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ABSTRACT
The Mauthner (M-) cell of the goldﬁsh, Carassius auratus, triggers the rapid escape
response of the ﬁsh in response to various stimuli, including visual and auditory. The large
size and accessibility of the M-cell make it an ideal model system for the study of synaptic
transmission, membrane properties, and sensory-motor gating. Although physiological recordings have suggested that afferents from all three of the inner ear endorgans (the saccule,
lagena, and utricle) synapse directly on the ipsilateral M-cell, the speciﬁc contacts and
anatomical distributions of these inputs along the M-cell lateral dendrite remain unknown.
We traced speciﬁc branches of the auditory (VIIIth) nerve from the three otolith organs of the
ﬁsh inner ear to the M-cell. The goldﬁsh sacculus gives rise to the vast majority of inputs that
contact a large portion of the M-cell lateral dendrite, and these inputs vary greatly in size. In
contrast to the ubiquitous distribution of saccular inputs, those from the lagena are segregated to distal regions of the M-cell and synapse on the distal dorsal branch of the lateral
dendrite. Similarly, inputs from the utricle are also segregated to distal regions, synapsing on
the ventral branch of the lateral dendrite. These results demonstrate that nerves from all
three endorgans contact the M-cell, with input-speciﬁc segregation of synapses along the
M-cell lateral dendrite. J. Comp. Neurol. 505:511–525, 2007. © 2007 Wiley-Liss, Inc.
Indexing terms: auditory; saccule; lagena; utricle

The M-cell of the goldﬁsh is a classic model cell system
that has been used for many types of studies (for review,
see Faber and Korn, 2005) including: physiological (Furshpan and Furukawa, 1962), morphological (Bartelmez,
1915; Nakajima, 1974), developmental (Goodman and
Model, 1990), and behavioral (Preuss et al., 2006). This
neuron is especially useful as a model because it serves as
a sensory-motor gate by initiating a uniquely recognizable
behavioral startle response (Eaton et al., 1977; Zottoli,
1977). This response is usually evoked by abrupt, loud,
acoustic stimuli (Zottoli, 1977); however, the existence and
extent of contacts from each of the inner ear endorgans to
the M-cell via the auditory (VIIIth) nerve has never been
deﬁned.
Like goldﬁsh, most teleost ﬁsh that are “hearing specialists” obtain sound pressure information predominantly via signals transmitted from the swimbladderWeberian ossicle system to the otolith organs of the inner
ear (Popper, 2000). Hair cells in these organs, in turn,
transmit this information via the VIIIth nerve to the primary octaval nuclei (McCormick and Braford, 1994) and
M-cell. Of the endings that form onto the M-cell, the most
distinctive are synaptic contacts called large myelinated
© 2007 WILEY-LISS, INC.

club endings (LMCEs) that can be 12 m in diameter
(Nakajima and Kohno, 1978), some of whose terminals are
known to arise from the sacculus (Beccari, 1907). Physiological studies have shown that LMCEs contribute to a
large portion of the M-cell response to auditory signals
(Lin and Faber, 1988), but they have also hinted at a
possible contribution from the other inner ear endorgans,
and even other sensory modalities (Canﬁeld, 2006). Although LMCEs clearly mediate a large portion of the
M-cell response to auditory input, additional inputs are
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likely required to determine escape directionality (Eaton
and Popper, 1995; Bleckmann, 2004).
Spatial maps of the branches of the VIIIth nerve along
the M-cell lateral dendrite (ld, Fig. 1A) and soma presumably have functional signiﬁcance. It has previously been
recognized that further studies deﬁning these inputs according to their type and location along the M-cell lateral
dendrite are important for clarifying the nature of the
information transmitted in this model system, particularly because the three endorgans have different functions
(Popper and Edds-Walton, 1995; Zottoli et al., 1995). Such
a study should also provide insights into how command
neurons integrate and process information for decision
making. In addition, it has been suggested that the
LMCEs provide a tonotopic organization on the lateral
dendrite (Lin et al., 1983). Therefore, we used neuroanatomical and physiological methods to determine 1)
whether inner ear endorgans other than the saccule provide direct input to the M-cell, and 2) the spatial distribution of these inputs. Inputs to the M-cell from the saccular
and lagenar nerves (both of which are components of the
posterior eighth nerve (VIIIp)) as well as from the utricular branch of the anterior VIIIth nerve (VIIIa) were traced
and described (Fig. 1A).
Our studies indicate that all three otolith endorgans
provide monosynaptic inputs to the M-cell lateral dendrite
but not to the soma. In addition, the majority of inputs,
including all LMCEs, originate in the sacculus, and these
inputs extend from the distal tips of the M-cell to within
⬃185 m of the axon cap. Saccular afferents terminate as
LMCEs over the main body of the dendrite, with smaller
saccular terminals contacting the cell medially and distally. Lagenar and utricular inputs are almost entirely
distal to the main bifurcation of the dendrite, with lagenar
ﬁbers terminating mainly on the dorsal branch of the
lateral dendrite (d, Fig. 1A,C), and utricular ﬁbers on the
ventral branch (v, Fig. 1A,C). The segregation of smaller
terminals from all three organs to distal regions of the
M-cell suggests they play a role in local modulation of
excitability, whereas the more proximal location and massive size of the club ending terminals indicates a more
prominent role for these afferent ﬁbers in bringing the cell
to threshold.

MATERIALS AND METHODS
Animals and preparations
The 43 goldﬁsh used in this study (Carassius auratus,
6 –9 cm, total body length) were obtained from EECHO
Systems (North Kansas City, MO), Hunting Creek Fisheries (Thurmond, MD), and RMS Aquaculture (Middleburg Heights, OH). In total, projections to 36 Mauthner
cells in 28 ﬁsh were examined 1) from individual inner ear
otolith endorgans (the saccule, lagena, and utricle) or 2)
from the entire anterior or posterior ramus of the VIIIth
nerve. In some ﬁsh, both right and left cells were examined following bilateral labeling of inner ear nerve
branches. The other 15 ﬁsh were used to determine optimal tracing conditions (see below). All procedures were
carried out in accordance with IACUC protocols approved
at Albert Einstein College of Medicine and Oberlin College. Fish were maintained on a controlled photoperiod of
12-hour light/dark at 18°C in conditioned, recirculating,
aerated water (Preuss and Faber, 2003).

Optimization of the M-cell staining
procedure
Fifteen ﬁsh were used to determine optimal in vitro
conditions for M-cell survival following dye injection in
conjunction with tracer transport along the selected endorgan nerve. In a previous in vitro study of goldﬁsh inner
ear connections, a neural tracer was applied to the proximal end of a cut otic branch, and the preparation was
maintained for 24 hours at 4°C (McCormick and Braford,
1994). Therefore, we ﬁrst anesthetized the ﬁsh with 100
mg/liter 3-aminobenzoic acid ethyl ester (MS-222; Sigma,
St. Louis, MO), iontophoresed 4% neurobiotin into the
M-cell soma, killed the ﬁsh by lesioning the heart, and
then exposed the selected nerve to crystals of dextran
conjugated to Alexa Fluor 488. We then isolated the head
and maintained it in aerated cerebrospinal ﬂuid (aCSF) at
4°C for 24 hours (n ⫽ 2). Although nerve transport was
successful in these two cases, the condition of the M-cells
was poor.
To achieve better success with M-cell survival, ﬁlls were
attempted via tracer application to the caudal medulla.
Overall, this technique resulted in a success rate of approximately 50%, either because the cells did not take up
the tracer or because the M-cells were clearly in poor
condition (n ⫽ 10). In these cases, ﬁsh were anesthetized
with 200 mg/liter MS-222, the heart was lesioned, and the
head was isolated. Both M-axons were exposed to crystals
of dextran conjugated to Alexa Fluor 594 implanted immediately caudal to the facial lobe, and the nerves were
ﬁlled as described above with biotin. Although the M-cell
survival rate in these preparations was slightly better
than that found by using iontophoresis, the condition of
many of the cells was still poor.
We therefore further modiﬁed the procedure to enhance
survival of the M-cell by incubating the whole ﬁsh after
lesioning the heart in room temperature Ringer’s solution
for 2–3 hours following iontophoretic injection of the
M-cell and nerve branch ﬁlling. This permitted the
M-axon to remain intact, presumably contributing to the
survival of the soma and dendrites. This technique worked
well and was used for the remainder of the study. These
techniques are described below in “Dye application to
nerves.”
Finally, three additional ﬁsh were used to control for the
possibility that the 2–3-hour transport times described
above were insufﬁcient to demonstrate the most medial,
possibly somatic, synapses. After the heart was stopped,
inner ear nerve branches, but not the M-cell, were ﬁlled as
described above. The whole ﬁsh was maintained in aerated aCSF at room temperature for 7– 8 hours (instead of
2–-3 hours). M-cell somata were visualized by using a
ﬂuorescent Nissl stain (Neurotrace 500/525, Molecular
Probes, Eugene, OR) to avoid penetrating and damaging
the cell using iontophoresis. In one case, Neurobiotin was
applied to the saccular branch, and in the other two cases
Neurobiotin was applied to the entire anterior VIIIth
nerve ramus on one side and the entire posterior ramus on
the other.

Mauthner cell injections
Recording procedures and identiﬁcation of the M-cell
have been described previously (Faber and Korn, 1978).
Fish were initially anesthetized with 100 mg/liter MS-222
and then further anesthetized in ice water. They were
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Fig. 1. Basic morphology of the M-cell. A: Transverse view. Diagram of the goldﬁsh hindbrain illustrating the bilaterally symmetrical M-cells and their location in the medulla. The M-cell has two large
dendrites: one lateral dendrite (ld), which extends posteriorly and
dorsally, and a ventral dendrite (vd), which extends ventrorostrally.
The distal tips of the lateral dendrites are located near the entry of the
VIIIth nerve, which forms multiple contacts with the M-cell. The
M-axon is surrounded by a tightly packed group of cells that form a
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high-resistance “cap” (the axon cap [ac]) around the end of the axon.
B: Horizontal section illustrating the length of the body of the lateral
dendrite (375.83 m in this case; see measurement bar on the ﬁgure)
from the point where the soma meets the axon (arrow) to the main
bifurcation (arrowhead). C: Transverse section showing major features of the M-cell lateral dendrite including the axon (arrow), main
body, and the point at which the dendrite birfurcates (arrowhead) into
dorsal (d) and ventral (v) branches. Scale bar ⫽ 200 m in C.
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then mounted in a recording chamber and respirated with
aerated water containing 60 mg/liter MS-222 ﬂowing
through the mouth and out over the gills throughout the
experimental procedure. Following exposure of the spinal
cord for M-cell antidromic stimulation, and of the medulla
for intracellular recording and tracer injection, ﬁsh were
immobilized with d-tubocurarine (1 g/g body weight;
Sigma) injected intramuscularly.
The medulla was exposed dorsally following retraction
of the cerebellum, and the M-cell was localized using antidromic stimulation of the spinal cord. Microelectrodes
(8 –15 M⍀ tip resistances) were ﬁlled with a 2.5 M KCl
solution containing 5% dextran Alexa Fluor 488 conjugate
(Molecular Probes/Invitrogen, Carlsbad, CA; 10,000 MW,
anionic). Dextran was injected intracellularly in or proximate to the soma for 20 minutes using 90-nA pulses 400
msec in duration at a rate of 1/sec. All recordings were
performed in current-clamp (Axoclamp-2B, Axon Instruments, Foster City, CA). Resting membrane potentials
were in the range of ⫺76 to ⫺80 mV. In some ﬁsh, both the
right and left M-cells were injected. For physiological
studies, the VIIIth nerve was also exposed dorsally following the retraction of the cerebellum, and recordings were
made from the soma and dendrite of the M-cell while the
anterior and posterior branches of the nerve were stimulated with bipolar electrodes (Matrix Electrode, FHC,
Bowdoinham, ME).

Dye application to nerves
Following injection of one or both M-cells, ﬁsh were
euthanized by immersion in 1 g/liter MS-222 for 10 minutes. The brain was ﬂushed with cold aerated aCSF (pH
7.4; Zupanc, 1999) and covered with an aCSF-soaked piece
of Gelfoam (Upjohn, Kalamazoo, MI). A speciﬁc otolith
endorgan branch, or in a few cases the entire anterior or
posterior VIIIth nerve ramus, was exposed. Removal of
the lower jaw and gills afforded a ventral approach to the
inner ear otolithic endorgans and their nerve branches.
Neurobiotin crystals (Vector, Burlingame, CA) adhered to
the tip of a minutien pin were applied to the proximal end
of the cut branch or ramus. The area was blotted after
each application to prevent tracer uptake by other nerve
branches, particularly those of the semicircular canals.
The preparation— consisting of the entire ﬁsh with the
M-axon intact to prevent M-soma degeneration—was then
suspended in a beaker of aerated aCSF at room temperature for 2–3 hours. This in vitro time period permitted
both optimal survival of the M-cell after dextran injection
as well as complete biotin transport to ﬁrst-order brain
regions, as previously described (McCormick and Braford,
1994).
The head was then preﬁxed (4% paraformaldehyde, 1%
glutaraldehyde in 0.1 M phosphate buffer at pH 7.4, 4°C)
for 2 hours to facilitate dissection. The anterior and posterior VIIIth nerve rami on the injected side(s) were removed and processed separately from the brain in order to
determine whether tracer had spread beyond the injected
nerve(s). Dissected nerves and brains were placed into
fresh cold ﬁxative for 24 hours, transferred to cryoprotectant (30% sucrose in 0.1 M phosphate buffer, 4°C) for 24
hours, and, as described previously (McCormick and
Braford, 1984), embedded in a gelatin block that was then
ﬁxed and cryoprotected. Frozen 60-m sections were cut
using a sledge microtome, collected in 0.1 M phosphate
buffer, and then treated with 0.4% Triton in 0.1 M phos-

phate buffer (1 hour). To visualize Neurobiotin, brain sections were then incubated (4 hours) in streptavidin Alexa
Fluor 594 (Molecular Probes), and nerve sections were
incubated (2 hours) in streptavidin (Cy3-conjugated, Jackson ImmunoResearch, West Grove, PA). Sections were
analyzed and images recorded using a compound microscope (Leica DM 4500B) connected to a digital camera
(Optronics) and/or a confocal microscope (Zeiss Axiovert
inverted or Olympus AX70 upright) using cubes appropriate for detection of red (575– 650-nm emission ﬁlter) and
green (510 –535-nm) ﬂuorophores.

Image analysis and projection assessment
The accuracy of nerve injection was determined by examining ﬁbers of the nerves from each of the endorgans for
every preparation. In addition, central nuclei were also
examined to determine 1) whether additional nerves took
up tracer, and 2) whether tracer injections had crossed
synapses to interneurons and been transported to the
octaval nuclei (McCormick and Braford, 1994). For preparations involving ﬁlls of VIIIa or VIIIp, semicircular canal nerves were also ﬁlled. Canal nerves generally do not
project in the region of the lateral dendrite, so they were
not examined in this study. Similarly, the ventral dendrite
(vd, Fig. 1A) will not be discussed because it is not contacted by auditory afferents and instead receives polysynaptic visual input via tectal projections (Zottoli et al.,
1987) and polysynaptic somatosensory input via spinal
cord projections (Chang et al., 1987). The regions distinguished here are the large soma, which meets the axon
medially, the body of the dendrite, which terminates in a
large bifurcation, and the resulting distal dorsal and ventral branches lateral to this bifurcation (Fig. 1B,C).
For consistency, throughout these studies, the M-cell is
labeled green (sometimes appearing slightly white due to
nonspeciﬁc excitation of the 488 ﬂuorophore), and nerve
ﬁbers are pseudocolored magenta instead of red so they
are accessible to the red-green color blind. Images were
adjusted by using the original confocal software, LSM
(Zeiss) or Fluoview (Olympus), and Adobe Photoshop or
Metamorph. Each color channel was evaluated independently and adjusted for brightness or contrast if necessary. Confocal software was calibrated prior to data collection, and measurements of terminal size and number
were made using projection images in LSM or Fluoview
software. Means were calculated using Microsoft Excel
and are presented as mean ⫾ sem. n refers to the number
of animals unless otherwise stated.

RESULTS
Description of saccular terminals
Afferent ﬁbers from the sacculus project to the M-cell
lateral dendrite in rhombomere 4 as well as to portions of
the ﬁve octaval nuclei in rhombomeres 5 and 6 (Fig. 2A).
More faintly stained ﬁbers from the efferent nuclei are
also visible (Fig. 2A,B, white asterisk). Fibers of the efferent pathway have previously been described (Zottoli and
Danielson, 1989). Their cell bodies are found in the caudal
brainstem in the octaval efferent nuclei, and their axons
supply all three otolith endorgans. Efferent ﬁbers retrogradely transport Neurobiotin during staining of the
nerve and are therefore visible in all of our experimental
cases. Although efferent ﬁbers course close to the region of
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Fig. 2. Overview of the distribution of saccular afferents onto and
near the M-cell. A: Horizontal section. The arrow indicates the midline and decussation of the M-axons; anterior is at the top. The ﬁbers
of the pathway efferent to the otolith organs from the octaval efferent
nuclei are apparent (white asterisk). In this section, only the M-cell
distal lateral dendrite is visible. It is found in the fourth rhombomere
(r4) of the hindbrain, whereas its homologues, MiD2cm and MiD3cm
(locations indicated by yellow asterisks) are present in rhombomeres
5 and 6 (r5 and r6), respectively. B: Horizontal section. Projection
image illustrating an overview of saccular connections onto the M-cell.
The axon is indicated by the arrowhead. Fibers of the pathway efferent to the otolith organs (white asterisk) can be seen traveling over
the region of the soma. The two white arrows indicate the distance
from the axon-soma junction to the most medial saccular ﬁbers, which
in this case is 179.84 m. Scale bar ⫽ 100 m in A; 50 m in B.

the soma, connections from the efferents onto the M-cell
soma were never seen.
For consistency, we will use the terminology of Nakajima (1974) to describe synaptic terminal morphology. In
total, Nakajima described six terminal types, two of which
have been previously shown to contact the axon cap and
soma and will not be discussed in this study: the unmyelinated club endings and spiral ﬁbers (Zottoli and Faber,
2000). We will therefore discuss the other four terminal
types: large and small myelinated club endings (LMCEs
and SMCEs, respectively) and large and small vesicle
boutons (LVBs and SVBs, respectively), which we will
refer to as endbulbs because vesicles cannot be distinguished by using confocal microscopy.
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Fig. 3. Saccular ﬁbers terminate as LMCEs on the body of the
M-cell. A: Horizontal section. One LMCE showing termination of the
myelin sheath before contacting the M-cell (arrow). B: Horizontal
section. Another LMCE showing termination of the myelin (arrow).
This terminal was 9.44 m in diameter. C,D:Horizontal sections.
Projection image of the M-cell and ﬁbers of the saccular nerve (C), and
a subtraction image of their synaptic contacts (D). Scale bar ⫽ 5 m
in A,B; 10 m in C,D.

Saccular afferent ﬁbers terminate over a large portion of
the lateral dendrite and its distal branches (Fig. 2A,B).
The medial-most connections from saccular afferents to
the M-cell were located on the lateral dendrite an average
of 180.5 ⫾ 8.6 m (n ⫽ 6) from the point where the axon
meets the soma (arrows, Fig. 2B). The terminal size of the
most medial connections (within ⬃50 m) ranged from
2.15 to 5.76 m in diameter and averaged 4.20 ⫾ 0.39 m
(n ⫽ 32 terminals); medial synapses were slightly smaller
than lateral. The club shape and size of these terminals
were consistent with those of SMCEs.
We observed only large club endings on the remaining,
more distal portion of the main body of the lateral dendrite. LMCEs can be identiﬁed by their club-like shape
and the ring of myelin terminating shortly before the
synapse, as described by Nakajima (1974). The ring of
myelin was identiﬁed by the abrupt decrease in the diameter of club ending near the synapse due to the loss of
myelination and was clearly visible in some cases (e.g.,
Fig. 3A,B, arrows). Distally, over the main body of the
dendrite to the bifurcation, which was on average 390 ⫾ 9
m (n ⫽ 17) from the axon cap, terminals ranged in size
from 5.41 to 9.3 m and averaged 7.22 ⫾ 0.36 m (Fig.
3C,D; n ⫽ 60 terminals). These large synapses were the
only type of saccular terminal seen in this region (Fig. 4A).

Fig. 4. Distal connections from the sacculus onto the M-cell.
A: Horizontal section. Saccular afferents synapsing on the M-cell
lateral dendrite cover large portions of the main body of the dendrite
and range in size from 4 to 9 m in diameter (n ⫽ 6 animals).
B: Transverse section. Saccular afferents contact the M-cell near the
bifurcation (asterisk), and the medial portions of the dorsal and ventral branches are visible. In this region, ﬁbers terminate as club

endings (arrowhead) and small and large endbulbs (arrows). C: Horizontal section. Distal ventral branch of an M-cell lateral dendrite.
The more medial terminals in this region form club-shaped synapses
(arrowhead), whereas distal afferents terminate as small endulbs
(arrows). D: Quantiﬁcation of the diameter of saccular terminals
contacting the M-cell (n ⫽ 143 terminals). Scale bar ⫽ 10 m in A,B;
5 m in C.
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The bifurcation of the lateral dendrite is a transition
point in terms of synaptic ending morphology. Saccular
terminals were present in large numbers at the bifurcation (Fig. 4B, asterisk) where they displayed the greatest
variety in size and morphology. Although some LMCEs
were still apparent (Fig. 4B, arrowhead), afferents forming small and large endbulbs were also visible (Fig. 4B,
arrows). Here, terminals ranged in size from 2.02 to 7.57
m and averaged 5.07 ⫾ 0.57 m (n ⫽ 25 terminals).
Saccular terminals to the dorsal and ventral distal
branches consisted primarily of endbulbs, which decreased progressively in size distally along the dendrite.
These terminals ranged from 1.36 to 4.1 m and averaged
2.07 ⫾ 0.23 m (n ⫽ 14 terminals) near the bifurcation to
1.36 ⫾ 0.13 m (n ⫽ 12 terminals) on the most distal
regions of the dendrite, with a range of 0.78 to 2.08 m
(Fig. 4C). Quantiﬁcation of size distribution over the range
of the lateral dendrite demonstrated that saccular afferents terminated as SMCEs or small endbulbs medially,
LMCEs over the main body of the dendrite and medial to
the bifurcation, and SMCEs and small endbulbs distally
(Fig. 4D) with a gradual change in size occurring between
these regions. Overall, there was a large variability in the
size of saccular afferent terminals synapsing on the lateral dendrite of the M-cell.
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the utricle onto the M-cell were sparse, ranging from 2 to
13 per animal (n ⫽ 9).

Primary afferents do not synapse on the
M-cell soma
Excitatory connections from the VIIIth nerve onto the
M-cell soma have been postulated based on physiology
(Zottoli and Faber, 1979). These excitatory connections
are most likely polysynaptic because we found no evidence
for monosynaptic input to the soma from any branch of the
VIIIth nerve (e.g., Figs. 2B, 5F, 8D), with the exception of
one case that, however, also demonstrated trans-synaptic
passage of Neurobiotin. Speciﬁcally, in this one case in
which utricular ﬁbers were labeled, we observed tracer in
secondary octaval neurons (Fig. 9A, white box, B) and
detected many synapses directly onto the soma (Fig. 9C).
Whether these synapses were excitatory or inhibitory is
not clear. However, recordings from the M-cell soma during stimulation of the anterior VIIIth nerve demonstrated
the presence of inhibitory connections as seen by the
shunt of the antidromically evoked action potential (Fig.
9D). The time course of these events suggests that the
excitatory connections are monosynaptic and that they are
followed temporally by polysynaptic inhibitory inputs to
the M-cell.

Lagenar afferents
Afferents from the lagenar branch of the VIIIth nerve
extend ventrally to the M-cell from a dorsolateral location
and approach the dorsal aspect of the lateral dendrite (n ⫽
13; Fig. 5A–C). In general, lagenar afferents form contacts
on the distal dorsal branch from the region of the bifurcation to the distal tip. When a third, intermediate distal
M-cell branch was present, the lagena contacted this
branch as well (e.g., Fig. 5D). In a few cases, small contacts just medial to the bifurcation were observed (e.g.,
Fig. 5E1,2). Similar to saccular afferents, connections
were never seen near or on the cell body (Fig. 5F). Overall,
connections from the lagena onto the M-cell were sparse,
and their number ranged from 1 to 15 per animal (Fig.
6A–C, n ⫽ 13). Lagenar afferent terminals on the M-cell
appear to be mostly small endbulbs, or in one case an
SMCE, similar to the distal inputs from saccular afferents
(Fig. 6D). They ranged in size from ⬍1 to 5.5 m in
diameter, averaging ⬃2.3 ⫾ 0.20 m (n ⫽ 25 terminals).

Utricular afferents
Afferents from the utricular branch of the anterior VIIIth nerve were also stained to determine whether they
formed connections onto the M-cell. In general, utricular
ﬁbers approach the M-cell ventrally (n ⫽ 9) and synapse
onto the ventral branch of the lateral dendrite, distal to
the bifurcation (Figs. 7A–E, 8A–C), although connections
onto the dorsal branch were visible in a few cases (Fig.
7D). As with the lagena, utricular afferents rarely projected to the lateral dendrite medial to the bifurcation
(Fig. 7E), although they were visible in at least one case
(Fig. 7A,B). Terminals from the utricle were generally
small, ranged in size from 1.46 to 6.88 m in diameter,
averaging 3.34 ⫾ 0.27 m (n ⫽ 24 terminals), and appeared to be endbulbs (Figs. 7D, 8B). Similar to afferents
from the saccule and lagena, terminals never contacted
the soma of the M-cell (Fig. 8D). Myelination was not
distinguishable on any ﬁbers. In general, connections from

DISCUSSION
In this study, we examined the connections from the
three otolith organs of the ﬁsh inner ear to the M-cell. In
Carassius, afferents from all three of the inner ear endorgans (the saccule, lagena, and utricle) synapse directly on
the ipsilateral M-cell. The vast majority of inputs originate in the saccule and terminate on the main trunk of the
lateral dendrite, as well as on the distal dorsal and ventral
branches (Fig. 10A). These saccular terminals range in
size from ⬍1 m distally to ⬃9 m on the main body of the
dendrite (Fig. 10B). The larger inputs correspond to the
historically well-described LMCEs (Nakajima and Kohno,
1978), although our terminals were somewhat smaller,
presumably because the ﬁsh used in this study were ⬃9
cm long, whereas the ﬁsh used by Nakajima were ⬃20 cm
(Nakajima, 1974). In general, inputs from the lagena terminate as small endbulbs on the dorsal branch of the
lateral dendrite, and inputs from the utricle terminate as
small endbulbs on the ventral branch (Fig. 10A,B). Each
branch also provides a few inputs at and proximal to the
bifurcation.
Our results are consistent with those seen in other
species of ﬁsh. In Salmo, Beccari (1907) traced the ﬁbers
terminating as club endings to the sacculus. Club endings
from the sacculus in Ameirus were shown to contact the
Mauthner cell (Bartelmez, 1915) and possessed a maximum diameter of 7.2 m and an average diameter of 5 m
(Bartelmez and Hoerr, 1933). In addition, Bartelmez and
Hoerr (1933) also showed that only endfeet contact the
distal lateral dendrite of the M-cell, medially, over a range
of 69 m, large club endings contact the dendrite, and
more medially only small clubs and small endfeet contact
the M-cell. In mormyrids, Bell (1981) has shown that the
sacculus is the organ that sends the majority of afferents
to the M-cell, although some minor connections from the
utricle are also present. In Astronautus, Meredith and
Butler (1983) found that both saccular and utricular af-

Fig. 5. Afferent connections from the lagena onto the M-cell.
A: Transverse section. Anterior section of one M-cell with lagenar
ﬁbers contacting the distal branches of the lateral dendrite. This
M-cell has dorsal, ventral, and intermediate branches. Note that
although lagenar ﬁbers enter the brain from the ventral aspect, they
approach the M-cell from a dorsal aspect. B: Next section posterior to
A in the same ﬁsh, containing the lateral dendrite bifurcation. Lagenar afferents contact the dendrite distal to the bifurcation. C,D:
Magniﬁcations of the section in A, dorsal branch (C), and intermediate
and ventral branches (D). Lagenar ﬁbers synapse on the distal den-

dritic branches, and most appear to be endbulbs (arrows). In this case,
multiple lagenar afferents synapse on the dorsal and intermediate
branches, whereas one afferent contacted the ventral branch. E1,E2:
Transverse section of another M-cell at the bifurcation. In this case,
lagenar projections extend proximal to the bifurcation (arrowheads)
as well as along medial portions of the dorsal branch (arrows). E2:
Higher magniﬁcation of the area in the white box in E1. F: Transverse
section of an M-cell soma with no afferent connections from the
lagena. Scale bar ⫽ 100 m in A; 20 m in B,C,E1; 10 m in D,E2,F.
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Fig. 6. Lagenar afferents contact the dorsal branch of the M-cell
lateral dendrite. A: Horizontal section containing the distal, dorsal tip
of an M-cell lateral dendrite, showing multiple afferent ﬁbers to the
M-cell and some synaptic contacts (arrows). B:Transverse section
containing the distal, dorsal tip of the lateral dendrite of another
M-cell showing afferents terminating as endbulbs on the M-cell (ar-

rows). C: Horizontal section of another case showing afferents terminating as endbulbs (arrows). D: Transverse view of afferent projections in another case in which one lagenar afferent has a terminal
morphology similar to that of a club ending (arrowhead) and a size
consistent with that of an SMCE, whereas other afferents terminate
mostly as ﬂat endbulbs (arrows). Scale bar ⫽ 5 m in A–D.
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Fig. 7. Afferent connections from the utricle onto the M-cell.
A: Horizontal view containing the M-cell soma and lateral dendrite,
including a portion of the ventral branch distal to the bifurcation.
Utricular afferent ﬁbers synapse on the ventral branch as well as on
the bifurcation. Note that the M-cell soma is not contacted by efferent
axons (asterisk). B:Magniﬁcation of the section in A showing ﬁbers
near the bifurcation forming endbulbs (arrows). C:Low magniﬁcation
of a transverse section from another M-cell containing the dorsal and
ventral branches, bifurcation, and distal trunk of a lateral dendrite.

T.M. SZABO ET AL.

Note that utricular ﬁbers enter the brain and approach the M-cell
lateral dendrite from the ventral aspect (arrow). Also note the efferent
pathway to the otolith endorgans (asterisk) and the M-axon (arrowhead). D,E: Higher magniﬁcation of the M-cell shown in C. D: Utricular ﬁbers synapse mostly on the ventral branch where they form ﬂat
endbulbs (arrows). E:In this case, there are at best one or two contacts
at the level of the dendritic bifurcation shown in C and none medial to
that point. Scale bar ⫽ 100 m in A,C; 20 m in B,E; 10 m in D.
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Fig. 8. Utricular afferents contact the ventral branch of the M-cell
lateral dendrite. A: Transverse section of the distal portion of an
M-cell including the bifurcation and dorsal and ventral branches,
showing the path of utricular afferents to the ventral branch (asterisk). B: Magniﬁcation of the ventral branch from A. Most of the

synapses terminate as endbulbs (arrows). C: Magniﬁcation of the
dorsal branch from A. In this case, utricular afferents do not synapse
on the dorsal branch. D: Transverse section of the soma from the same
brain showing ﬁbers efferent to the utricle (asterisk) passing near the
soma. Scale bar ⫽ 20 m in A; 5 m in B; 10 m in C; 50 m in D.

ferents terminate on the M-cell. In the goby, Tomchik and
Lu (2006) also indicated that saccular and utricular projections are found in the vicinity of the M-cell lateral
dendrite. In the goldﬁsh, Furukawa and Ishii (1967) indicated that large ﬁbers corresponding in size to the LMCEs
are only found in the saccular branch of the VIIIth nerve,
and Lin et al. (1983) ﬁlled individual saccular ﬁbers and
traced them to the club endings. In one conﬂicting study in
goldﬁsh, Zottoli et al. (1995) found that ﬁbers from the
anterior branch of the VIIIth nerve terminated on the
lateral dendrite at its bifurcation as smaller endbulbs and
as club endings.
The fact that we instead found the sacculus to be the
sole source of the LMCEs could be due to many factors,

including that canal nerves were omitted from our study,
as well as the possibility that some ﬁbers were missed.
However, in general, saccular ﬁbers have been described
as the source of the LMCEs in many species, and we show
in this study not only that the sacculus is the source of
LMCEs, but also that the sacculus, lagena, and utricle all
send many smaller projections to the M-cell.

Inputs to the M-cell soma and proximal
dendrite
Whereas recordings of postsynaptic potentials (PSPs)
evoked in the M-cell by electrical stimulation of VIIIp
demonstrate a dominant distal input, those evoked by
VIIIa suggest the presence of a polysynaptic somatic input
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Fig. 9. Morphology and physiology of polysynaptic inputs to the
M-cell soma from VIIIa. A: Transverse section anterior to the M-cell
soma showing the distal ventral dendrite, which, at this level, divides
into two minor dendrites (arrows). In this utricle case, trans-synaptic
staining occurred, conﬁrmed by the presence of biotin in the secondary neurons (white box). B: Higher magniﬁcation of the area in the
white box in A showing staining in the secondary neurons (arrows).
C: Transverse section in the same animal, the next section posterior
to A containing the M-cell soma. In this case with trans-synaptic
staining, multiple afferent ﬁbers contact the lateral dendrite near the
soma (arrows). D: PSPs recorded in the M-cell soma during simulta-

neous stimulation of the M-axon and VIIIa. Control traces of the
antidromically evoked M-cell action potential (AP) and PSP due to
stimulation of VIIIa (VIIIa) are in blue. During simultaneous stimulation, latency of the spinal cord stimulation, but not VIIIa, was
varied, and the resulting M-cell potential changes are shown (red
traces). These traces demonstrate an early excitatory and later inhibitory component of the VIIIa PSP, as illustrated by the shunting of the
amplitude of the antidromically evoked action potential. The time
course to onset of inhibition in the VIIIa PSP is shown (⬃1.5 msec).
Scale bar ⫽ 100 m in A; 50 m in B; 10 m in C.

(Zottoli and Faber, 1979). However, we demonstrate here
that there are no monosynaptic inputs to the soma and
proximal lateral dendrite of the M-cell from any of the
three inner ear organs. The possibility remains that there
are monosynaptic inputs to the M-cell soma from the
semicircular canals, or polysynaptic excitatory inputs. Indeed, trans-synaptic staining in one of our utricle preparations indicated the presence of multiple somatic inputs
(Fig. 9A–C), suggesting the presence of a di- or polysynaptic somatic input from VIIIa. There are similar suggestions in the literature of a polysynaptic excitatory input to
the soma and proximal lateral dendrite from VIIIp, including observations obtained with acoustic stimuli in air
(Szabo et al., 2006). Inputs to the M-cell soma from the

posterior lateral line have also been demonstrated, although it is not known whether these inputs are mono- or
polysynaptic (Korn and Faber, 1975).

Signiﬁcance of the distribution of endorgan
input along the M-cell lateral dendrite
The role of each of the three endorgans in the reception
of vestibular and directional auditory information is not
well understood (Lu and Popper, 1998). However, Canﬁeld
and Eaton (1990) have demonstrated that sound pressure
is the most important stimulus for activating the Mauthner cell in ﬁsh with swimbladders. In addition, Ott and
Platt (1988) demonstrated that following removal of the
utricle and semicircular canals, goldﬁsh exhibit a remark-
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Fig. 10. Summary of inputs to the M-cell from the VIIIth nerve.
A: Branches of the VIIIth nerve from each of the three endorgans
terminate on the M-cell lateral dendrite (ld). Saccular inputs contact
the lateral dendrite of the M-cell starting ⬃180 m from the axon cap
(ac). Lagenar inputs synapse mainly onto the dorsal branch of the
M-cell distal to the bifurcation, and utricular inputs synapse mainly
onto the ventral branch, also distal to the bifurcation. vd, ventral
dendrite. B: Morphology of synaptic terminals contacting the M-cell.
VIIIth nerve terminals (magenta) cover a large portion of the lateral
dendrite, synapsing as small endbulbs and SMCEs distally, LMCEs
over the main body of the dendrite, and SMCEs closer to the cell body.
Other excitatory afferents contacting the M-cell have been shown to

terminate as SMCEs and small and large endbulbs (orange terminals). In particular, the ventral dendrite, which is not contacted by
auditory afferents, receives polysynaptic visual input via tectal projections (Zottoli et al., 1987) and polysynaptic somatosensory input via
spinal cord projections (Chang et al., 1987). In addition, inhibitory
ﬁbers contact most regions of the M-cell (open terminals). These ﬁbers
terminate as spiral ﬁbers and unmyelinated club endings on the axon
and soma and as endbulbs along the lateral and ventral dendrites
(Nakajima 1974); they can be glycinergic or GABAergic (Zottoli and
Faber, 1980; Triller and Korn, 1986; Triller et al., 1993; reviewed in
Zottoli and Faber, 2000; Faber and Korn, 2005).

able ability to adapt to vestibular deﬁcits, indicating the
presence of structures capable of compensating for those
that were removed. Although the major path of transmission of sound-pressure information is from the sacculus
via the swimbladder-Weberian ossicle system (reviewed in
Popper, 2000), we demonstrate here that the M-cell receives monosynaptic contacts from all three organs. However, the contribution of inputs from the utricle and lagena to the goldﬁsh rapid escape behavior is questionable,
since the presence of afferent ﬁbers from these organs onto
the M-cell is sparse and relegated to distal locations on the
cell, in a manner similar to the smaller ﬁbers from the
sacculus.
According to Furukawa and Ishii (1967), the saccular
branch of the VIIIth nerve contains two types of ﬁbers,
which they classiﬁed as S1 and S2, with the former being
larger and more sensitive to higher frequency sounds. It
has been suggested that LMCEs correspond to the S1
ﬁbers. Lin et al. (1983) have also shown that ﬁbers that
course near each other in the saccular nerve tend to synapse near each other on the M-cell and might have an
organized projection onto the lateral dendrite (Lin et al.,
1983). Although we did not examine the topographical
organization of ﬁbers from the saccular macula onto the
M-cell, we can state that the larger terminals, presumably
endings of S1 ﬁbers, cover an extensive surface of the body
of the lateral dendrite and are probably important in

bringing the cell to threshold. In contrast, the smaller
endings (S2 ﬁbers) are segregated to distal regions and are
probably involved in local modulation of the M-cell. Overall, this segregation of speciﬁc afferents to localized regions on both primary and secondary dendrites suggests a
level of functional speciﬁcation that is greater than previously appreciated.

Classiﬁcation of excitatory terminals
There is a general consensus that primary auditory
afferents only transmit excitatory information and therefore inhibitory inputs to the M-cell from the inner ear
must be di- or polysynaptic. By using electron microscopy,
Nakajima (1974) demonstrated that distal inputs to the
M-cell included both LMCEs as well as small endbulbs
and that the latter possessed ﬂattened vesicles, a trademark of some ﬁxation procedures for inhibitory vesicles.
In contrast to this classical description, we show here that
labeling of the branches of the VIIIth nerve from the three
otolith endorgans results in labeling of some of these small
terminals. We thus demonstrate here that distal endbulbs
from the inner ear arise from all three otolithic organs, and
we suggest that some distal endbulbs might be excitatory.

Mauthner cell morphology
Thirty-six Mauthner cells were ﬁlled for these studies.
Although they were clearly identiﬁed as M-cells and ﬁlled
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with tracer based on their unique physiological characteristics, it became clear that some differences were present
in the overall morphology of the lateral dendrite, especially in its branching patterns (see Figs. 5A, 7C, 8A).
Whereas the size and length of the body of the M-cell
lateral dendrite from the axon cap to the bifurcation remained relatively consistent between M-cells, the morphology of the distal regions was more variable. In general, there are distinct dorsal and ventral branches that
varied in length, but there could also be more than two
major branches distal to the bifurcation as well as secondary branchlets (e.g., Fig. 8A). Because it has been shown
that the degree of auditory and vestibular ﬁber contact
with the M-cell during development can alter dendritic
branching (Goodman and Model, 1988), this leads to intriguing questions about how environmental conditions
might alter nerve activity and, as a result, branching
patterns of interneurons in the central nervous system.

M-cell homologues
The M-cell possesses at least two homologues, MiD2cm
in rhombomere 5 and MiD3cm in rhombomere 6 (Metcalfe
et al., 1986; see Fig. 2A). Studies involving ablation of the
M-cell have implicated these cells in initiation of the escape response when the M-cell is not functional (Kimmel
et al., 1980; Eaton et al., 1982, 1984; Zottoli et al., 1999).
Although these cells share the overall morphology and
segmental location of the M-cell, they are not as large as
the M-cell. Considering that the M-cell homologues do not
extend as far laterally as the M-cell and that McCormick
and Braford (1994) have demonstrated that saccular ﬁbers extend more medially than ﬁbers from the other
inner ear endorgans, saccular ﬁbers would seem to be
primary candidates for auditory stimulation of the M-cell
homologues as well.

Conclusions
The M-cell of the goldﬁsh provides a useful model system for the examination of information integration and
neuronal responses at the cellular, network, and behavioral levels. In this study we have examined the speciﬁc
nature of inputs to the M-cell in the goldﬁsh to better
describe 1) the contribution of each endorgan to the M-cell
and its circuit, and 2) the spatial distribution of endorgan
inputs along the M-cell lateral dendrite. We show here
that LMCEs, but not necessarily SMCEs, are derived from
the sacculus only and not from other otolith organs. In
addition, all three otolith organs of the goldﬁsh inner ear
contact the lateral dendrite distally, where they presumably form excitatory connections. This study contributes
to the body of knowledge on the goldﬁsh M-cell system and
should aid future studies on the integration of sensory
processing.
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