated
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for cod). Hence, research into a more primitive directional detection system seems
especially promising. The outcomes of such studies might bear on a hypothesis put for-
ward here on the evolution of directional hearing in fishes. In this view even the most
primitive ear was capable of directional detection free from ambiguities; subsequent
development was directed toward sensitive hearing without losing the benefit of
acoustic localization.

Whichever the way of evolution, the outcome for modern teleost fish appears to be
a detection system in which acoustic pressure and particle acceleration constitute the
basic input variables and are both required. Any future analysis of this system should
therefore consider both pressure and motion to do justice to its multiple input char-
acter. A major aim for such an analysis is to find out how fish segregate these physical
input quantities to isolate the directional cues. It is not clear as to whether the process
of converting translatory accelerations into complex otolith motions (Sand 1974, Sand
and Michelsen 1977, Fay and Olsho 1979) either plays an essential role in this segre-
gation, is irrelevant, or does not even exist. One thing is certain—cues provided by the
normal propagation of sound are not needed for directional detection. The system ap-
parently does not discriminate between the various ways in which a particular set of
input conditions can be produced, even if they are as artificial as the use of standing
waves. Provided that adequate manipulation of acoustic conditions are used by fish
acousticians, this fact should greatly increase the experimental possibilities.

Even more fragmentary than the data on the mechanisms involved is the knowledge
concerning the biological significance of directional hearing. Apart from the studies on
acoustic attraction of sharks, hardly any attention has been paid to the role of sound
coming from distant sources in evoking directional responses and even less to their
directive effects on schools of fish (Olsen 1976).

Directional hearing seems at least useful for fishes such as the cod, which produces
sound with its swimbladder through drumming muscles (Hawkins and Rasmussen
1978). By being capable of directional discrimination in horizontal and vertical planes,
pelagic fishes like cod seem eminently adapted to their 3-dimensional habitat. Dis-
tance perception, which would complete one of the most all-round acoustic locali-
zation systems found among vertebrates, has not been demonstrated yet, but fishes
seem well equipped to detect the distance cues present both in the pressure to motion
ratios and in the relative timing relations between these input variables.

Many fishes, however, are not pelagic and live in acoustic conditions that might be
adverse to directional hearing. A thorough survey of acoustic localization abilities in
special environments such as shallow water layers, or near reflecting boundaries such
as the water surface, should therefore be the finishing touch to a really comprehensive
study of acoustic localization.
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Chapter 3
Central Auditory Pathways in Anamniotic Vertebrates

R. GLENN NORTHCUTT*

1 Introduction

The late nineteenth and early twentieth centuries witnessed rapid growth in descriptive
neuroanatomy. This period of intensive study of nervous systems in a wide variety of
vertebrates resulted in several hypotheses concerning the origin and subsequent evo-
lution of theotic and lateralis systems. These hypotheses possess two common features:
they are based on descriptive anatomical material and were not tested experimentally
as the appropriate techniques did not yet exist; and they reflect certain supposed ana-
tomical relationships among anamniotic vertebrates that were believed to form a
linear series of increasingly complex groups.

Anamniotes comprise approximately 55% of the living vertebrate species and are so
termed because of their reproductive strategy: they do not possess an amniotic egg
that allowed amniotic vertebrates to successfully invade a wide range of terrestrial
niches. There are at least four anamniotic radiations, and each has a separate phylo-
genetic history for the last 400 million years (Fig. 3-1).

One radiation, the agnathans, are represented today by lampreys and hagfishes, col-
lectively termed the cyclostomes. These species possess neither jaws nor paired fins
and are relatively restricted regarding size and variety of their prey and in their loco-
motor efficiency. The living agnathans are believed to be evolved from early ostraco-
derms; they have lost an external dermal armor, elongated the trunk, and radically
reorganized many of the head structures for their specialized feeding habits. Thus,
many morphological characters in living cyclostomes are highly derived, and these taxa
represent a separate radiation, paralleling the other anamniotic radiations, not simply
an ancestral stock from which other vertebrates evolved.

Gnathostomes (jawed) vertebrates (Fig. 3-1) represent the second anamniotic radi-
ation. They occur slightly later in the fossil record and are usually assumed to have
arisen from some group of early agnathans (Romer 1966, Hotton 1976). The earliest
gnathostomes apparently radiated very rapidly into three distinct groups: placoderms,
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Figure 3-1. Phylogeny of vertebrates illustrating time of origin of major radiations in
millions of years (ordinate) and approximate number of living species (in parentheses).

chondrichthians, and osteichthians. All three groups possess jaws and paired fins. Jaws
allow increased efficiency in feeding and offer a wider range of prey; paired fins in-
crease locomotor stability and maneuverability. These developments underlay the
evolution of new and more active predators.

There are no extant placoderms, and this group of moderate to large-sized verte-
brates is thought to have been replaced by chondrichthians. The chondrichthians are
are primarily a marine radiation, whereas osteichthians have evolved in both marine
and freshwater systems. The chondrichthians, or cartilaginous fishes, and the oste-
ichthians, or bony fishes, represent long-separate anamniotic radiations, each with
unique organisms representing distinct grades of organization. For example, the
cartilaginous skates and rays arose at approximately the same time as the osteichthian
teleosts. Thus, phylogenetically, skates and rays are no older than the most recently
evolved group of bony fishes or, for that matter, birds and mammals. Cartilaginous
fishes are not an earlier and simpler group of fishes, ancestral to other gnathostomes;
instead they are a separate radiation with their own long history characterized by
extensive changes and the evolution of new groups paralleling bony fishes and land
vertebrates.

The osteichthians, or bony fishes, are frequently divided into three major groups:
actinopterygians (ray-finned fishes), dipnoans (lungfishes), and crossopterygians (lobe-
finned fishes). The affinities of these groups are presently in dispute, and each has a
long evolutionary history. The ray-finned fishes constitute most of the extant bony
fishes, dipnoans are represented by only three genera, and crossopterygians have a
single extant genus, Latimeria.

Early in their history, the crossopterygians are thought to have given rise to the
fourth anamniotic radiation, the amphibians. Amphibians arose from bony fishes in
the Devonian (Fig. 3-1) and thus have an evolutionary history almost as long as that
of the bony fishes themselves. Again, living bony fishes should not be considered
simpler than living amphibians. Both groups may retain some primitive characteristics
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inherited from their common ancestors, but both radiations have long, separate his-
tories, and both have evolved organisms reflecting different grades of organization.
For example, both have given rise to new major groups—teleosts in the case of bony
fishes and true land vertebrates (amniotes) in the case of amphibians.

New interpretations of the fossil record have invalidated the earlier assumption
that anamniotes represent a linear series of ever increasing complexity. A more ac-
curate picture is that of four distinct anamniotic radiations, separated from a com-
mon ancestor for at least 400 million years, evolving at different rates and each pro-
ducing new groups. This view of anamniotic affinities necessitates a very different
approach by modern anatomists addressing questions about the origin and evolution
of structures. It is impossible to elucidate the origin of a structure by asking if it
first occurs in, for example, agnathans, chondrichthians, or bony fishes. Rather, one
must ask if a given structure is found in all three groups with a similarity greater than
chance. If so, the structure was most likely found in their common ancestor. In other
words, all anamniotic radiations must be analyzed for the presence or absence of par-
ticular structures; their patterns of distribution can then be used to determine their
probable evolutionary origin and subsequent phylogenetic history.

Experimental anatomical studies on the central projections of the octavus and
lateralis nerves and their higher order pathways in anamniotes are limited to the last
seven years (Gregory 1972, Mehler 1972, Maler, Karten, and Bennett 1973a, 1973b,
Campbell and Boord 1974, Maler 1974, Maler, Finger, and Karten 1974, Rubinson
1974, Boord and Campbell 1977, McCormick 1978, Northcutt 1979a, 1979b). The re-
sults of these studies, and recent unpublished observations on cartilaginous and bony
fishes, are summarized in this review along with the data used to examine two of the
early hypotheses regarding the otic and lateralis systems.

In 1892 Ayers first formulated the acousticolateralis hypothesis, which proposed
that the inner ear of vertebrates arose as an elaboration of a portion of the head lateral
line system that had sunk below the ectodermal surface. This hypothesis is based pri-
marily on the observation that both the inner ear and lateral line organs arise ontoge-
netically from a series of dorsolateral placodes (Fig. 3-2; Mayser 1882, Beard 1884,
Wilson 1889, Wilson and Mattocks 1897). The acousticolateralis hypothesis was reiter-
ated by van Bergeijk (1966, 1967) who argued in its support based on three lines of
evidence: (1) the lateral line and inner ear arise from the same ectodermal tissue; (2)
both otic sense organs and neuromasts are composed of identical sensory cells (hair
cells); (3) both systems project to the same medullar nuclei. Wever (1976) rejected the
acousticolateralis hypothesis on the basis that embryological data do not support the
contention that both otic and lateralis systems arise from a single placode; rather, they
appear to arise from closely associated but separate structures. Experimental anatomi-
cal data generated over the past four years indicate that the otic and lateralis systems
are clearly separate systems with parallel central nervous system pathways.

Van Bergeijk (1966, 1967) and Wever (1976) argue that the inner ear arose as a
vestibular organ and only secondarily evolved auditory functions. This idea (labyrinth
hypothesis) was originally based on the assumption that audition in anamniotes is
present, or well developed, only in some teleosts and amphibians. The labyrinth hy-
pothesis drew support from early descriptive anatomical studies which stated that
most anamniotes possess a single medullar niicleus, which receives the entering octavus
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Figure 3-2. Diagrammatic lateral view of an anamniotic embryo illustrating ectodermal
placodes involved in formation of special sense organs.

nerve fibers, and that this single nucleus is homologous to the vestibular complex of
amniotic vertebrates (Larsell 1967). More recently, behavioral and physiological
studies indicate that all anamniotes (except agnathans, which have not been examined)
possess auditory abilities that cannot be dismissed as lateral line responses to low fre-
quency sounds (see Fay and Popper, Chapter 1 and Capranica and Moffat, Chapter 5).
Specific auditory nuclei have not yet been identified, but recent experimental anatom-
ical data reveal that at least four distinct octavus nuclei, rather than a single nucleus,
occur in most anamniotes. These data may not provide sufficient evidence for rejecting
the labyrinth hypothesis, but they certainly cast serious doubt on its validity.

New experimental anatomical data allow us o reexamine older hypotheses in a new
light, but they also pose new problems. All living bony fishes, including Latimeria, pos-
sess more octavus nuclei than the living amphibians, as well as different nuclear topol-
ogy. Earlier descriptive anatomical studies concluded that auditory nuclei in amphibi-
ans arose by ‘‘capture” of lateralis nuclei and that the emergence of amphibians was
thus characterized by a larger number of octavus nuclei. The new anatomical data force
a reexamination of amphibian audition and its relationship to that of bony fishes and
reptiles.

2 Results

The octavolateralis area in anamniotic vertebrates constitutes a large portion of the
dorsal alar plate of the hindbrain and is the primary target of three pairs of cranial
nerves: anterior lateral line, octavus, and posterior lateral line (Herrick 1899, John-
ston 1902, Maler 1974, McCready and Boord 1976, McCormick 1978). The organi-
zation and central pathways of both the octavus and lateral line systems will be dis-
cussed as the two systems are traditionally considered to be closely related. However,
the lateral line nuclei and pathways will be covered only in sufficient detail to place
the octavus system in perspective and to reject the acousticolateralis hypothesis that
the inner ear arose from lateral line organs.
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2.1 Cyclostomes

There are two families of living cyclostomes, myxinoids (hagfishes) and petromyzontids
(lampreys). There are no experimental data on the central nervous system of hagfishes;
details of their octavolateralis organization are based solely on older descriptive anat-
omy (Jansen 1930, Larsell 1947, 1967). Hagfishes appear to possess poorly developed
anterior and posterior lateral line nerves and an otic organ comprised of a single saccus
communis that gives rise to a single canal. At either end of the canal, small ampullae
are assumed to represent anterior and posterior semicircular organs. As in other anam-
niotic vertebrates, the hagfish octavus nerve consists of anterior and posterior rami,
which are believed to innervate utricular and saccular divisions of the inner ear, respec-
tively (Larsell 1967).

The octavolateralis area in hagfishes is less differentiated than in lampreys, and only
a single nucleus has been recognized (Ayers and Worthington 1908, Jansen 1930,
Larsell 1967). Both lateral line and octavus nerves are said to terminate within a single
octavolateral nucleus. There is no general agreement on whether hagfishes possess a
cerebellum, thus no agreement on whether vestibulocerebellar projections exist (Larsell
1967).

In lampreys (Figs. 3-3, 34), the octavolateralis area consists of dorsal, medial, and
ventral nuclei (Pearson 1936a, Rubinson 1974, Northcutt 1979a). Rostrally, the dorsal
nucleus begins immediately caudal to the cerebellar plate and continues caudally in the
medulla, ending slightly behind the entry of the anterior lateral line nerve (Fig. 34D,
E). Rostrally the medial nucleus, unlike the dorsal nucleus, is continuous with the
cerebellar plate. Caudally it can be traced into the medulla where it ends just rostral to
the obex (Fig. 3-4E). The dorsal and medial nuclei are similarly organized: both are
capped laterally by the cerebellar crest, a layer of unmyelinated fibers; both consist of
centrally situated neuropils supplied by the lateral line nerves (Fig. 3-3B); and both
consist of prominent periventricular cell plates (Fig. 3-3B,C). In the silver lamprey,
Ichthyomyzon unicuspis, the anterior lateral line nerve projects to both the dorsal and
medial nuclei, whereas the posterior lateral line nerve projects only to the medial
octavolateralis nucleus (unpublished observations). Neither lateral line nerve projects
to the ventral octavolateralis nucleus.

Rostrally, the ventral octavolateralis nucleus forms the lateral edge of the cerebellar
plate, and it continues caudally to obex levels (Figs. 3-3A, 34). The ventral nucleus is
bordered laterally by the octavus nerve, and the ventral nuclear cells are more scattered
than those of the dorsal and medial octavolateralis nuclei. The ventral nucleus contains
three distinct populations of large neurons—the anterior, intermediate, and posterior
octavomotor nuclei (Figs. 3-3A,C, 34). The ventral nucleus is thus a long column of
scattered small and medium-sized cells, within which three aggregations of much larger
neurons can be identified.

It has been claimed that octavus fibers project only to the ventral nucleus (Heier
1948), to both the medial and ventral nuclei (Johnston 1902), and primarily to the
medial nucleus (Rubinson 1974). In addition, most older descriptions claim that pri-
mary octavus fibers project to the ipsilateral cerebellum, as well as to the contralateral
cerebellum, after decussating in the cerebellar commissure (Heier 1948, Larsell 1967).

Experimental determination of the central projections of the octavus nerve in adult
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Figure 3-3. Photomicrographs of lamprey hindbrain. (A) Transverse section through
the cerebellum and isthmus at the level of the anterior octavomotor nucleus. (B) Trans-
verse section through the medulla at the level of the entry of the anterior lateral line
nerve. (C) Transverse section of the octavolateralis area at the level of entry of the
octavus nerve. (D) Transverse section at the level of entry of the octavus nerve showing
the degenerating octavus fibers. Bar scales equal 100 um. Magnifications of (A) through
(C) are identical. Abbreviations: alln-anterior lateral line nerve; aon-anterior octavo-
motor nucleus; c-cerebellum;dn-dorsal octavolateralis nucleus; g-octavo-facial ganglion;
ion-intermediate octavomotor nucleus; ml-membranous labyrinth; mn-medial octavo-
lateralis nucleus; vs-trigeminal sensory root; VIII-octavus root.
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Figure 3-4. Charting of the degenerating octavus afferents following removal of the
membranous labyrinth. (A-F) Transverse sections through the hindbrain at levels indi-
cated in the lateral view of the brain. Fine stippling indicates degenerating fibers and
terminals, large solid black circles indicate individual large neurons. Bar scale equals
500 um. Abbreviations: ag-alar gray; alln-anterior lateral line nerve; aon-anterior
octavomotor nucleus; c-cerebellum; cc-cerebellar crest; dg-dorsal gray; dn-dorsal
octavolateralis nucleus; dV-descending trigeminal tract and nucleus; ion-intermediate
octavomotor nucleus; mn-medial octavolateralis nucleus;ot-optic tectum;pon-posterior
octavomotor nucleus; t-telencephalon; te-tegmentum; vn-ventral octavolateralis nu-
cleus; IV-trochlear motor nucleus; V-trigeminal motor nucleus; Vm-trigeminal motor
root; Vs-trigeminal sensory root; VIIm-facial motor nucleus; VII-facial root; VIII-
octavus root; IX-glossopharyngeal motor nucleus; XII-hypoglossal motor nucleus.
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sitver lampreys (Fig. 34; Northcutt 1979a) reveals that the degenerating octavus fibers
enter the ipsilateral ventral octavolateralis nucleus where they form ascending and de-
scending limbs (Figs. 3-3D, 34). The octavus fibers of the ascending limb course ros-
trally through the ventral nucleus (Fig. 34A-C), where most of the fibers terminate in
the lateral two-thirds of the nucleus. Octavus fibers continue rostrally, terminating on
cell bodies of the anterior octavomotor nucleus (Fig. 3-4A), and at this level turn
medially to terminate in both the cellular and molecular layers of the cerebellum (Fig.
3-4A). No degenerating octavus fibers were seen in the cerebellar commissure or in the
contralateral cerebellum.

The octavus fibers of the descending limb course caudally through the entire extent
of the ventral nucleus (Fig. 3-4D-F), including the cell bodies of the intermediate and
posterior octavomotor nuclei (Fig. 3-4D,E). Degenerating octavus fibers were traced
caudally to obex levels (Fig. 3-4F) where the ventral nucleus ends in a dorsomedial
position in the medullar wall.

Thus in the silver lamprey the ventral and octavomotor nuclei of the octavolateralis
area are the primary, if not sole, medullar targets of the primary octavus fibers. Rubin-
son (1974) reported octavus fibers projecting to the medial nucleus in larval lampreys;
however, interpretation of these results are complicated by two factors: (1) the me-
dulla of larval lampreys is not well differentiated, and Rubinson’s cytoarchitectural
boundaries appear to be very different than those of other workers (Pearson 1936a,
Northcutt 1979a); and (2) Rubinson’s experimental results may include projections of
part of the anterior lateral line nerve as well as the octavus nerve. In lampreys, the
ganglion of the anterior lateral line nerve is located immediately ventral to the otic
capsule; its entering roots pass through a foramen in the floor of the otic capsule, then
course medially to the octavus ganglion to enter the lateral wall of the medulla (Fig.
3-3B; Johnston 1905). Thus, damage to the medial wall of the otic capsule not only
destroys the octavus ganglion, but also interrupts the roots of the anterior lateral line
nerve.

Higher order octavus projections in cyclostomes have not been demonstrated ex-
perimentally, even though projections to a midbrain area, the torus semicircularis, and
to the thalamus were claimed in an earlier descriptive study of lampreys (Heier 1948).
Further experimental studies of lampreys are clearly needed to determine higher
order projections and to resolve the question of auditory functions. Lowenstein,
Osborne, and Thombhill (1968) and Thornhill (1972) established that lampreys possess
a macula neglecta, an otic organ suspected of mediating hearing in other anamniotes,
but there are no functional studies to demonstrate the presence or absence of its audi-
tory function in lampreys.

2.2 Chondrichthyes

The cartilaginous fishes comprise at least two groups, the holocephalons (chimeras)
and the elasmobranchs (sharks, skates, and rays). For several years the inner ear in car-
tilaginous fishes was assumed to possess only vestibular functions. However, recent
studies (Lowenstein and Roberts 1951, Nelson and Gruber 1963, Tester, Kendall, and
Milisen 1972, Fay, Kendall, Popper, and Tester 1974, Corwin 1977, 1978, Popper and
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Fay 1977) indicate that sharks, at least, detect underwater sound at frequencies up to
1000 Hz. Tester et al. (1972), Fay et al. (1974), and Corwin (1977, 1978) argue that
the macula neglecta is likely involved in sound detection, but this does not preclude
the involvement of other maculae or the additional involvement of the lateral line
system, particularly for low frequency sounds.

There has been no previous experimental anatomy of the primary—or higher order—
projections of the octavus nerve in cartilaginous fishes. Thus the octavus nerve in the
thomback skate, Platyrhinoidis triseriata, was transected unilaterally in order to trace
its primary projections by the Fink-Heimer method for degenerating axons and termi-
nals (Fig. 3-5).

Like other cartilaginous fishes, Platyrhinoidis possesses an octavolateralis area (Fig.
3-5C,D) composed of dorsal, medial, and ventral columns (Larsell 1967, McCready and
Boord 1976, Smeets and Nieuwenhuys 1976, Northcutt 1978). The dorsal column, or
anterior lateral line lobe, consists of a dorsal nucleus (Fig. 3-5C,D), composed of large
Purkinje-like cells and smaller triangular cells, capped domsally by a thick layer of
granule cells terms the lateral granular layer (see LG, Fig. 3-5C). Laterally, the dorsal
nucleus is covered by a layer of fine fibers, the cerebellar crest, that is pierced by
entering dorsal root fibers of the anterior lateral line nerve. The dorsal nucleus begins
caudally at mid-medullar levels (Fig. 3-5D) and continues rostrally under the lateral
edge of the corpus of the cerebellum where it ends without fusing with the cellular
layers of the cerebellum. Its dorsal cap of granule cells continues rostrally and fuses
with a similar granule layer covering the dorsolateral edge of the medial nucleus. These
two granule populations thus form the lateral portion of the lower leaf of the cerebel-
lar auricle (see LG, Fig. 3-5A,B). The axons of the granule cell caps form the cellebel-
lar crest and thus terminate on the distal portions of the Purkinje-like cells of the
dorsal and medial nuclei (Boord 1977).

In Platyrhinoidis, the medial column, or posterior lateral line lobe, is organized
much like the dorsal column. It consists of a medial nucleus of large neurons capped
dorsolaterally by a granule layer (Fib. 3-5B) and covered laterally by the cerebellar
crest. The cerebellar crest is pierced by the ventral root of the anterior lateral line
nerve as well as the entering fibers of the posterior lateral line nerve (Fig. 3-5C,D).

Earlier studies (Kappers 1947, Larsell 1967) recognize a ventral column of the
octavolateralis area that receives primary octavus projections, but there is no agree-
ment concerning the boundaries or the number of nuclei that compose the ventral
column. Analysis of the ventral column in Platyrhinoidis reveals four octavus nuclei
rostrocaudally: anterior, magnocellular, descending, and posterior nuclei (Fig. 3-5).

The anterior nucleus consists of medium-sized fusiform neurons located ventro-
medial to the medial nucleus. The rostral border of the anterior nucleus is rostral to
that of the medial nucleus and occurs as the anterior nucleus is replaced by the granule
cells of the lower leaf of the auricle. Caudally the anterior nucleus is replaced by the
magnocellular nucleus (Fig. 3-5C), composed of large polygonal cells whose dendrites
are oriented laterally and medially, The laterally directed dendrites extend into the
entering octavus root, as well as more dorsally into the neuropil of the medial nucleus
of the posterior lateral line lobe. The medially directed dendrites of the magnocellular
nucleus extend into the neuropil of the reticular formation. Laterally and caudally the



Figure 3-5. Charting of the degenerating octavus afferents in the thornback skate fol-
lowing transection of the octavus nerve proximal to the ganglion. (A-E) Transverse
sections through the hindbrain at levels indicated in the dorsal view of the brain.
Dashed lines indicate degenerating fibers and fine stippling indicates degenerating
terminals. Bar scale equals 5 mm. Abbreviations: alln-anterior lateral line nerve;
AN-anterior octavus nucleus; CC-cerebellar crest; CN-caudal octavolateralis nucleus;
DN-dorsal octavolateralis nucleus; DON-descending octavus nucleus; DR-dorsal root of
anterior lateral line nerve; DV-descending trigeminal nucleus and tract; GL-granule cell
layer; IO-inferior olive; IR-inferior reticular formation; LG-lateral granular layer; MG-
medial granular layer of auricle; ML-molecular layer; MLF-medial longitudinal fascicu-
lus; MN-medial octavolateralis nucleus; MON-magnocellular octavus nucleus; MR-
medial reticular formation; MV-trigeminal motor nucleus; PL-Purkinje cell layer; plin-
posterior lateral line nerve; PLLR-root of the posterior lateral line nerve; PN-posterior
octavus nucleus; VL-vagal lobe; VR-ventral root of anterior lateral line nerve; V-
trigeminal nerve; VII-facial nerve; VIII-octavus nerve; IX-glossopharyngeal nerve and
nucleus; X-vagal nerve and nucleus.
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magnocellular nucleus is replaced by smaller bipolar and polygonal cells of the descend-
ing octavus nucleus (Fig. 3-5C,D). The descending nucleus is the largest single octavus
nucleus and extends the length of the medulla; it is replaced at obex levels by a pos-
terior octavus nucleus formed by small spherical and bipolar neurons (Fig. 3-5E).

Earlier descriptive studies of the distribution of the primary octavus fibers (Kappers
1947, Larsell 1967) claimed that primary fibers enter the medulla and turn caudally.
Many of the fibers were said to cross the midline at the level of the abducens nucleus,
terminating in the contralateral reticular formation. Other fibers were said to continue
caudally and ipsilaterally to spinal cord levels. Ascending octavus fibers were believed
to project to the medial nucleus of the posterior lateral line lobe, as well as more ros-
trally to the granule cells of the lower leaf of the auricle and the cerebellar nuclei. Col-
laterals of the ascending fibers of the anterior and posterial lateral line nerves were
also believed to terminate in the ventral octavus column (Larsell 1967).

Recently Boord and Campbell (1977) determined the primary projections of the
anterior and posterior lateral line nerves in Mustelus. The dorsal root of the anterior
lateral line nerve consists of afferent fibers that innervate head electroreceptive ampul-
lary organs; the dorsal root fibers terminate in the dorsal nucleus and granular cap of
the anterior lateral line lobe. The ventral root of the anterior lateral line nerve, and the
posterior lateral line nerve, consist of afferents that innervate the neuromasts of the
head and trunk, respectively, and terminate in the medial nucleus and granular cap of
the posterior lateral line lobe. Similar projections also characterize the lateral line
nerves of Platyrhinoidis (unpublished observations). Thus primary lateral line afferents
do not terminate on any of the octavus nuclei, with the possible exception of the mag-
nocellular nucleus whose dendrites extend into the medial nucleus and may thus re-
ceive lateral line input.

Unilateral transection of the octavus root in Platyrhinoidis reveals ascending and de-
scending primary fibers within the ipsilateral ventral column of the octavolateralis area,
but no primary fibers crossing the midline (Fig. 3-5). Primary octavus fibers terminate
on the distal dendrites of neurons of the magnocellular nucleus, but few terminals oc-
cur on the more proximal portions of these dendrites or on cell bodies (Fig. 3-5C).
Descending fibers continue caudally, terminating heavily among the cells of the de-
scending octavus nucleus (Fig. 3-5C,D). Primary octavus fibers turn medially through-
out the rostrocaudal extent of the descending nucleus and pass through the descending
trigeminal tract to terminate on the distal portions of dendrites from the reticular for-
mation. These medially coursing fibers likely represent the octavus fibers claimed in
earlier descriptive studies to be decussating to the contralateral medulla. Ipsilaterally,
degenerating octavus fibers continue caudally to terminate in the posterior octavus
nucleus at obex levels (Fig. 3-5E). Primary fibers were not traced more caudally, and
the primary octavospinal projections of earlier studies were not confirmed.

Ascending octavus fibers course rostrally, terminating throughout the extent of the
anterior nucleus (Fig. 3-5A,B). A portion of these fibers continue beyond the anterior
nucleus, turning dorsally and caudally to terminate in the medial third of the granule
layer of the lower leaf of the cerebellar auricle (Fig. 3-5B). Primary afferents were not
observed to terminate in the upper leaf of the auricle, nor in the cerebellar nucleus as
claimed in earlier descriptive studies. At present it is impossible to determine which,
if any, of the octavus nuclei may possess auditory functions. Although the eighth
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nerve in Platyrhinoidis possesses anterior and posterior rami, these rami fuse prior to
the ganglion, and the saccular and neglecta branches are not amenable to degeneration
studies. The central projections of individual otic receptors must be resolved by other
anatomical tracing methods.

Anatomical data on higher order octavus projections are presently lacking, but
Bullock and Corwin (1979) report that auditory stimuli produce evoked potentials in
the cerebellum, midbrain, and telencephalon of carcharhinid and triakid sharks. The
responsive loci were not anatomically marked, but Bullock and Corwin report that the
locus of best response was distinctly different for auditory, photic,and electric stimuli.
These results strongly suggest separate and distinct anatomical pathways for auditory
and lateralis inputs to telencephalic levels.

2.3 Osteichthyes

The Osteichthyes, or bony fishes, comprise three major radiations—the actinopterygians
(rayfinned fishes), the dipnoans (lungfishes), and the crossopterygians (lobe-finned
fishes)—with problematical phyletic relationships (Fig. 3-1). All three radiations appear
during the Devonian and no one radiation can be considered phylogenetically older
than another. Traditionally, the dipnoans and crossopterygians are considered to be
more closely related to one another than to the actinopterygians (Romer 1966); how-
ever, many systematists believe that all three radiations are equally distinct (Schaeffer
and Rosen 1961, Schaeffer 1969, Moy-Thomas and Miles 1971). Experimental ana-
tomical data on the octavolateralis area are presently available only for some ray-finned
fishes, and even descriptive studies on the lungfishes and crossopterygians are meager.

2.3.1 Actinopterygians

Three grades of organization related to more effective feeding and locomotor mecha-
nisms characterize the three groups of ray-finned fishes: Chondrostei, Holostei, and
Teleostei. The chondrosteans consist of the sturgeons and paddle fishes, as well as two
distinctly different genera, Polypterus and Calamoichthys, so abberant that many
workers separate them from chrondrosteans and assign them to a fourth group of acti-
nopterygians, the polypteriforms, or even to a fourth osteichthian radiation. There are
numerous derived brain characters that separate Polypterus and Calamoichthys from
the chondrosteans, but these genera also possess sufficient derived actinopterygian
characters to warrant retaining them as a grade within ray-finned fishes (Northcutt
and Braford 1978).

The gars and the bowfin, Amia, are the only surviving holostean genera. These
forms are restricted to North and Central American freshwater systems, and represent
relict populations closely related to a broad radiation of holosteans that gave rise to
teleosts late in the Mesozoic.

The teleosts form the single largest group of living vertebrates and may have arisen
from holosteans a number of times (Greenwood, Rosen, Weitzman, and Myers 1966).
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Four major groups of teleosts are presently recognized: osteoglossomorphs, clupeo-
morphs, elopomorphs, and euteleosts (Greenwood 1973). The osteoglossomorphs and
clupeomorphs appear to be more closely related to one another than to the elopo-
morphs and euteleosts, which also appear to be sister groups. The euteleosts include
the vast majority of the living teleosts and are clearly the most varied and successful

group.

2.3.1.1 Chondrosteans and Polypteriforms. There have been no experimental studies
on the octavolateralis area or primary octavus projections in these fishes. Descriptive
studies indicate that the octavolateralis area is organized like that of Cyclostomes and
Chondrichthyes (Johnston 1901, Larsell 1967, McCormick 1978). All chondrosteans
and polypteriforms possess dorsal, medial, and ventral columns within the octavolater-
alis area and all possess dorsal and ventral roots of the anterior lateral line nerve. In
each case, the dorsal nucleus is associated with the dorsal root of the anterior lateral
line nerve, and all of these taxa are known to possess electroreceptive ampullary organs
(Pfeiffer 1968, Jprgensen, Flock and Wersdll 1972, Roth 1973, Teeter and Bennett
1976). Thus the earliest actinopterygians, like chondrichthians, appear to have been
electroreceptive, and electroreception appears to be the sole function of the anterior
lateral line lobe (dorsal nucleus) in anamnijotes. Likewise, all chondrosteans and polyp-
teriforms possess a posterior lateral line lobe (medial nucleus) that receives the ventral
root of the anterior lateral line nerve and the posterior lateral line nerve, which are
likely concerned only with mechanoreceptive information from the head and trunk
neuromasts.

Earlier studies recognized only a single octavus nucleus, ventral to the medial
nucleus and usually termed nucleus ventralis or area vestibularis (Hocke Hoogenboom
1929, Larsell 1967). However, McCormick (1978) reported that the sturgeon, Scaphir-
hynchus, and Polypterus possess a ventral octavolateralis column that is divided into
anterior, magnocellular, descending, and posterior octavus nuclei as in elasmobranchs.
If future experimental studies confirm McCormick’s observations, it will be reasonably
established that primitive actinopterygians possess a pattern of octavolateralis organi-
zation identical to that of elasmobranchs, and that this pattern is the ancestral gnatho-
stome pattern.

2.3.1.2 Holosteans. Amia and Lepisosteus possess an octavolateralis area in which the
dorsal nucleus and dorsal root of the anterior lateral line nerve have been lost. Thus,
the octavolateralis area in these taxa consists of a medial nucleus, capped by the cere-
bellar crest, and a more ventral octavus column (Figs. 3-6, 3-7). McCormick (1978) re-
ports that unilateral transection of the anterior and posterior lateral line nerves in Amia
reveals projections to the ventral and dorsal halves, respectively, of the medial nucleus,
as well as projections to a caudal nucleus at obex levels, and a more rostral projection
to the eminentia granularis—a granular cell mass forming lateral lobes closely associated
with the cerebellum. The anterior lateral line nerve projects to the lateral third of the
eminentia, while the posterior lateral line nerve projects to the middle third of the emi-
nentia. These projections are identical to lateral line projections to the lateral granu-
lar ridge of the lower leaf of the elasmobranch auricle, and strongly suggest that the
eminentia granularis of actinopterygians is homologous to the lower leaf of the elasmo-
branch auricle.
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Figure 3-6. Lateral view of the brainstem of the holostean Amia calva illustrating the
position of the octavus nuclei and the medial and caudal octavolateralis nuclei. (A-E)
indicate the levels of the transverse sections of Fig. 3-7. Abbreviations: Ant-anterior
octavus nucleus; CC-cerebellar crest; Caud-caudal octavolateralis nucleus; Desc-de-
scending octavus nucleus; EG-eminentia granularis ; Med-medial octavolateralis nucleus;
Mg-magnocellular octavus nucleus; NALL-anterior lateral line nerve; N IX-glos-
sopharyngeal nerve; NPLL-posterior lateral line nerve; N VIlla-anterior ramus of
the octavus nerve; N VIIIp-posterior ramus of the octavus nerve; N X-vagus nerve;
Post-posterior octavus nucleus; V-VII-trigeminal and facial nerves. Bar scale equals
1 mm (after McCormick 1978).

McCormick (1978) observed no lateral line recipient areas in the ventral octavus
column, with the possible exception of the magnocellular octavus nucleus (Fig. 3-7D)
whose dendrites extend into the neuropil of the medial nucleus and may receive lateral
line input.

Four octavus nuclei are recognized in Amia (McCormick 1978) and all receive pri-
mary octavus fibers, as experimentally determined. A magnocellular nucleus (Figs. 3-6,
3-7D) lies medial to the entering octavus fibers and consists of large (90 1) multipolar
neurons. Caudally, the magnocellular nucleus is replaced by medium-sized bipolar and
polygonal cells forming a descending octavus nucleus (Fig. 3-7B,C). At obex levels, the
descending nucleus is replaced by a population of small cells (5 1) forming the posteri-
or octavus nucleus (Fig. 3-7A). An ascending octavus limb projects to a fourth, anteri-
or octavus nucleus, which consists of a small and medium-sized bipolar neurons lying
ventral to the medial octavolateralis nucleus (Figs. 3-6, 3-7E). Ascending primary
octavus fibers continue beyond this level and terminate in the medial third of the emi-
nentia granularis, but no other cerebellar related projections were seen. McCormick
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Figure 3-7. Photomicrographs of transverse sections through the octavolateralis area
of the medulla of Amia. Abbreviations: Ant VIll-anterior octavus nucleus; Caud-
caudal octavolateralis nucleus; CC-cerebellar crest; Desc VIII-descending octavus nu-
cleus; Med-medial octavolateralis nucleus; Mg-magnocellular octavus nucleus; MLF-
medial longitudinal fasciculus; MRF-medial reticular formation; NALL-anterior lateral
line nerve; NPLL-posterior lateral line nerve; N VIII-octavus nerve; N X-vagus nerve;
Post VIII-posterior octavus nucleus; VL-vagal lobe; V-trigeminal motor nucleus; VII-
facial motor nucleus; X-vagal motor nucleus (after McCormick 1978).

(1978) did not report a descending octavus projection to any part of the reticular for-
mation, but fibers do extend far ventrally and medially in the descending octavus
nucleus (Fig. 3-7B,C), and dendrites of the reticular neurons could conceivably extend
this far laterally as in elasmobranchs.

Holosteans thus appear to be characterized by the same number of octavus nuclei
as chondrosteans and elasmobranchs. The primary difference in the organization of
their octavolateralis area and its primary afferent projections is the loss of ampullary
organs with the concomitant loss of the dorsal root of the lateral line nerve and
anterior lateral line lobe. With the possible exception of the magnocellular octavus
nucleus, there is no overlap in the primary terminal sites of the lateral line and octavus
nerves. The higher order octavus pathways in holosteans have not been experimentally
examined in detail.
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2.3.1.3 Teleosts. Analysis of the octavus system and the octavolateralis area in tele-
osts is compounded by several factors: (1) this is the single largest group of bony
fishes, and very few species have been examined; (2) experimental data exist for both
lateral line and octavus nerves in only a single teleost species; and (3) several teleost
families appear to have independently evolved electroreceptors, with a concomitant
hypertrophy of part of the octavolateralis area (McCormick 1978).

Most teleost species do not possess electroreceptors, and the lateralis portion of the
octavolateralis area is identical to that in holosteans (Figs. 3-7, 3-8). The anterior
lateral line nerve consists of a single root, homologous to the ventral root of chondro-
steans, which enters the medial nucleus as does the posterior lateral line nerve (Figs.
3-8, 39). Thus the medial nucleus, capped by the cerebellar crest, is the most dorsal
element of the octavolateralis area. The medial nucleus is replaced rostrally by the
eminentia granularis (Figs. 3-8A, 3-9A-C) and caudally by a caudal nucleus of small
granule cells (Figs. 3-8D, 3-9G) as in other actinopterygians and in elasmobranchs.
Descriptive studies have suggested that the medial nucleus is the primary terminal site
of the lateralis nerves; among nonelectric teleosts, experimental evidence exists only
for the anterior lateral line nerve of Cyprinus (Luiten 1975), but would tend to con-
firm the descriptive work. In Cyprinus, the anterior lateral line nerve does project
ipsilaterally to the medial nucleus, and not to more ventral portions of the octavo-
lateralis area.

In electroreceptive teleosts, the lateralis portion of the octavolateralis area is ex-
tremely complex, and there is no agreement regarding homologies of the electrore-
ceptive portions with areas in other teleosts or other anamniotes. Many, if not all,
siluriform teleosts have developed electroreceptors, as have all mormyrids and gym-
notoids. Thus electroreception has likely evolved independently at least two if not
three times from nonelectroreceptive holosteans. These electroreceptive teleosts have
separate electroreceptive and mechanoreceptive regions within the octavolateralis
area (Maler et al. 1973a, 1973b, Maler et al. 1974, Maler 1974, Knudsen 1977). In
mormyrids and gymnotids, hypertrophy results in distinct lobes termed the anterior
and posterior lateral line lobes (Franz 1911, Berkelback van der Sprenkel 1915,
Maler et al. 1974). At present, there exist two distinct interpretations regarding the
homologies of these lobes with portions of the octavolateralis area in other teleosts
and anamniotes: (1) the lateral line lobes of electroreceptive teleosts are directly
homologous to the lateral line lobes of primitive actinopterygians and elasmobranchs
(Larsell 1967, Maler 1974); and (2) the electroreceptive lobes of these specialized
teleosts are independently evolved from a portion of the generalized teleost medial
nucleus and are not homologous to the dorsal nucleus of chondrosteans and elasmo-
branchs (McCormick 1978). This author’s own work and a survey of existing data
and arguments strongly support the second interpretation. That is, electroreceptors
and the dorsal octavolateralis nucleus of primitive gnathostomes were probably lost in
holosteans, and both teleost electroreceptors and electroreceptive areas in the ocatavo-
lateralis area have most likely developed independently from portions of the medial
octavolateralis nucleus in generalized teleosts. However, far more teleosts must be
surveyed for electroreceptors, and more intensive studies must be carried out on the
living holosteans to confirm this theory.
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Figure 3-8. Photomicrographs of transverse sections from rostral (A) to caudal (D) of
the octavolateralis area of the medulla of the teleost Gillichthys. Bar scale equals
400 um. Abbreviations: an-anterior octavus nucleus; cc-cerebellar crest; cn-caudal
octavolateralis nucleus; don-descending octavus nucleus; dv-descending trigeminal
tract; eg-eminentia granularis; mn-medial octavolateralis nucleus; mon-magnocellular
octavus nucleus; pn-posterior octavus nucleus; tn-tangential octavus nucleus; vl-vagal
lobe.



Figure 3-9. Charting of the degenerating octavus nerve in the teleost Gillichthys fol-
lowing transection of the nerve medial to the ganglia. (A-G) Transverse sections through
the hindbrain at levels indicated in the dorsal view of the brain. Dashed lines indicate
degenerating fibers, and stippling indicates degenerating terminals. Abbreviations:
ALLN-anterior lateral line nerve; AN-anterior octavus nucleus; CC-cerebellar crest;
CN-caudal octavolateralis nucleus; DN-nucleus of the descending trigeminal tract;
DON-descending octavus nucleus; DV-descending trigeminal tract; EG-eminentia
granularis; FN-facial motor nucleus; G-granular layer of cerebellum; IR-inferior re-
ticular formation; M-molecular layer of cerebellum; MLF-medial longitudinal fascicu-
lus; MN-medial octavolateralis nucleus; MON-magnocellular octavus nucleus; MR-
medial reticular formation; MV -trigeminal motor nucleus; P-Purkinje layer of cerebel-
lum; PN-posterior octavus nucleus; R-raphe nucleus; SV-sensory root of trigeminal
nerve; TN-tangential octavus nucleus; V-ventricle; VL-vagal lobe; VII-facial sensory
root; VIII-octavus nerve; X -vagal lobe.
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The literature on the octavus portion of the octavolateralis area is as confusing as
that on the lateralis portion. Ramon y Cajal (1908) divided the ventral column into
four nuclei: Deiters, tangential, dorsal, and descending. The nucleus of Deiters is
described as lying medial to the entering octavus fibers and consists of large oval or
fusiform neurons. Pearson (1936b) includes these cells as part of his ventral nucleus.
Maler et al. (1973b) recognized the same group of large cells in Gnathonemus but
traced no octavus fibers to this group with the Fink-Heimer method. However, Korn,
Sotelo, and Bennett (1977) demonstrated both electronic and chemical junctions
between octavus fibers and the magnocellular nucleus in the toadfish, Opsanus.

Both Ramon y Cajal (1908) and Pearson (1936b) recognized a tangential nucleus of
large cells lying lateral to the descending trigeminal tract. These neurons begin at the
caudal level of the magnocellular nucleus and extend caudally just beneath the lateral
surface of the medulla. Pearson (1936b) and McCormick (1978) have argued that this
octavus nucleus is seen only in teleosts and cannot be recognized in other actinoptery-
gians; Maler et al. (1973b) have reported octavus projections to the tangential nucleus
in Gnathonemus.

The dorsal octavus nucleus of Ramon y Cajal (1908) is described as a group of
small cells lying dorsal to Deiters’ nucleus and beneath the cerebellar crest. It is said to
be continuous with the descending nucleus, which continues posterior to Deiters’
nucleus caudally and merges with the ventral border of the medial octavolateralis
nucleus. The dorsal and descending octavus nuclei of Ramon y Cajal probably cor-
respond to cell groups that Pearson (1936b) and McCormick (1978) describe as parts
of the medial octavolateralis nucleus and their descending octavus nuclei. Maler et al.
(1973b) have not described either dorsal or descending nuclei as such, but at least a
portion of these cells are probably included in the cell groups they term nucleus octavus.

McCormick (1978) examined a number of teleost species and argued that the ven-
tral octavolateralis column consists of the same anterior, magnocellular, descending,
and posterior nuclei that she had seen in Amia. She also recognized a tangential nucleus
in teleosts, the only “‘new’” octavus nucleus she could discern in teleosts.

In an attempt to resolve some of the earlier discrepancies concerning the number of
octavus nuclei and the projections of the primary octavus fibers in teleosts, this author
experimentally examined the primary octavus projections in a nonelectroreceptive
teleost, Gillichthys mirabilis (Northcutt 1979b).

The ventral octavolateralis column of Gillichthys is divided into anterior, magnocel-
lular, tangential, descending, and posterior nuclei (Figs. 3-8, 39). These nuclei and
their positions correspond closely to McCormick’s description of the octavus nuclei in
other teleosts. The anterior octavus nucleus consists of small bipolar or fusiform cells
located beneath the eminentia granularis (Fig. 3-8A). These cells are replaced more
caudally by large polygonal cells (Fig. 3-8B), usually described as the magnocellular
nucleus. A third group of octavus neurons, the tangential nucleus, occurs at the same
level (see tn, Fig. 3-8B) as a ventrolateral extension of the magnocellular nucleus.
These more laterally situated cells are generally slightly smaller than the magnocellular
cells and stream around the lateral edge of the descending trigeminal tract, embedded
among the entering octavus fibers. The tangential nucleus is rapidly replaced by much
smaller fusiform neurons, forming the descending octavus nucleus that is embedded in
the descending octavus limb (Fig. 3-8C). This nucleus continues to obex levels where
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it is replaced by even smaller granule cells of the posterior octavus nucleus (Fig. 3-8D).

Fink-Heimer analyses of the degenerating primary octavus fibers and terminals in
Gillichthys reveal that all five of the octavus nuclei receive primary octavus fibers. The
dorsal half of the octavolateralis area (nucleus medius and the cerebellar crest) do not
receive octavus projections (Fig. 3-9). However, primary octavus projections do reach
three additional neural regions in the hindbrain: medial reticular formation (Fig.
3-9F), a rostral portion of the eminentia granularis (Fig. 3-9A,B), and a lateral portion
of the granule layer of the cerebellar corpus (Fig. 3-9A). Some octavus fibers in the
descending imb continue to course ventrally and medially, beyond the boundaries of
the descending octavus nucleus (Fig. 3-9E,F), and ramify among the distal portions of
the medial reticular dendrites, as in elasmobranchs.

Octavus fibers in the ascending limb continue beyond the anterior nucleus and di-
vide into lateral and medial bundles, terminating in the eminentia granularis and lateral
granule layer of the cerebellum respectively (Fig. 3-9A). The projection to the eminen-
tia granularis in Gillichthys is similar to that seen in Amia and Platyrhinoidis, but in
these taxa only a single octavus projection is seen this far rostrally. The more medial
granule population receiving octavus input is most likely homologous to the flocculus
of tetrapods—although the eminentia has been claimed to be homologous to the
elasmobranch auricle or tetrapod flocculus, particularly if the eminentia granularis,
like the lateral granular ridge of elasmobranchs, projects back onto the dorsal and
medial octavolateralis nuclei.

There are few experimental data on the higher order projections of the octavolater-
alis area in teleosts (Knudsen 1977). Unilateral lesions of the dorsolateral portion
(lateral line lobe) of the octavolateralis area in Icfalurus result in bilateral ascending
projections to the lateral half of the midbrain, the torus semicircularis. The torus in
Ictalurus is divided into a medially positioned auditory nucleus (nucleus centralis)
and a more lateral area (nucleus lateralis). Multiple unit recordings (Knudsen 1977)
indicate that the lateral area is involved with the lateral line. Knudsen was able to
further divide the lateral nucleus into a lateral portion, consisting predominantly of
electroreceptive units and a medial portion consisting of mechanoreceptive units.
These data demonstrate that the three modalities normally processed by the octavo-
lateralis area are maintained as separate channels at midbrain levels; considered in the
light of recent results in elasmobranchs (Bullock and Corwin 1979), the data strongly
suggest that this separation will be maintained to telencephalic levels.

2.4 Dipnoi

The lungfishes are represented by three living genera relegated to two families: Lepi-
dosirenidae and Ceratodontidae. The lepidosirenids consist of the African genus
Protopterus and the South American genus Lepidosiren. The Ceratodontidae comprise
a single Australian species, Neoceratodus fosteri, considered the most primitive living
lungfish (Moy-Thomas and Miles 1971).

There are no experimental anatomical studies of dipnoans, and the lateralis and
octavus nerves and octavolateralis area have been described only for Neoceratodus
(Holmgren and van der Horst 1925). These workers noted that the anterior lateral line
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nerve of Neoceratodus possesses both dorsal and ventral roots, that the dorsal root
enters a dorsomedially situated nucleus they termed the dorsal lateral line lobe, and
that the ventral root of the anterior lateral line nerve enters a more ventrolateral cell
group they termed the ventral lobe nucleus. Holgren and van der Horst did not recog-
nize a separate, more ventrally located octavus column but claimed that the eighth
nerve enters the ventral lobe nucleus. Larsell (1967) reinterpreted Holmgren’s and
van der Horst’s description and equated their dorsal lateral line lobe to the dorsal
octavolateralis nucleus of other bony fishes. Larsell believed that the medial nucleus
received both octavus and lateralis inputs, thus he accepted the earlier claim that
Neoceratodus does not possess a distinct ventral octavus column. Given the data now
available for other bony fishes, it is very likely that lungfishes do possess a separate
and distinct octavus column, but further observations are needed to confirm this
probability.

This description of the octavolateralis area in lungfishes is far from adequate, but
the available information does suggest that these taxa likely retain the ancestral
gnathostome pattern of dorsal and medial nuclei capped by a cerebellar crest. The
presence of a dorsal octavolateralis nucleus further suggests that these taxa should be
electroreceptive. Roth (1973) reported that lungfishes possess ampullary organs, and
evoked potentials have been recorded from midbrain in response to weak electric
field stimuli in Lepidosiren (Northcutt and Bodznick, unpublished observations).

2.5 Crossopterygii

The crossopterygians comprise two major groups: the rhipidistians and the coela-
canths. The rhipidistians became extinct during the Permian period but prior to that
time gave rise to the amphibians. The coelacanths are thought to have evolved from
the rhipidistians during the Silurian and are represented today by a single species,
Latimeria chalumnae. Latimeria is thus the sole living crossopterygian and represents
a radiation temporally remote from the crossopterygian lineage that gave rise to land
vertebrates.

Several studies describe the general course of the cranial nerves and external brain
morphology in Latimeria (Millot and Anthony 1965, Lemire 1971, Nieuwenhuys,
Kremers, and van Huijzen 1977, Northcutt, Neary, and Senn 1978), but histological
details of the octavolateralis area have not been published.

The organization of the octavolateralis area and cerebellum of Latimeria is illus-
trated in Fig. 3-10, which is based on a series of transverse sections prepared from an
immature female caught in Iconi, Grande Comoro, on March 22, 1972 by a French-
British-American expedition. Brain sections of this specimen were prepared in two
series: one stained to reveal the cell bodies only (cresyl violet) and alternate sections
stained by the Klilver-Barrera method to demonstrate myelinated fibers as well as
cell bodies.

Maximal development of the octavolateralis area occurs immediately caudal to the
cerebellum (Fig. 3-10B). At this level the octavolateralis area consists of a dorsal
nucleus, a medial nucleus, and a more ventral octavus column as in chondrosteans and
elasmobranchs. The anterior lateral line nerve has dorsal and ventral roots that enter
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Figure 3-10. Photomicrographs of transverse sections through the octavolateralis area
of the medulla of the coelacanth, Latimeria chalumnae. The levels of the various sec-
tions are indicated in the dorsal view of the brain. Abbreviations: a-auricle; alln-anter-
al lateral line nerve; an-anterior octavus nucleus; c-corpus of cerebellum; cc-cerebellar
crest; cncaudal octavolateralis nucleus; dn-dorsal octavolateralis nucleus; dr-dorsal
root of anterior lateral line nerve; dv-descending trigeminal tract; eg-eminentia granu-
laris; ma-magnocellular octavus nucleus; mlf-medial longitudinal fasciculus; mn-medial
octavolateralis nucleus; nd-descending octavus nucleus; plln-posterior lateral line nerve;
rf-inferior reticular formation; ul-upper leaf of auricle; vl-vagal lobe; vr-ventral root of
anterior lateral line nerve; V-trigeminal motor nucleus; VIII-octavus nerve; IX-glos-
sopharyngeal motor nucleus; X-vagal motor nucleus. Bar scale = 10 mm.

the dorsal and medial nuclei, respectively (Fig. 3-10B). The posterior lateral line nerve
enters the medial nucleus further caudally. Both the dorsal and medial octavolateralis
nuclei are closely associated with a cerebellar crest (Fig. 3-10A-C) that becomes con-
tinuous with the molecular layer of the cerebellum at rostral levels. The dorsal octavo-
lateralis nucleus, like that of elasmobranchs and chondrosteans, is not continuous ros-
trally with the cerebellum; it ends before the medial nucleus, which is continuous with
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the lower leaf of the auricle. The distinct cap of granule cells seen in elasmobranchs is
not associated with the dorsal and medial nuclei of Latimeria, but granule cells do
replace the medial nucleus at cerebellar levels (Fig. 3-10A). In fact, the posterior two-
thirds of the lower leaf of the auricle consists primarily of granule cells and is likely
homologous to the eminentia granularis of other fishes.

The Purkinje-like cells of the medial nucleus are replaced at obex levels by a smaller
population of granule cells termed the caudal nucleus (Fig. 3-10D). This caudal popu-
lation, located above the descending trigeminal tract, is extremely uniform but may
actually consist of a posterior octavus nucleus and a caudal lateralis nucleus as seen in
other fishes.

Latimeria possesses a well developed eighth nerve (Fig. 3-10B) and, as in other
fishes, a distinct magnocellular octavus nucleus lies medial to the entering octavus
fibers (Fig. 3-10B). A population of medium-sized fusiform and smaller polygonal
cells replaces the magnocellular neurons caudally (Fig. 3-10C). This population is
embedded in the descending octavus fibers and is comparable to the descending
octavus nucleus of other fishes. It can be traced caudally to obex levels where it is re-
placed by the caudal nucleus.

An exact boundary between the entering octavus and anterior lateral line nerve
fibers is impossible to establish (Fig. 3-10B) without experimental data, thus the
ascending octavus fibers cannot be traced with any accuracy. However, a population
of smaller fusiform neurons, rostral to the magnocellular nucleus, is in a position
comparable to the anterior octavus nucleus of other fishes (Fig. 3-10A).

This analysis of the octavus column in Latimeria suggests a pattern of organization
comparable to that of chondrosteans, dipnoans, and elasmobranchs. Thus, the ex-
tant coelacanth likely retains the primitive gnathostome pattern. The presence of two
anterior lateral line roots and a dorsal octavolateralis nucleus also strongly suggests
that Latimeria is electroreceptive. Together the data argue that the early rhipidistians
possessed similar octavial organization and were likely electroreceptive, which suggests
that the earliest amphibians, many of which were aquatic throughout life, might have
retained electroreceptive ability as they retained the ordinary lateral line system
(Olson 1971).

2.6 Amphibia

Living amphibians comprise three different orders: Anura (frogs and toads, approxi-
mately 2600 species), Urodela (salamanders, approximately 300 species), and Apoda
(caecilians, approximately 150 species). Each order is distinguished by extensive
structural differences and each is characterized by a distinct lifestyle. The three orders
are easily discernible from their earliest appearance in the fossil record, but they also
share a number of derived features that suggest common ancestry. Members of all
three amphibian orders possess teeth with a weak, uncalcified segment between the
base and crown (pedicellate teeth), and similarities in the middle ear bones and verte-
bralskull articulation (Parsons and Williams 1963). Based on these characteristics,
Parsons and Williams concluded that modem amphibians represent a monophyletic
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group, the Lissamphibia. Most workers employ this model of amphibian origin; how-
ever, additional data are needed to accept this hypothesis (Thomson 1968, Estes and
Reig 1973) particularly for the caecilians.

2.6.1 Caecilians and Salamanders

To date there are no experimental data on the central auditory pathways of these
animals. In fact, it is probable that no descriptions of the primary octavus nuclei in
caecilians even exist.

Herrick (1930, 1948) described the primary octavus area of the salamanders Nectur-
us and Ambystoma as an obscure group of cells forming a single vestibular nucleus; he
claimed that entering octavus fibers form ascending and descending branches that
terminate on this nucleus and on cells of the superior trigeminal nucleus, the lateral
line lobe, the cerebellum, and the spinal trigeminal and dorsal funicular nuclei. Herrick
(1948) assumed that the inner ear of salamanders has no auditory function, and that
the octavus region of the medulla is characterized by extremely “‘primitive” lateral
line, vestibular, and trigeminal regions with extensive overlap of all modalities.

Larsell (1967) largely accepted Herrick’s observations on salamanders and further
claimed that the octavolateralis area in salamanders and larval anurans consists of
dorsal, medial, and ventral nuclei. Larsell thus interpreted the octavolateralis area of
salamanders as being identical to that of primitive bony fishes. He claimed that both
dorsal and medial octavolateralis nuclei receive input from anterior and posterior later-
al line nerves and that a more ventral octavolateralis nucleus receives lateral line and
primary vestibular input.

Herrick’s and Larsell’s theories of octavolateralis organization were generated when
it was generally assumed that only land vertebrates possess auditory functions, and
evolution proceeds in a linear fashion from simple to complex. They envisioned an
octavolateralis area receiving only lateral line and vestibular inputs before the origin
of land vertebrates with whom audition was thought to represent a new modality with
a concomitant loss of the lateral line system. The primary nuclei that received lateral
line inputs were thought to be retained and invaded by the “new” auditory fibers;
thus an older system was believed to be utilized in a new way. Larsell (1934, 1967)
claimed that metamorphosing anurans recapitulated, in a real sense, this supposed
phylogenetic sequence. He further claimed that the dorsal octavolateralis nucleus of
tadpoles loses its innervation by the dorsal root of the anterior lateral line nerve at
metamorphosis, and that cells of the dorsal nucleus are invaded by newly developed
auditory fibers, thus transforming the old dorsal lateral line nucleus into the dorsal
acoustic nucleus of adult frogs. Larsell also claimed that the medial octavolateralis
nucleus loses its innervation by the ventral root of the anterior lateral line nerve and
the posterior lateral line nerve, and that its cells become part of the ventral or magno-
cellular octavus nucleus.

Experimental data for salamanders and larval anurans do not exist to evaluate
Larsell’s hypothesis of octavolateralis organization, but it is highly unlikely that this
organization is as Larsell suggested. It is now known that all jawed fishes possess
distinctly separate lateralis and octavus columns, and that most of these taxa also



Central Auditory Pathways in Anamniotic Vertebrates 103

possess auditory functions. Thus most, if not all, jawed vertebrates possess separate
octavus and lateralis systems, and there is no reason to believe amphibians would
present an exception. Furthermore, the lungs in anuran tadpoles serve as pressure
receptors and are coupled to the perilymphatic fluid of the inner ear by bronchial
columella, thus enabling sensitive detection of waterborne sounds (Witschi 1949,
Capranica 1976). These data suggest that experimental anatomical studies will likely
reveal separate central auditory and lateralis systems in larval amphibians, even as
they exist in adult anurans (Campbell and Boord 1974).

2.6.2 Anurans

Experimental data on the octavolateralis area and higher order pathways are available
for Xenopus, a permanently aquatic genus, and Rana, one of the most advanced
anurans with a terrestrial adult stage. Most of the existing data are for Rana, and it is
the only anamniotic genus in which the central auditory pathways are experimentally
identified to telencephalic levels (Fig. 3-11).

There is far less information on Xenopus, but these data are equally important as
Xenopus retains a lateral line system in the adult, and its octavolateralis area can be
directly compared to larval anurans and other anamniotes. Xenopus has anterior and
posterior lateral line nerves and receptors (Russell 1976) and an inner ear that func-
tions as an underwater auditory receptor. The auditory receptors of the inner ear of
Xenopus are similar in number and position to those of Rana (Witschi, Bruner, and
van Bergeijk 1953), and there is no reason to assume that their functions or central
projections differ from those of ranids.

The octavolateralis area of Xenopus (Fig. 3-12) is a dorsomedial nucleus extending
the length of the medulla. This nucleus consists of a medial cell plate and a more
lateral neuropil formed by the laterally directed dendrites of the medial cell plate
and the terminals of the posterior lateral line nerve (Campbell and Boord 1974).
Campbell and Boord reported that there is no overlap between the octavus and pos-
terior lateral line nerves and that the dorsomedial nucleus and neuropil appear to be
homologous to the medial octavolateralis nucleus of fishes. These workers traced
octavus fibers to more ventrolaterally situated nuclei and divided the octavus column
into dorsal and ventral nuclei (Fig. 3-12), as in Rana (Fig. 3-11D). Campbell and
Boord did not experimentally trace the central projections of the anterior lateral line
nerve in Xenopus, but their data suggest that the octavolateralis area consists of a
dorsal column of cells receiving lateral line input, and a ventral column of cells re-
ceiving octavus input. This pattern is remarkably similar to that seen in holosteans and
nonelectroreceptive teleosts; a medial octavolateralis nucleus receives lateral line input,
but no dorsal nucleus is apparent as in Latimeria or primitive ray-finned fishes. The
ventral octavus column of Xenopus also appears to be organized differently than in
other anamniotes; only two nuclei have been identified, rather than four and five as
in other gnathostomes. Furthermore, the two octavus nuclei of Xenopus are oriented
dorsoventrally, rather than forming a rostrocaudal longitudinal series as in fishes.
These relationships pose a number of problems in homologizing the octavus nuclei
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Figure 3-11. Photomicrographs of transverse sections through the brain of the bullfrog,
Rana catesbeiana, illustrating major auditory centers and their interconnections. The
levels of the various sections are indicated in the dorsal view of the brain. Bar scale
equals 10 mm. Abbreviations: an-anterior thalamic nucleus; c-commissural toral nu-
cleus; cn-central thalamic nucleus; dn-dorsal octavus nucleus; l-laminar toral nucleus;
m-magnocellular toral nucleus; mp-medial pallium; nc-caudal octavus nucleus; p-prin-
cipal toral nucleus; pt-pretectum; so-superior olive; st-striatum; ts-torus semicircularis;
vn-ventral octavus nucleus.

of amphibians to those of other anamniotes. These problems will be discussed further
in the last section.

Acoustic signals play a dominant role in anuran social behavior and are involved in
mate selection, formation and maintenance of breeding aggregations, and insuring
reproductive isolation (Blair 1958). Not surprisingly, the anuran auditory system is
specialized to detect species specific calls, particularly mating calls (Frishkopf, Capran-
ica, and Goldstein 1968, Capranica 1976).

Anurans possess auditory receptors in two separate inner ear sensory papillae:
the basilar papilla, located in a diverticulum of the posterior saccular wall and a larger
amphibian papilla, located in a chamber opening into the saccular medial wall. Both
the basilar and amphibian papillae contribute axons to the octavus nerve via its pos-
terior ramus. The anuran octavus nerve consists of an anterior ramus, which innervates
horizontal and anterior semicircular canals, the utricle, and a part of the saccule and a
posterior ramus, which innervates the remaining part of the saccule, the lagena, the
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Figure 3-12. Chartings of the central projections of the octavus and posterior lateral
line nerves in the South African clawed toad, Xenopus laevis. (A) through (D) repre-
sent transverse sections from the caudal medulla (A) to the cerebellum (D). Degener-
ated axons are indicated by beaded dashes and dots, terminal sites of the posterior
lateral line fibers by stippling, and terminal sites of the octavus fibers by diagonal lines.
Abbreviations: Aur-auricle; MV-trigeminal motor nucleus; VII-facial motor nucleus;
VIIld-dorsal octavus nucleus; VIIIv-ventral octavus nucleus; IX-X-glossopharyngeal
and vagal motor nuclei; OS-superior olive; Rv-trigeminal root; RVIII-octavus root;
Rlla-anterior lateral line nerve root; Rllp-posterior lateral line nerve root; TS-solitary
tract (after Campbell and Boord 1974).

posterior semicircular canal, and the two auditory papillae (Gregory 1972). Thus, the
anuran octavus nerve is divided into an anterior vestibular ramus and a mixed auditory
and vestibular posterior ramus.

In the bullfrog, Rana catesbeiana, octavus nerve fibers are divided into three classes
according to their best excitation frequencies: 200 Hz to 300 Hz, 600 Hz to 700 Hz,
and a broad band from 1000 Hz to 1700 Hz (Feng, Narins, and Capranica 1975). The
low frequency units differ from the other two classes in that they are inhibited by
sounds in the midfrequency range. This inhibitory phenomenon led Frishkopf and
Goldstein (1963) to classify peripheral auditory units in Rana as simple or complex
(inhibitable). Simple and complex peripheral units are now known to exist in many
other anurans, as are three frequency populations (see Capranica 1976 for review).
Feng et al. (1975) demonstrated that the high frequency simple units arise from the
basilar papilla, whereas the simple midfrequency and complex low frequency units
arise from the more complex amphibian papilla. Thus, the two papillae are specialized
to receive nonoverlapping frequencies.

The anuran periphal auditory system acts as a feature detector with each class of
auditory units responding selectively to a component of a species specific call. In bull-
frogs, the mating call is characterized by energy concentrated in a narrow peak at
1500 Hz and a broader band at 200 Hz to 300 Hz (Capranica 1968). These energy
peaks correspond well to the best excitatory frequencies of the high and low frequen-
cy auditory fibers. Other calls, such as the male territorial call, warning call, and re-
lease call, possess midfrequency energy ranges (500 Hz to 700 Hz) that inhibit com-
plex unit firing (Capranica 1968).

The anuran anterior and posterior octavus rami enter the medulla separately. The



106 R. G. Northcutt

anterior ramus enters ventrally and is termed the ventral octavus root, whereas the
posterior ramus enters dorsally and is termed the dorsal octavus root. The octavus
roots distribute to the primary octavus nuclei, traditionally divided into a dorsal
acoustic nucleus and a ventral vestibular nucleus (Fig. 3-11D; Larsell 1967, Gregory
1972, Mehler 1972). Thus the amphibian and basilar papillae project only to the dorsal
octavus nucleus.

Opdam, Kemali, and Nieuwenhuys (1976) recently described a third nucleus
(nucleus caudalis, Fig. 3-11D) closely associated with the dorsal and ventral nuclei in
the ranid medulla. Rostrally, the caudal nucleus occupies a periventricular position,
medial to both dorsal and ventral nuclei, but it continues beyond the caudal limit of
the dorsal acoustic nucleus. Gregory’s (1972) and Mehler’s (1972) chartings of the cen-
tral course of the octavus nerve indicate that the caudal nucleus receives primary
octavus input; it is not known whether this nucleus receives auditory and/or vestibular
terminals. Wilczynski (1978) reported that cells of the caudal nucleus project bilater-
ally to the torus, but this is also true for some cells of the ventral vestibular nucleus.
Thus, without further information, it is impossible to determine whether the caudal
nuclear ascending pathway to the torus is auditory, vestibular, or both.

The dorsal acoustic nuclei are interconnected by an extensive commissural system
(Fig. 3-11; Grofova and Corvaja 1972). Approximately half the dorsal acoustic cells
are binaurally driven; of these, most are excited by contralateral and inhibited by ipsi-
lateral stimulation, although some dorsal acoustic cells are excited by both. Most of
the monaural cells are excited by ipsilateral tones, but 20% are excited exclusively by
contralateral tones (Feng 1975, Feng and Capranica 1976).

The dorsal acoustic nucleus projects bilaterally to the superior olive and torus semi-
circularis (Fuller and Ebbesson 1973), with most of the fibers terminating contralater-
ally (Fig. 3-11). The anuran superior olive (Fig. 3-11D), in turn, projects heavily to the
ipsilateral torus and sparsely to the contralateral torus (Rubinson and Skiles 1975).
Physiological data on the olivary cells in Rana are not available, but Feng and Capranica
(1978) have investigated these cells in Hyla. In this genus, the olivary cells are similar
to those of the dorsal acoustic nucleus, with approximately half the units exhibiting bi-
naural sensitivity. However, a few olivary cells, termed complex cells, have very differ-
ent properties. The complex cells are excited by contralateral ear stimulation, but si-
multaneous ipsilateral stimulation, with tones close to the cells’ best excitatory frequen-
cy, inhibits these cells. More remote ipsilateral tones, however, facilitate these units.

Dorsal acoustic and superior olivary inputs converge on the midbrain torus semicir-
cularis (Fig. 3-11C). The torus is the expanded caudal roof of the midbrain, homolo-
gous to the mammalian colliculus. The anuran torus is divided into five nuclei: com-
missural, laminar, magnocellular, principal, and subependymal midline nuclei (Potter
1965a). The ascending dorsal nuclear input terminates mainly in the principal nucleus;
the superior olivary input terminates in the principal nucleus and, more sparsely, in
the commissural and magnocellular nuclei (Rubinson and Skiles 1975). Auditory ter-
minals are not seen among the cell bodies of the laminar nucleus, but its cells send
dendrites ventrally into the principal nucleus, and Potter (1965b) has confirmed audi-
tory activity in the laminar nucleus as well as in the principal and magnocellular nuclei.
The laminar nucleus also receives hypothalamic (Neary and Wilczynski 1977), spinal
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(Ebbesson 1976), and dorasl column (Wilczynski, Neary, and Andry 1977) inputs. Ad-
ditional toral inputs from the medial and lateral medullary reticular formations and
the midbrain (tegmental) reticular nuclei are known (Wilczynski 1978). The medullary
reticular cells that project to the torus are closely associated with the medullary audi-
tory centers, whereas the tegmental cells appear to arise from two distinct populations:
a caudal portion of the superficial isthmal nucleus, which may be homologous to the
mammalian nuclei of the lateral lemniscus (Wilczynski 1978), and a rostral portion of
the superficial isthmal nucleus, which receives afferents from the telencephalic stri-
atum and projects to the laminar and principal toral nuclei. Thus, the torus appears to
receive additional ascending pathways from medullar and caudal tegmental cell groups,
and these inputs may represent additional auditory pathways as well as input from the
telencephalon. Intertoral connections also exist with the commissural, magnocellular,
and principal nuclei (Wilczynski 1978).

Most toral auditory units are phasically active, and both sharply tuned and broad
band units are known (Potter 1965b). Frishkopf et al. (1968) discovered biomodally
tuned units, which represent the first central convergence of the two auditory papillae;
these cells respond equally to both high and low frequency stimulation. Similar con-
vergence is now known for a variety of anurans (Ewert and Borchers 1971, Loftus-
Hills 1971, Feng 1975).

Single unit studies of the anuran torus have not indicated tonotopic or spatiotopic
maps; however, an evoked potential study (Pettigrew, Chung, and Anson 1978) re-
vealed both types of maps in Rana esculenta. Pettigrew et al. reported that the rostral
torus is most sensitive to sounds located in front of the animal, whereas the caudal
torus is most sensitive to caudally located sounds. A tonotopic toral map also indi-
cated high frequencies located rostrally and low frequencies located caudally.

The torus in anurans has both ascending and descending pathways; Ascending toral
fibers project to the ventral half of the ipsilateral lateral thalamic nucleus and to the
more rostrally located central thalamic nucleus (Neary 1974, Wilczynski 1978). The
toral projection to the central thalamic nucleus (Fig. 3-11B) is bilateral, with the
contralateral fibers decussating in the suprachiasmatic commissure. The lateral thala-
mic nucleus forms part of the anuran pretectum and is divided into dorsal and ventral
subdivisions. The dorsal subdivision receives input from the optic tectum and projects
back onto the tectum, whereas the ventral subdivision receives toral input and pro-
jects back onto the torus (Wilczynski 1978). Ewert (1970) and Ingle (1973) demon-
strated that the visual pretectum normally exerts a strong inhibitory effect on tectal
neurons involved in certain visual behaviors. Trachtenberg and Ingle (1973) and
Wilczynski and Northcutt (1977) have suggested that the dorsal subdivision of the
lateral nucleus mediates this pretectal inhibition of the tectum. Given the similarity of
reciprocal connections between the torus and the ventral subdivision of the lateral
nucleus, it is possible there exists an analogous auditory system between pretectum
and torus, as between pretectum and tectum.

Descending toral efferents originate from the laminar and principal nuclei, and a
completely ipsilateral pathway terminates in the lateral isthmal reticular formation,
the superior olive, and the medial medullary reticular formation (Wilczynski 1978).
Direct toral feedback to the dorsal and caudal octavus nuclei does not appear to exist,
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and descending toral efferents have not been traced caudal to the obex in Rana.

Two ascending auditory thalamo-telencephalic pathways appear to exist in anurans
(Fig. 3-11). The central thalamic nucleus projects, via the lateral forebrain bundle, to
the ipsilateral striatum (Fig. 3-11A,B; Kicliter and Northcutt 1975, Wilczynski 1978,
Kicliter 1979). Mudry, Constantine-Paton, and Capranica (1977) have physiologically
confirmed the presence of auditory units in the central thalamic nucleus of Rana
pipiens and Rana catesbeiana. Units of the central thalamic nucleus respond prefer-
entially to the simultaneous presentation of high and low frequency components of
mating calls. In addition, Mudry and Capranica (1978) reported auditory activity in
the striatum, but the response properties of these units must still be characterized.

Mudry and Capranica also reported auditory activity in the medial pallium of the
telencephalon. This activity does not result from striatal projections onto the medial
pallium, as no such projections appear to exist (Wilcynski and Northcutt 1979, Ronan
and Northcutt 1979). However, Ronan and Northcutt reported that the anterior
thalamic nucleus projects bilaterally on the medial pallium. Although toral efferents
do not terminate within the confines of the anterior thalamic nucleus, it is possible
that some dendrites of the anterior thalamic nuclear cells project caudally into the
central thalamic nucleus. It is also possible that collaterals or some cells of the cen-
tral thalamic nucleus project to the anterior thalamic nucleus.

Auditory information clearly reaches telencephalic levels in anurans, but far more
data are needed to characterize these projections. Physiological study of the anterior
thalamic nucleus should determine whether this nucleus does receive auditory input.
If so, two separate thalamic auditory pathways project to the telencephalon. Further
physiological characterization of medial pallial and striatal auditory units should
prove particularly interesting. The anterior thalamic nucleus receives visual, hypo-
thalamic, somatosensory, and possibly auditory input, which projects bilaterally
on the medial pallium. The medial pallium also receives input from most second order
telencephalic olfactory centers, and projects to the anterior thalamic nucleus, and
preoptic and posterior hypothalamus (Ronan and Northcutt 1979). Thus the medial
pallium may affect the torus, optic tectum, and tegmentum via its preoptic and hypo-
thalamic connections (Wilczynski 1978). Given the variety of sensory convergence in
the medial pallium, bilateral input from the medial pallium into the preoptic nucleus,
and preoptic bilateral input into the laminar nuclei of the torus, it is likely that the
medial pallium functions as an arousal system.

The striatum is a more likely candidate for the highest neural center involved in
conspecific recognition in anurans. This structure receives a well-developed auditory
thalamic pathway, as well as a retino-tecto-thalamic pathway (Gruberg and Ambros
1974). The striatum, in turn, projects to the superficial isthmal nucleus, anterior
entopeduncular nucleus, and caudal tegmental nuclei (Wilczynski 1978, Wilczynski
and Northcutt 1979). These connections give the striatum access to the ipsilateral
optic tectum, torus, and medullar reticular formation. Thus the striatum possesses
anatomical connections that allow complex feedback circuits involving lower ascend-
ing sensory centers, as well as connections that tie it with the major integrating centers
mediating motor responses.
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3 Discussion and Conclusions
3.1 Anamniotic Octavus Pattems

Among anamniotes there are three distinct patterns of octavus organization: agnathan,
piscine, and amphibian. The agnathan octavus column that receives primary octavus
terminals consists of a ventral nucleus (Figs. 3-3, 3-4) of small and medium-sized cells,
within which three aggregations (octavomotor cells or nuclei) are embedded. The
piscine pattern occurs in cartilaginous and bony fishes and consits of a primary octavus
column divided into anterior, magnocellular, descending, and posterior nuclei (Figs.
3-5—3-10). Teleosts have an additional octavus nucleus, the tangential nucleus, which
may be an elaboration of part of the magnocellular nucleus of other fishes. The am-
phibian pattern consists of two primary octavus nuclei, a dorsal auditory nucleus and
a ventral vestibular nucleus, as well as the more medially situated caudal nucleus whose
function is uncertain (Figs. 3-11, 3-12).

In all three anamniotic groups, primary octavus fibers also project ipsilaterily to one
or more cerebellar related cell populations, in addition to the medullar octavus nuclei.
Octavus fibers terminate in the cerebellum of agnathans (Fig. 3-4A), in the lower leaf
of the auricle of cartilaginous fishes (Fig. 3-5B), in the eminentia granularis and auricle
of teleosts (Fig. 3-9A), and in the auricle of amphibians (Fig. 3-12D). Comparisons of
these cerebellar related populations receiving octavus input is complicated by differ-
ences in the number and position of such populations in anamniotes.

The eminentia granularis does not appear to be homologous to the auricle; rather,
it appears to be a separate cell population closely related to the lateral line lobes, as
its axons form part of the cerebellar crest capping the lateral line lobes. The extent of
octavus projections to the cerebellum indicate that this structure in agnathans may be
homologous only to the eminentia granularis and auricle in other anamniotes. In other
vertebrates, the corpus of the cerebellum does not receive primary octavus input. The
“auricle’ of cartilaginous fishes consists of lower and upper leaves. The lower leaf is
composed primarily of granule cells and is likely homologous to the eminentia granu-
laris of bony fishes; the upper leaf is homologous to the auricle of bony fishes and the
flocculonodular lobe of tetrapods. It is not presently known whether amphibians that
retain the lateral line system also possess an eminentia granularis and cerebellar crest.

Phyletic comparisons of the three anamniotic octavus patterns are also complicated
because we do not know whether agnathans possess auditory abilities, or whether
fishes possess separate auditory and vestibular nuclei. At present it is possible to state
only that there is no one-to-one nuclear correspondence among these three octavus
patterns. We must have experimental data indicating whether agnathans possess audi-
tory end organs and, if so, where such organs terminate within the octavus column in
order to decide among the following hypotheses concerning the agnathan octavus
column:

1. The agnathan octavus pattern is the most primitive among living vertebrates and
is solely vestibular.

2. The agnathan octavus column is solely vestibular but has lost auditory functions
and is, therefore, secondarily simple rather than primitive.
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3. The agnathan octavus column is divided into auditory and vestibular portions
and is the most primitive among vertebrates.

4. The agnathan octavus column is divided into auditory and vestibular portions
but has evolved independently of jawed vertebrates.

Similar problems also plague octavus comparisons among fishes and tetrapods.
Auditory functions are now established for many cartilaginous and bony fishes (Fay
and Popper, Chapter 1), but the exact otic end organs and their termination sites
among the octavus nuclei are unknown. Until experimental data provide answers to
these questions, it is impossible to evaluate the following hypotheses:

1. Auditory end organs and medullar nuclei have evolved independently in fishes
and tetrapods.

2. Auditory end organs and their medullar nuclei are homologous in fishes and
tetrapods.

3. There is phyletic continuity between auditory end organs and medullar nuclei in
fishes and some tetrapods;i.e., between fishes, extinct primitive amphibians, and
living reptiles, but not living amphibians.

Until these questions are answered, it will be impossible to evaluate the evolution of
higher order auditory pathways, even though experimental studies of several anamni-
otes have established such pathways to midbrain (Knudsen 1977) and telencephalic
levels (Mudry and Capranica 1978, Wilczynski 1978, Bullock and Corwin 1979).

3.2 Evaluation of Eatlier Hypotheses

Ayers (1892) and van Bergeijk (1966, 1967) argued that the vertebrate inner ear arose
phylogenetically as an elaborated portion of the head lateral line system. Three lines of
evidence are used to support this acousticolateralis hypothesis: (1) the lateral line and
inner ear both arise from ectodermal placodes; (2) the sensory cells of the inner ear
and lateral line are identical; and (3) the octavus and lateral line nerves project to the
same medullar nuclei. While it is true that both the inner ear and lateral line organs
arise from ectodermal placodes (Fig. 3-2), so do taste buds (epibranchial placodes, Fig.
3-2), the olfactory organ, and parts of the eye. The embryological data allow us to
conclude only that all special sense organs are related ontogenetically by arising
wholely, or in part, from ectodermal placodes that may be induced by neural crest
(Balinsky 1975). If we use ontogenetic evidence to argue for certain phylogenetic
sequences, we could just as validly argue that the taste buds or olfactory organs arose
phylogenetically from the lateral line or any other placodally derived organ. The onto-
genetic data are consistent with a phylogenetic hypothesis that all vertebrate special
sense organs are derived from some type of primitive ectodermal sense organ in early
chordates; but the ontogenetic data are also consistent with a phylogenetic hypothesis
that all vertebrate special sense organs arose at the same time by ectodermo-neural crest
interactions and that no special sense organ is phylogenetically older than any other.
In this context, the earliest fossil vertebrates (ostracoderm agnathans of the Ordovician
and Silurian) possessed both inner ears and lateral line organs (Moy-Thomas and Miles
1971).
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The similarity between hair cells of the inner ear and lateral line neuromasts is
striking; however, many of these features, including the apical cilia, are common to
sensory epithelial cells in general. Again, these similarities indicate only that vertebrate
special sense organs are ontogenetically and, probably, phylogenetically related to ecto-
dermal tissues. They do not allow us to conclude that any given sensory system pre-
ceded any other.

The third line of evidence used to argue for the acousticolateralis hypothesis is that
the lateral line and octavus nerves project to the same medullar nuclei; this is now
known to be false. In all anamniotes thus far examined experimentally, there is little
or no overlap in the terminations of the lateralis and octavus nerves (Maler et al. 1973b,
Campbell and Boord 1974, McCormick 1978).

In summary, the embryological evidence indicates that all vertebrate special sense
organs arise ontogenetically through ectodermo-neural crest interactions, and that all
living anamniotes possess separate medullar columns receiving lateral line and octavus
inputs. There is no phylogenetic evidence that any special sensory system is older than
any other. The data are consistent with two different phylogenetic hypotheses: (1) all
vertebrate special sense organs arose from some unspecified ectodermal sense organ(s)
of the ancestral chordates; and (2) all vertebrate special sense organs arose from a type
of ectodermo-neural crest interaction that first occurred with the origin of vertebrates,
and all special sense organs are equally old.

Van Bergeijk (1966, 1967) and Wever (1976) argue that the inner ear arose phylo-
genetically as a vestibular organ and only secondarily evolved auditory functions
(labyrinth hypothesis). This hypothesis is based on the supposed distribution of audi-
tion in anamniotes and the belief that most anamniotes possess a single medullar
octavus nucleus, homologous to the vestibular complex of amniotic vertebrates (Larsell
1967). Recent behavioral and physiological studies indicate that at least some mem-
bers of all jawed anamniotic groups possess auditory abilities (for review, see Popper
and Fay 1977 and Chapter 1).

At present it is not known whether agnathans possess audition. However, Lowen-
stein et al. (1968) and Thornhill (1972) indicate that lampreys possess otic end organs
homologous to those of gnathostomes. If audition is demonstrated in agnathans, and
the otic organs mediating audition project to comparable areas of the octavus column
in agnathans and fishes, the labyrinth hypothesis must be rejected. However, if agnath-
ans do not possess audition, the labyrinth hypothesis cannot be accepted on this basis
alone. It could be argued that living agnathans possess a secondarily simple inner ear in
which auditory functions have been lost; however, this hypothesis cannot be tested.
Future studies may reject the labyrinth hypothesis, or it may not be possible to estab-
lish the phylogenetic origin of audition.

3.3 Audition and the Emergence of Land Vertebrates

Evaluation of peripheral and central auditory systems has proceeded largely indepen-
dently in most vertebrates. Until recently it was assumed that only amphibians and
teleosts, among anamniotes, possessed audition. Behavioral and experimental evidence
now indicates that audition occurs more widely in anamniotes, but there is still no
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agreement regarding which inner ear organs respond to sound and the phylogeny of
these organs. Wever (1976) argues that audition and the otic organs mediating this
modality have evolved independently in teleosts, living amphibians, and amniotes. His
argument is based primarily on differences in the stimulating mechanisms of inner ear
receptors in each of these groups, and the belief that any given stimulating mechanism
could not have evolved into any other. Lombard (Chapter 4) raises similar questions
regarding the evolution of middle ear structures in amphibians and amniotes. Far more
data regarding which otic organs respond to sound, their embryology, their homologies,
and their central projections are clearly needed to illuminate the phylogeny of periph-
eral auditory mechanisms in vertebrates.

Not surprisingly, the phylogeny of the octavus nuclei is equally clouded. Until re-
cently, it was assumed that fishes possess only a single octavus nucleus receiving both
lateral line and vestibular inputs (Larsell 1967). The dorsal octavus nucleus of amphibi-
ans, which receives auditory input, was believed to arise by capture of the dorsal nu-
cleus of the lateral line system (Larsell 1967). We now know that some amphibians
that possess a lateral line system also possess both dorsal acoustic and more ventral
vestibular nuclei (Campbell and Boord 1974). Thus, it is highly unlikely that the
dorsal acoustic nucleus of amphibians arose from a portion of the lateral line system.
Furthermore, both cartilaginous and bony fishes possess a larger number of octavus
nuclei (4 to 5) than do amphibians (3). Not only is the number larger in fishes than in
amphibians, but the octavus nuclear column in fishes is organized as a single rostro-
caudal series while that of amphibians is oriented dorsoventrally (Figs. 3-6, 3-11D,
3-12). The reptilian octavus pattern is more similar to that of fishes than to that of
living amphibians. Most reptiles possess two anterodorsally located auditory nuclei and
four posteroventrally located vestibular nuclei (Campbell and Boord 1974, Leake
1974). Further experimental studies on the central projections of piscine otic organs
are needed to determine the degree of similarity between fishes and reptiles. However,
the differences in number and topography of the octavus nuclei in fishes, amphibians,
and reptiles suggest that audition may have arisen a number of times in vertebrates or
that modern amphibians may have reorganized, or even lost, parts of the ancestral
tetrapod auditory system.
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