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A body of literature suggests that the Mauthner cell startle response can be elic-
ited by stimulation of the ear. While we know that there are projections to the
M-cell from the ear, the specific endorgan(s) of the ear projecting to the M-cell
are not known. Moreover, there are many reasons to question whether there is
one pattern of inner ear to M-cell connection or whether the endorgan(s) projec-
tion to the M-cell varies in species that have different hearing capabilities of
hearing structures. In this paper, we briefly review the structure of fish ears, with

an emphasis on structural regionalization within the ear. We also review the cen-
tral projections of the ear, along with a discussion of the limited data on projec-

tions to the M-cell.

----------------------

Introduction

A substantial body of literature suggests that there are
interactions between the inner ear and the Mauthner cell
(M-cell) of fishes [e.g., Moulton and Dixon, 1967; Zottoli,
1977; Eaton et al., 1991]. These data demonstrate that the
classic M-cell startle response can be elicited by acoustic
stimuli (Zottoli, 1977; Canfield and Eaton, 1990; Eaton and
Emberley, 1991], although the specific nature of the stimu-
lus (e.g., pressure vs. displacement, frequency) needed to
elicit this response is not clear. Moreover, there is evidence
to suggest that the M-cell can be stimulated by the lateral
line [e.g., McCormick, 1983; Zottoli and van Home, 1983]
and visual stimuli [e.g., Eaton et al., 1977; Zottoli, 1976].

Many questions about the relationship between the inner
ear and M-cell are still open. For example, while we know

that there are projections to the M-cell from the ear [Lin et
al., 1983; Bleckmann et al., 1991}, we will argue below that
the specific endorgan(s) of the ear projecting to the M-cell
are not known. Moreover, based upon new knowledge of
the inner ear [reviewed in Popper and Fay, 1993], there are
many reasons to question whether there is one pattern of
inner ear to M-cell connection or whether the endorgan(s)
projecting to the M-cell varies in species that have different
hearing capabilities or different auditory structures. We
think it is important to argue, though we will not do so
directly in this paper [but see Eaton and Popper, 1995], that
there are still numerous questions to be asked about the
morphological and physiological relationship between the
whole octavolateralis system and the M-cell. Until these

questions are answered it will not be possible to completely -

understand the interaction(s) of these two systems.  wu1i
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Substantial progress has been made in our understanding
of the structure and function of the auditory system in tele-
osts since the earliest studies of the relationship of the
M-cell and inner ear [e.g., Bartelmez, 1915; Bodian, 1937].

- As a consequence, it is necessary to reexamine what is
known about the interactions of the two systems. In fact,
data on the function of the ear may help us to better under-
stand the relationship between the ear and the M-cell.
While it is likely that the M-cell is stimulated by otolithic
endorgans of the ear (see below), the endorgan primarily
responsible for stimulation is still not clear. In addition,
recent data on the structure and function of the ear suggest
that each of the endorgans is multifunctional and that ‘the
ears’ of fishes are far more complex structurally than previ-
ously thought. Consequently, it is possible that different ear
regions subserve different functions (even modalities) and
that the M-cell is affected by small, and possibly special-
ized, regions of the ear. As will be discussed below, neuro-
anatemical and physiological studies of M-cell afferents
from the ear tend to support this argument.

The thrust of this paper is two-fold. First, we will briefly
review the structure of fish ears, with an emphasis on struc-
tural regionalization within the ear. Second, we will review
the central projections of the ear, along with a discussion of
the limited data on projections to the M-cell.

Heterogeneity of the Otic Endorgans

Before starting this discussion we want to make a criti-
cal point regarding the diversity in structure found among
ears of different species of bony fishes [e.g., Retzius, 1881].
While we do not know the functional significance of this
diversity, we have argued that there is no such thing as ‘the’
fish ear [Platt and Popper, 1981; also see Schellart and Pop-
per, 1992; Popper and Fay, 1993; Popper and Platt, 1993],
since it is highly likely that the variation in ear structure
also represents diversity in ear function. In particular, there
are substantial inter-specific differences in hearing capabil-
ities and in structure of the ear (and possibly in the central
nervous system [CNS] anatomy) when comparing hearing
‘specialists’ and hearing ‘nonspecialists’. Hearing nonspe-
cialists are those species that have a relatively narrow range
of hearing (e.g., 50 Hz to 500 Hz), while hearing specialists
can generally detect sounds to over 1,000 Hz [reviewed in
Schellart and Popper, 1992]. Specialists have special struc-
tures that appear to enhance hearing capabilities. Such
structures include the Weberian ossicles of otophysan fishes,
which connect the swimbladder to the inner ear, or rostral
projections of the swimbladder, which terminate close to

one of the otic endorgans of the ear, as in clupeids and
some holocentrids [reviewed in Popper and Coombs, 1982;
Popper and Platt, 1993]. Thus, we must be very cautious
with generalizations regarding the structure of the ear and
even with how ears in various species may interact with the
M-cell.

General Structure of the Ear

Recent reviews have provided overviews of the structure
and function of the auditory system of fishes, including the
ear and its innervation [e.g., McCormick, 1992; Schellart
and Popper, 1992; Popper and Platt, 1993], so we will not
cover this topic in any detail. However, it is important to
have some overall understanding of the basic structure of
the ear before dealing with details of organization.

The ear in fishes has three semicircular canals and three
otolithic endorgans, the saccule, lagena and utricle. Many
species of fish have a seventh endorgan, the macula
neglecta, but this tends to be very small and has an
unknown function. There is substantial inter-specific vari-
ability in the gross structure of fish ears [see Retzius, 1881,
for an historic description of ears of a wide range of verte-
brate species, including fish].

The most substantial variability is associated with the
otolithic endorgans, and particularly those believed to be
involved in audition, generally (but not always) the saccule
and lagena [Platt and Popper, 1981; Popper and Coombs,
1982]. The structure of the utricle tends to be very conser-
vative among most species [e.g., Platt, 1983]. However, in
those species where the utricle most clearly appears to be
involved with audition, such as in clupeids and ariid catfish,
the utricular structure is very complex and different from
species in which the auditory role of the endorgan is
thought to be less prominent [e.g., Blaxter et al., 1981; Pop-
per and Tavolga, 1981].

Each of the otolithic endorgans in most bony fishes has
a single dense calcareous otolith. The sensory epithelium
(or macula) and otolith are connected by a thin, gelatinous,
otolithic membrane [e.g., Dunkelberger et al., 1980]. The
epithelium contains sensory hair cells with an apically
located ciliary bundle. The magnitude of the hair cell re-
sponse depends upon the direction of shearing of the ciliary
bundle {Flock, 1971; Hudspeth, 1985]. This shearing oc-
curs in fishes when the very dense otolith moves at a differ-
ent amplitude and phase than the sensory epithelium during
acoustic or vestibular stimulation of the ear [reviewed in
Popper and Fay, 1993].

Studies of the ears of several fish species, most notably
the goldfish Carassius auratus, and the oscar Astronotus
ocellatus, have shown that there is considerable heteroge-
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neity in many aspects of the structure of individual endor-
gans of the ear. In other words, rather than each epithelium
being uniform along its length in hair cell structure, phys-
iology, and distribution of hair cells with similar apical
morphologies, there is structural regionalization within an
epithelium. This has led us to propose that there is also
functional regionalization within the epithelium [see Pop-
per et al.,, 1982; Platt and Popper, 1984]. In such a system,
some regions would respond to one type of signal (e.g., dif-
ferent frequency and/or modality), and other regions would
respond to another type of signal.

Evidence for Heterogeneity

The argument for heterogeneity is based upon (a) gross
structure of the ear, (b) lengths of ciliary bundle on hair
cells in different epithelial regions, (c) biochemistry and
morphophysiology of different hair cells, (d) ultrastructure
of hair cells in different regions, and (e) physiology of these
hair cells. Additional evidence comes from the patterns of
innervation of the saccular and utricular epithelia by both
afferent and efferent neurons.

Gross Structure of the Ear

Several facets of gross structure suggest heterogeneity in
the ear. Most importantly, the shapes of the sensory epithe-
lia are not uniform along their length, and portions of the
epithelium may not lie directly under the otolith. An inter-
esting example of this is found in several of the deep sea
myctophids (lantem fish) in which the otolith lies over the
caudal half of the saccular epithelium, while the rostral half

-of the epithelium is only covered by the otolithic membrane

[Popper, 1977]. Similarly, the otolithic membrane is very
thick over certain regions of the lagenar epithelium in gold-
fish [Platt, 1977] and over the entire utricular epithelium in
most species [Platt and Popper, 1981]. While the functional
significance of these observations is not clear, the differ-
ences are likely to affect the way(s) in which sensory hair
cells are stimulated during relative movement between the
otolith and the sensory epithelium [reviewed in Schellart
and Popper, 1992].

Ciliary Bundle Length and Distribution

Each ciliary bundle on a sensory hair cell consists of a
single true cilium, the kinocilium, and 40 or more microvil-
lus-like stereocilia. The kinocilium is longer than the ster-
eocilia, and the whole bundle may vary in length, depend-
ing upon the location of the hair cell on the epithelium [e.g.,
Dale, 1976; Platt, 1977; Popper, 1977; Platt and Popper,
1981, 1984; Wegner, 1982]. For example, the ciliary bun-
dles on the hair cells are graded in length along the saccule

in otophysan fishes (e.g., goldfish, catfish), with the short-
est being at the rostral end and the longest at the caudal
[Platt, 1977; Platt and Popper, 1984]. In many fishes other
than otophysans (e.g., Astronotus, Opsanus), the ciliary
bundles in the central region of the saccular epithelium tend
to be shorter than those at the margins [e.g., Popper, 1977;
Platt and Popper, 1984].

The functional significance of the different ciliary bun-
dle lengths is not clear, although it has been suggested that
length may be correlated with frequency response charac-
teristics of the hair cells in reptiles and birds [e.g., Frish-
kopf and DeRosier, 1983; Saunders and Dear, 1983]. In
these species, shorter bundles tend to be associated with
detection of higher frequencies than long bundles, and the
longest bundles are found in the cristae of the semicircular
canals, which detect very low frequency vestibular stimuli
[reviewed in Platt, 1983]. While a similar correlation has
yet to be made for any fish species, studies with the gold-
fish, Carassius auratus [Furukawa and Ishii, 1967], and a
catfish, Ictalurus nebulosus [Moeng and Popper, 1984],
suggest that the rostral end of the saccular epithelium (with
short bundles) responds to higher frequencies than the cau-
dal end of the epithelium (long bundles).

If the M-cell receives neurons from only a restricted epi-
thelial region of a ‘tonotopically’ organized saccule (e.g.,
goldfish and other otophysans), the auditory input to the
M-cell may have a limited frequency range. However, if the
M-cell input is from across the whole epithelium, then it
would comprise a broader range of frequencies. Impor-
tantly, it is possible that different acoustic stimuli excite the
M-cell in hearing specialists and nonspecialists.

Biochemistry and Morphophysiology

Our studies of utricular hair cells in Astronotus have dem-
onstrated that there are at least two distinct populations of
cells. Studies using an antibody to a calcium-binding protein,
S-100, have shown that cells in one epithelial region, the stri-
ola, have the antigen, but that cells in other regions (extra-
striola) do not [Saidel et al., 1990a]. Investigations have also
shown that striolar hair cells have substantially greater sensi-
tivity than do extratriolar hair cells to gentamicin sulphate,
an ototoxic aminoglycoside antibiotic {Yan et al., 1991].

Finally, studies of neuractive sites in eighth nerve fibers
support the findings determined with an S-100 antibody
and gentamicin. The site of spike initiation is directly adja-
cent to striolar hair cells, while it is some distance from
extrastriolar cells [Saidel et al., 1990b]. As a result, input
from several extrastriolar hair cells may need to be com-
bined or integrated in order to get a response in afferents
from this epithelial region [Saidel et al., 1990b].
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All three of these studies provide complementary re-
sults, indicating that there are striking differences between
striolar and extrastriolar hair cells and in their innervation.
The saccule of Astronotus shows differences in S-100 and
spike initiating sites between central and marginal cells
[Saidel et al., 1990a, b]. Moreover, cells at the rostral and
caudal ends of the saccular epithelium of Carassius show
differences in the presence of S-100, with the rostral cells
being more reactive to the S-100 antibody than the caudal
cells [Saidel et al., 1990a]. Preliminary evidence indicates
that the same cells that have the S-100 antigen in Carassius
are also damaged by gentamicin [Platt and Yan, 1993].

Innervation

'Although there have been only a limited number of stud-
ies, sufficient data are available to support the suggestion
that there is intra-epithelial variation in innervation of sen-
sory hair cells. Studies of the lagena in the anabantid Colisa
show some differences in the extent of efferent innervation
in the central hair cells compared to marginal hair cells
[Wegner, 1982]. Similarly, hair cells in the central region
of the saccule of Astronotus have significantly greater ef-
ferent innervation than marginal cells, and there is also
some indication of differences in afferent innervation of
hair cells in different regions of the saccule [Popper and
Saidel, 1990].

Analyses of arbor size have demonstrated central versus
peripheral differences in the extent of the saccular epithe-
lium covered by an individual neuron in Astronotus [Pres-
son et al., 1992] and in rostral versus caudal regions of the
saccule of Carassius [Sento and Furukawa, 1987; Edds et
al., 1989; Edds and Popper, 1990]. Axon diameter is greater
in the striolar region of the utricle and in the central region
of the saccule in Astronotus {Saidel et al., 1990a; Presson et
al., 1992]. Large diameter fibers originating in these re-
gions may be those identified as projecting to the lateral
dendrite of the M-cell. Studies of projections from the ear
to the M-cell demonstrate that the eighth nerve fibers to the
lateral dendrite are large diameter [Lin et al., 1983; Bleck-
mann et al., 1991] with high conduction velocities. We sug-
gest that the saccule may not be the only otolithic endorgan
providing large diameter afferents to the M-cell. The lagena
and the utricle may also provide input [e.g., McCormick,
1983], depending upon the species and the functional
divisions of the ear. For the most part, let us consider the
goldfish.

Although some studies have indicated that the largest
diameter axons innervate only the rostral saccule of gold-
fish [Furukawa, 1966; Furukawa and Ishii, 1967; Sento and
Furukawa, 1987}, there is other evidence that large diam-

eter fibers may be spread along the length of the saccule.
Using cobaltous-lysine to label 118 saccular afferents, Edds
et al. [1989] found that the largest axons (4—6 nm) were not
restricted to any portion of the saccule. If the saccule is
organized tonotopically along its length, as has been sug-
gested by the work of Furukawa and Ishii [1967] based on
physiological recordings from eighth nerve fibers, one
might predict that large diameter axons would be present
along the tonotopic axis and not be restricted to the higher
frequency end of the saccule.

Some large diameter axons also leave the lagena and the
utricle of goldfish [P.L. Edds-Walton, unpublished observa-
tion]. Edds and Popper [1990] found that the range of axon
diameters from the lagenar macula exceeds those from the
saccular macula. Also, large diameter fibers originate in the
striolar region of the utricle of Astronotus [Saidel et al.,
1990a]. Saidel et al. [1990a} showed that spike initiating
regions lie in close apposition to the hair cells in the striola,
which could minimize integration time for input to the
afferent fibers and provide rapid input to the M-cell from
the utricle. Clearly, more work is required to determine the
origins of the large diameter fibers that innervate the M-cell
in both otophysines and non-otophysines.

Hair Cell Ultrastructure

Investigations using transmission electron microscopy
revealed significant ultrastructural differences between stri-
olar and extrastriolar hair cells in the utricle of Astronotus
[Chang et al., 1992]. The cells in the striolar region are
larger and have much more extensive afferent and efferent
innervation (as determined by number of synapses) than
extrastriolar cells.

Striolar cells also have a number of organelles that are
distinctly different from those in extrastriolar hair cells
[Chang et al., 1992]. Based upon ultrastructural differences
and upon comparisons with hair cells found in amniote ves-
tibular endorgans [Wersdll, 1960], it was concluded that
Astronotus (and most likely other species of teleosts) have
at least two ultrastructurally distinct hair cell types. Extra-
striolar hair cells are very similar to ammiote type Il hair
cells [Wersill, 1960]. While it has been argued that amniote
type I cells are not present in fishes [Wersill, 1960], the
striolar cells are strikingly similar to those cells, and they
have, accordingly, been called ‘type I-like’ [Chang et al,,
1992]. Sensory hair cell types similar to those found in the
utricle are also found in the saccule of Astronotus [Popper
et al., 1993]. It has been suggested that several types of hair
cells are also present in the lagena of this species [Chang et
al., 1992] as well as in the saccule of the goldfish [Saidel et
al., 1995].
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Clearly, piscine hair cells differ in ultrastructure and in
responses to S-100 and gentamicin. While there are no
physiologcal data to correlate with the ultrastructure and
biochemistry in Astronotus, it has been suggested that there
are important functional differences in different types of
hair cells in the vestibular system of mammals [Correia and
Long, 1990], and it is reasonable to speculate that func-
tional differences are also present in the various types of
hair cells in fishes.

Hair Cell Physiology

Patch-clamp studies of isolated hair cells from the sac-
cule in Carassius [Sugihara and Furukawa, 1989] and
Opsanus [Steinacker and Romero, 1992] demonstrate that
there are distinct populations of hair cells with regard to
calcium and potassium currents. Moreover, Sugihara and
Furukawa [1980] were able to correlate ionic channel dif-
ferences with differences in shapes of disassociated cells
from various saccular regions. While it is critical to attempt
to correlate these differences with ultrastructural differ-
ences in each species, these data do add support to the argu-
ment that there are multiple hair cell types in the ears of not
only Astronotus but also Carassius and Opsanus.

Summary of Heterogeneity
Recently accumulated evidence, as cited above, shows

that there is substantial intra- and inter-epithelial variation

in structure and physiology in otolithic endorgans of fish.
While these results have not yet been correlated with phys-
iological findings on signal processing, it is parsimonious
to argue that the heterogeneity is probably correlated with
functional variability. While the bearing on M-cell function
is not at all certain, we suggest that it is possible that only
certain ear regions provide appropriate input to excite the
M-cell. Thus, it will only be after detailed analysis of the
relationship between the ear and M-cell that we will under-
stand the way that the two systems interact.

Central Projections of the Eighth Nerve

Central projections of the eighth cranial nerve in fishes
are complex, and the data are still very limited in several
ways. First, data are only available for a few species, and
these species are not necessarily representative of the broad
range of fish taxa. Second, many of the species studied are
electrosensory: differences in the nuclei of the CNS in elec-
trosensory versus non-electrosensory species [see McCor-
mick, 1992] complicate understanding of the central pro-
Jections of the ear alone. Third, while there is a good body

of data on overall eighth nerve projections, there are far
fewer data on projections from individual otic endorgans
and virtually no data on central projections from individual
regions of endorgans, such as the striolar versus extrastrio-
lar region of the utricle or the rostral versus caudal regions
of the saccule.

Finally, there are almost no data on the projections from
the ear to the M-cell. Specific experimental data on pro-
jections from the ear to M-cell are primarily for Caras-
sius [Bartelmez, 1915; Bartelmez and Hoerr, 1933; Bodian,
1937; Lin et al., 1983]. Less extensive data are available
for a few other species, but such data have not been ob-
tained in studies directly investigating innervation of the
M-cell.

Projections from Otic Endorgans to the CNS

The descriptions given below are generalized and do not
reflect species that have electrosensory specializations. The
inner ear endorgans project to four or five nuclei in the
medulla, depending upon the species studied. These nuclei
extend rostro-caudally from approximately the level of the
caudal lobe of the cerebellum to a region caudal to the
vagal lobes (fig.1). The bulk of the data on bony fishes
comes from descriptions of the sites of termination for octa-
val afferents for a very small number of species [reviewed
in McCormick, 1992].

Three of the nuclei receiving octaval input are present at,
or adjacent to, the entrance of the eighth nerve (fig.2b, c).
The largest of these, the descending nucleus, is somewhat
triangular in shape, with the more dorsal region extending
medially. Just rostral to the main body of the descending
nucleus is the magnocellular nucleus. In teleosts, the tan-
gential nucleus lies ventral and lateral to the magnocellular
nucleus. Rostral to the entrance of the eighth cranial nerve
is the anterior nucleus (fig. 2a), and the most caudal nucleus
in the octaval column is the posterior nucleus (fig.2d).

The medullary nuclei do not receive identical input from
the otolithic endorgans and the semicircular canal cristae.
The anterior octaval nucleus receives input from the three
canal cristae and the three otolithic endorgans. An auditory
function has been ascribed to this nucleus, due to the pres-
ence of afferents ascending to the auditory portion of the
midbrain (the medial torus semicircularis) in Cyprinus
(Echteler, 1984, 1985] and Gillichthys [Northcutt, 1980].
However, Purkinje cell afferents from the cerebellum
heavily innervate the most rostral region of the anterior
nucleus in Carassius [Edds et al., 1992], where canal cris-
tae afferents predominate [C.A. McCormick, pers. com-
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Fig. 1. a Outlines of a sagittal section through the brain of a tele-
ost fish. The eighth nerve (VIII) consists of two major branches the
anterior (a) and posterior (p). Smaller branches from each carry fibers
to/from the otolithic endorgans (L = lagena; S = saccule; U = utricle)
and the semicircular canal cristae (ac = anterior canal; hc = horizontal
canal; pc = posterior canal). (Other abbreviations: cb = cerebellum;
ht = hypothalamus; ot = optic tectum.) b Generalized location of the
octaval nuclei in the medulla of teleost fishes. The shapes and relative
sizes of the nuclei vary with species. (Abbreviations: VIII, = Anterior
eighth nerve; VIIIL, = posterior eighth nerve; A= anterior; D =de-
scending; M = magnocelluiar; P =posterior; T = tangential) [modi-
fied from Schaitzlein and Faucette, 1969].

mun.]. Therefore, there may be vestibular and auditory
regions in the anterior nucleus, at least in this species.

The magnocellular nucleus is variable in size in different
species and may have functional subdivisions (fig.2b). It
receives input from all of the octaval nerves and, in the
majority of species examined to date, some input from the
lateral line nerves [Highstein et al., 1992; McCormick,
1992]. Therefore, it seems likely that the magnocellular
nucleus, with its very large cells, is an integration center for
inner ear and lateral line input in some species.

The tangential nucleus occurs with the magnocellular
nucleus rostrally, and its caudal extent overlaps with the
most rostral portions of the descending nucleus. The tan-
gential nucleus is unique among the octaval nuclei in that it
receives extensive input only from the semicircular canal
cristae and, in some-species, the utricle. For this reason the
tangential nucleus is probably a vestibular processing area.
Data from a Purkinje cell projection study further support
this idea, in that the tangential nucleus receives substantial
input from the cerebellum in Carassius [Edds et al., 1992].

The descending nucleus appears to have a dorsal-ventral
organization that is most apparent in the more rostral por-
tion of this nucleus (fig. 2c) [McCormick, 1992, pers. com-
mun.]. The dorsal area of the nucleus is primarily inner-
vated by saccular and lagenar afferents, with some overlap
of utricular afferents; the lateral and ventrolateral areas are
innervated by utricular and canal afferents [e.g., McCor-
mick, 1981, 1992]. The preponderance of canal cristae
afferents in the more ventral areas may be indicative of a
different functional organization for the dorsal versus ven-
tral descending nucleus. An auditory function has been
implied for the dorsomedial portion of this nucleus, based
on direct or indirect projections to the auditory midbrain
[Echteler, 1984; Bleckmann et al., 1991; McCormick,
1992]. A vestibular function is indicated by the lack of pro-
jections to the auditory midbrain and the presence of Pur-
kinje cell afferents from the cerebellum to the more lateral
and ventral regions of the descending nucleus of Carassius,
where canal cristae afferents occur [Edds et al., 1992].

The posterior nucleus lies just caudal of the lateroven-
tral portion of the descending nucleus (fig.2d). Projections
to the nucleus are rarely described due to the vagaries of
dye transport along the entire extent of the octaval column
in the medulla. In studies that have reported input to this
nucleus [e.g., Meredith and Butler, 1983], no subnuclear
organization has been discerned. All afferents appear to
mix, with no regions where otolithic or canal cristae have
exclusive input.

Two variations on the organization of the octaval nuclei
in fishes are worthy of mention. The holostean Amia calva
(bowfin) has only four octaval nuclei: anterior, magnocellu-
lar, descending, and posterior [McCormick, 1981]. Since
the four octaval nuclei are organized similarly to those of
teleosts, McCormick has suggested that four octaval nuclei
is the primitive state. Northcutt [1980] has suggested that
the tangential nucleus resulted from an evolutionary divi-
sion of the magnocellular into dorsomedial and ventrolat-
eral components.

The other interesting variation occurs in the herring Clu-
pea harengus [Meredith, 1985]. In this and other clupeids,
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Fig. 2. Transverse sections rostral to
caudal (a—d) through the brain of a general-
ized non-electroreceptive teleost fish to illus-
trate the relative locations of the octaval
nuclei and the Mauthner cell (m). The rostro-

caudal extent of the octaval nuclei in the
medulla and the degree of overlap of otolithic
eéndorgan and canal cristae terminations vary
with species. Shading represents subnuclear
organizations based on octaval terminations
observed in several species. PON is un-
shaded, since no subnuclear organization has
been described. The black regions represent
primarily saccular and lagenar input, but their
terminations overlap with those of the utricle
in the most heavily shaded area. Canal cristae
afferents tend to terminate in the more ventral
regions of the octaval nuclei, but there are
species variations. The dorsomedial exten-
sion (dashed lines) of the descending nucleus
(in ‘¢’) may be present only in hearing specia-
lists. (Abbreviations: VIII, = Anterior branch
of acoustic nerve; VIII, = posterior branch of
acoustic nerve; V,=descending trigeminal
nerve; X =vagal nerve entrance; AON = an-
terior octaval aucleus; ¢ = caudalis nucleus;
C= canal cristae; cb = cerebellum; DON =
descending octaval nucleus; e = efferent nu-
clei; L =lagena; LL,=anterior lateral line
nerve; LL = posterior lateral line nerve;
m = Mauthner cell; MAG = magnocellular
octaval nucleus; med =medialis nucleus;
ml = molecular layer of medialis; mif = me-
dial longitudinal fasciculus; PON = posterior
octaval nucleus; rf=reticular formation:
S =saccule; TON = tangential octaval nu-
cleus; U= utricle; vl = vagal lobe) (modified
from Meredith and Butler, 1983, and McCor-
mick, 1992].

hearing is associated with subdivisions of the utricle. Mere-
dith found that afferents from two subdivisions of the utri-
cle project to dorsomedial locations in the anterior and
descending nuclei, where saccular afferents are found in
other teleosts. This is worthy of note, since the peripheral
differences in endorgan function are reflected in different
termination sites for those endorgans. Therefore, the re-
quirements of the CNS for appropriate processing of a sen-
sory modality seem to have dictated the organization of the
afferents. Further, Meredith’s findings provide additional
evidence for auditory function in the anterior and descend-
ing nuclei.

In summary, the inner ear endorgans of teleost fishes
project to five medullary nuclei. None of the octaval nuclei

appear to be entirely auditory; rather, all of them appear to
have either vestibular function or a vestibular subdivision,
based on their projections. Physwloglcal data are needed to
test this hypothesis.

Projections of the Eighth Nerve to the Mauthner Cell

It is not yet clear which endorgan(s) of the ear actually
send projections to the M-cell.

In fact, most of the studies labeling individual branches
of the eighth nerve have not reported innervation of the
Mauthner cell. There may be two reasons for this. First, the
investigators may not have been looking for innervation of
the Mauthner cell. Second, the labeling technique may not
have revealed the endings on the dendrites of the Mauthner
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cell. This was the case when Zottoli and van Home [1983]
labeled the posterior lateral line (PLL) nerve with horse-
radish peroxidase (HRP). No endings were apparent on the
Mauthner cell lateral dendrite or soma, in spite of physio-
logical evidence that PLL nerve stimulation was detectable
at the proximal portion of the lateral dendrite and the soma.
The authors concluded that the PLL input is likely to be via
interneurons, and only a transneuronal dye would reveal the
sites of input from the posterior lateral line.

Direct input from saccular afferents has been assumed
since the early work of Bartelmez [1915] and Bartelmez
and Hoerr [1933]. These investigators reported that they
had traced saccular fibers from the distal lateral dendrite of
the M-cell to the saccular epithelium in Carassius, using a
Cajal preparation [uncited; probably a Golgi preparation,
per C.E. Carr, pers. commun.]. The importance of the sac-
cular portion of the eighth nerve was further reinforced by
observations that an auditory stimulus was sufficient to
evoke the startle response [Zottoli, 1977; Canfield and
Eaton, 1990; Eaton and Emberley, 1991] and the assump-
tion that the saccule is the auditory endorgan in fish [e.g.,
von Frisch, 1938].

Virtually all studies to date that have suggested the sac-
cule as the source of fibers actually have traced fibers lying
in the ‘posterior branch’ of the eighth nerve. Since the pos-
terior branch innervates saccule, lagena, posterior crista
and (often) the macula neglecta (fig. la), it is reasonable to
speculate that the fibers projecting to the M-cell could have
arisen not on the saccule but on one of the other endorgans.
In Carassius (and other otophysans) in particular, lagenar
and saccular afferents adjoin above the sensory epithelia,
making the distinction of their origin at the brainstem a
challenge worthy of Ludwig Mauthner or Gustav Retzius!

Several more recent tract-tracing studies have indicated
specific endorgans as the origin of afferents to the Mauth-
ner cell. Szabo et al. {1978] and Bell [1981] described the
termination of large diameter saccular fibers on the lateral
dendrite of the M-cell in the mormyrid Gnathonemus peter-
sii. Bleckmann et al. [1991], using HRP, showed that the
posterior branch of the eighth nerve projects to the Mauth-
ner cell in a bottom-dwelling catfish, Ancistrus sp. They did
not determine the endorgan of origin for the fibers, but their
figure shows the dorsal portion of the projections continu-
ing to the Mauthner cell. Again, since the posterior portion
of the eighth nerve innervates both the saccule and the
lagena, either or both of these endorgans could be the
source of M-cell input in Ancistrus.

In addition to these studies on fishes with inner ear spe-
cializations, there have been several studies on nonspecial-
ist species. Meredith and Butler [1983] reported sparse sac-

cular and utricular projections to the distal and proximal
regions, respectively, of the M-cell lateral dendrite in Astro-
notus. These results lead to the suggestion that the utricle,
as well as the saccule, might project to the M-cell in other
species. ’

Similar suggestions come from the work of McCormick
[1983] on another cichlid, Crenicichla lepidota. McCor-
mick demonstrated M-cell input in this species from both
anterior and posterior rami of the eighth nerve, using
degeneration studies. Since only the utricle and two canal
cristae are innervated by the anterior ramus (fig. 1a), these
results strongly support the argument that the projections to
the M-cell arise, at least in part, from the utricle. Utricular
projections to the M-cell were also found in a clupeid
[Meredith, 1985]. Projections to the M-cell were seen only
from fibers labeled at the middle region of the utricular epi-
thelium, the region believed to have both vestibular and
auditory functions [Meredith, 1985].

The utricle has also been implicated in excitation of the
Mauthner cell based upon physiological studies in Caras-
sius [Zottoli and Faber, 1979] and winter flounder, Pseudo-
pleuronectes americanus [Zottoli, 1981]. In Carassius, sub-
threshold stimulation of the anterior branch of the eighth
nerve caused a small post-synaptic potential in the M-cell.
However, in combination with subthreshold input to the
posterior branch of the eighth nerve (fig. 1b), stimulation of
the anterior branch was sufficient to reach threshold. In the
winter flounder, stimulation via the saccular branch or
utricular branches of the eighth nerve resulted in similar
excitatory potentials; however, it was unclear whether the
utricular input alone was sufficient to reach threshold.

Input to the M-cell from the lagena has also been sug-
gested in studies of Carassius. Fay and Olsho [1979] have
shown that the lagena responds to sound stimulation; con-
sequently, we. cannot exclude the potential role of lagenar
input to the Mauthner cell. This suggestion is supported by
our findings [Edds and Popper, 1990] that many of the af-
ferent fibers from the lagena in goldfish have diameters as
large as those from the saccule. Since large axon diameter
is frequently described as a characteristic of input to the
M-cell [e.g., Lin et al., 1983; Bleckmann et al., 1991], the
source of those axons could be the lagena or the saccule.

Although a Mauthner cell had not been reported to be
present in eels previously [Zottoli, 1978], Meredith and her
colleagues [Meredith et al., 1987] suggested that the Euro-
pean eel, Anguilla anguilla, has a potential ‘cell M’. Mere-
dith et al. {19787 found utricular projections to a lateral den-
drite of cell M and lagenar and crista afferents ‘close to the
soma’ of cell M. Interestingly, no lateral line afferents were
found associated with cell M.
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While the results summarized here certainly do not rule
out the saccule as a source of input to the M-cell in several
species, the results also argue strongly for the potential
involvement of the utricle and, possibly, the lagena, in
M-cell input. Input to the M-cell may be from multiple end-
organs in some species, or from different endorgans in dif-
ferent species. To this point, there has not been a complete
investigation of potential projections to the M-cell from
individual otic endorgans in any species, so it is not pos-
sible to make any broad statements regarding inter-specific
variation as yet. '

Summary and Conclusions

In this paper we have reviewed evidence for substantial
heterogeneity in the organization of the otic endorgans of
several fish species. Also, we have shown that, despite
years of investigation, the projections from the ear to the
Mauthner cell are not well understood. While earlier stud-

ies suggested that the saccule of Carassius projects to the
M-cell, the evidence is neither strong nor exclusive for that
endorgan. Clearly, the relationship between the ear (and lat-
eral line) and the M-cell needs to be examined in far greater
detail than has occurred in the past.

From our perspective, some of the most interesting
questions to be answered involve which endorgans project
to the M-cell, whether the M-cell is subserved by only sub-
regions of epithelia, and the nature of the stimulus that
will elicit the M-cell response. In addition, it is not clear
whether the structural and functional relationship between
the octavolateralis system and the M-cell varies in species
that differ in the organization of the ear and related periph-
eral structures.
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