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ABSTRACT

Type II auditory nerve fibers, which provide the pri-
mary afferent innervation of outer hair cells of the
cochlea, project thin fibers centrally and form syn-
apses in the cochlear nucleus. We investigated the
postsynaptic targets of these synapses, which are un-
known. Using serial-section electron microscopy of
fibers labeled with horseradish peroxidase, we ex-
amined the border of the granule-cell lamina in mice,
an area of type II termination that receives branches
having swellings with complex shapes. About 70% of
the swellings examined with the electron microscope
formed morphological synapses, which is a much
higher value than found in previous studies of type II
swellings in other parts of the cochlear nucleus. The
high percentage of synapses enabled a number of
postsynaptic targets to be identified. Most of the tar-
gets were small dendrites. Two of these dendrites
were traced to their somata of origin, which were
cochlear-nucleus ‘‘small cells’’ situated at the border
of the granule-cell lamina. These cells did not appear
to receive any terminals containing synaptic vesicles
that were large and round, indicating a lack of input
from type I auditory nerve fibers. Nor did type II
swellings or targets participate in the synaptic
glomeruli formed by mossy terminals and the dend-
rites of granule cells. Other type II synapses were
axosomatic and their targets were large cells, which
were presumed multipolar cells and one cell with
characteristics of a globular bushy cell. These large
cells almost certainly receive additional input from

type I auditory nerve fibers, which provide the affer-
ent innervation of the cochlear inner hair cells. A few
type II postsynaptic targets—the two small cells as well
as a large dendrite—received synapses that had ac-
companying postsynaptic bodies, a likely marker for
synapses of medial olivocochlear branches. These
targets thus probably receive convergent input from
type II fibers and medial olivocochlear branches. The
diverse nature of the type II targets and the examples
of segregated convergence of other inputs illustrates
the synaptic complexity of type II input to the
cochlear nucleus.
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INTRODUCTION

Auditory nerve fibers encode information about
sound stimuli that is sent from the cochlea to the
cochlear nucleus of the brainstem. The neurons that
give rise to these fibers have been subdivided into two
types depending on which receptor cell population is
contacted in the cochlea. Type I neurons provide the
afferent innervation of inner hair cells, whereas type
II neurons provide the afferent innervation of outer
hair cells (Spoendlin 1971; Kiang et al. 1982). It is
clear that type I neurons, which comprise more than
90% of all primary auditory neurons, provide the
main pathway for auditory input to the brain. These
neurons respond to sound and transmit this infor-
mation to the cochlear nucleus via their fast-con-
ducting fibers (reviewed by Ruggero 1992). The type
II neurons make up the remaining small percentage
of primary auditory neurons (Spoendlin 1969;
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Morrison et al. 1975; Kiang et al. 1984; Brown 1987;
Romand and Romand 1987), and their thin fibers
provide a presumably slow-conducting pathway into
the brain. The function of these neurons is unknown
because physiological studies suggest that they do not
respond to sounds typically used as search stimuli
(Robertson 1984; Brown 1994; Robertson et al. 1999).
Difficulties in recording from their thin fibers and
their infrequent number have hindered progress in
this area. Anatomical study of type II neurons is a
parallel approach that may yield clues to their func-
tional roles.

Both type I and type II neurons project fibers
centrally from the cochlea into the auditory nerve
(Fig. 1) and terminate in the cochlear nucleus (Lo-
rente de No 1933; Fekete et al. 1984; Brown et al.
1988a). Type I fibers have an excitatory influence on
their postsynaptic targets, leading to discharge of
cochlear-nucleus neurons (Pfeiffer 1966; Golding et
al. 1995; Kopp–Scheinpflug et al. 2002). Type I tar-
gets in the cochlear nucleus are a variety of types of
neurons (Brawer and Morest 1975; Rouiller et al.
1986), which have been classified by their morphol-
ogy using different stains (Osen 1969; Brawer et al.
1974). The postsynaptic targets of type II fibers in the
cochlear nucleus are almost entirely unknown. Re-
search has progressed slowly because type II fibers are
scarce and because many of their swellings do not
form synapses (Ryugo et al. 1991; Berglund et al.
1996). Those few synapses that have been found were
on dendrites that could not usually be traced to their
cell bodies of origin. The above studies examined
type II fibers mainly in the magnocellular core of the
cochlear nucleus, which is the main part of the nu-
cleus containing the large neurons that project in
turn to higher centers of the auditory brainstem.

We now take an approach that aims to identify
targets of type II fibers in a noncore region of the
cochlear nucleus, the granule-cell lamina. The lamina
is a region of granule cells that separates the ventral
from the dorsal subdivision of the cochlear nucleus
(Mugnaini et al. 1980a). Type II fibers project in and
along the border of the lamina, forming en passant
swellings with shapes that often have angular edges
and complex shapes (Brown and Ledwith 1990). One
idea is that these swellings are more likely to form
synapses than the smoother, ellipsoidal swellings that
occur on type II fibers in the core of the cochlear
nucleus (Brown and Ledwith 1990). This idea arises
from the observation that ellipsoidal swellings can
even be found in nonsynaptic areas such as the au-
ditory nerve (Brown 1987; Brown and Ledwith 1990).
Ellipsoidal swellings may thus arise merely as a con-
sequence of the few organelles they contain. In the
lamina, type II fibers are relatively isolated from the
more numerous terminations of type I fibers that are

restricted to the core (Brown et al. 1988a; Brown and
Ledwith 1990; Berglund and Brown 1994). Perhaps
this segregation results from type II fibers projecting
to unique targets in the lamina; whatever the reason,
the offset allows study of labeled type II fibers in
relative isolation. The lamina receives input from type
II fibers from all regions of the cochlea (Berglund
and Brown 1994). Thus, for several reasons, the
granule-cell lamina offers a promising site to examine
type II swellings for their synapses and their postsy-
naptic targets. In addition to type II inputs, the lam-
ina also receives a wide variety of auditory descending
inputs from sources such as the superior olivary
complex (Rasmussen 1960; Martin 1981; Osen et al.
1984; Ryan et al. 1987; Brown et al. 1988b), inferior
colliculus (Caicedo and Herbert 1993; Saldana 1993),
and auditory cortex (Weedman and Ryugo 1996).
Additional inputs arise from nonauditory sources
(Itoh et al. 1987; Weinberg and Rustioni 1987; Burian
and Gstoettner 1988; Kevetter and Perachio 1989).
The granule-cell lamina thus offers the opportunity
to study convergence of other inputs onto the targets
of type II fibers. The present work demonstrates that
in the lamina, a high percentage of type II swellings
do form synapses. Perhaps as a consequence of the
relatively large number of synaptic swellings that were
found, a number of neurons that were postsynaptic
targets of these synapses were identified. We also
demonstrate some examples of convergence from
other sources onto the neurons that are targets of
type II fibers.

MATERIALS AND METHODS

Methods for our injections and processing appear in
previous publications (Brown et al. 1988b; Benson
and Brown 1990). All experimental procedures on
animals were in accordance with the National Insti-
tutes of Health guidelines for the care and use of
laboratory animals and were performed under ap-
proved protocols at the Massachusetts Eye & Ear In-
firmary. The present study used four adult mice,
three of CBA/CaJ strain and one of CD-1 strain. Most
of the data were obtained from the CBA/CaJ mice.
The mice used in the present study were different
mice than those examined in a previous study of type
II synapses (Berglund et al. 1996). Mice were an-
esthetized with intraperitoneal administration of
Avertin (5 g of 2,2,2 tribromoethanol dissolved in
395 ml H2O with 3 ml amylene hydrate; 0.4 ml per
10 g body weight). A trans-tympanic surgical ap-
proach was used to visualize the round window, which
was enlarged by drilling. A 0.15 Minutien insect pin
was used to pierce the bone overlying the spiral
ganglion in the lower basal turn of the cochlea. A
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pipette containing 30% horseradish peroxidase
(HRP) in 0.1 M Tris buffer (pH 8.6) was advanced
into this opening and the HRP was delivered by
iontophoresis (10 lA positive current, 10 s duty cycle,
for 10 min). After a 24-h survival time, the mice were
reanesthetized and sacrificed by intravascular per-
fusion of saline followed by 0.5% paraformaldehyde
and 1% glutaraldehyde in 0.1 M cacodylate buffer
followed by 0.5% paraformaldehyde and 3% glutar-
aldehyde in buffer. The cochlear nucleus was
blocked, embedded in a mixture of gelatin and al-
bumin (0.5% and 27%, respectively) that was hard-
ened by the addition of glutaraldehyde (2.3% of total
volume), and sectioned (50 lm thickness) on a Vi-
bratome in the sagittal plane. Free-floating sections
were processed to reveal the HRP reaction product
within the labeled fibers (Fekete et al. 1984; Brown et
al. 1988b; Benson and Brown 1990) using diam-
inobenzidine as the chromogen and adding 1% di-
methylsulfoxide to solutions containing cobalt or
diaminobenzidine. After postfixation in 1% osmium
tetroxide for 15 min, the sections were stained en bloc
with saturated, filtered uranyl acetate (1 h), dehy-
drated with methanol, infiltrated with epoxy, and flat-
embedded between two transparent sheets of Aclar
(Pro Plastics, Wall, NJ).

Sections were first examined using the light mi-
croscope. Specimens were selected for further study if
they contained a number of darkly labeled type II
fibers with distinct swellings yet few labeled olivoc-
ochlear branches. Careful camera-lucida drawings
were made of the selected sections. On the drawings,
different type II fibers were distinguished by colors.
Indicated were the fibers’ thicknesses and darkness of
labeling, the positions and shapes of swellings, and
their depths within the section. The few labeled oli-
vocochlear branches were similarly documented. Fi-
ducial marks such as capillaries, red blood cells,
neural somata, and the borders of the granule-cell
lamina were also indicated. Photomicrographs were
taken at a number of different focal planes to provide
information that was complementary to the drawings.
Then, a portion of the section containing type II fi-
bers was removed and sectioned on an ultramicro-
tome. During ultrathin sectioning, the tissue block
was removed periodically and reexamined in the light
microscope. This reexamination was compared with
the light microscopic drawing and photomicrographs
to indicate which labeled fibers or portions thereof
had been sectioned and which remained within the
block.

Serial ultrathin sections (70–80 nm thickness)
were collected on Formvar-coated slot grids. Without
further staining, the sections were then examined
in the electron microscope at 2000·–11500· and
printed with a final magnification of 6000·–30000·.

Guided by the light microscopic results, usually the
most darkly labeled type II axons were selected for
ultrastructural analysis. We located these type II
fibers, followed them through the serial sections to
their swellings, and identified synapses and their tar-
gets (postsynaptic dendrites or somata). From the
electron micrographs, NIH Image and a computer-
ized planimeter were used to measure the areas and
diameters of the synaptic terminals. For each type II
terminal (and for mossy terminals, see Results) the
largest profile containing a synapse was selected for
areal measurement. The lengths of apposition be-
tween labeled terminals and their targets, and the
lengths of the associated postsynaptic densities, were
measured in all sections containing the labeled
synaptic terminal. We identified the few labeled
branches of olivocochlear axons by their thick diam-
eters, more frequent swellings, and orientation in a
more mediolateral direction (Brown et al. 1988b;
Benson and Brown 1990), and with careful correla-
tion of the light and serial electron microscopic im-
ages, we discriminated between labeled fiber types.
Unlabeled target dendrites of synapses from type II
fibers, as well as other unlabeled dendrites in the
electron micrographs, were assigned individual
identifiers and followed from section-to-section by
alignment with relation to nearby fiducial marks that
included other dendrites, axons, somata, and blood
vessels. Within the dendrites themselves, we often
aligned mitochondria that spanned several sections.
In two instances in which small dendrites received
labeled type II synapses, they were followed through
the serial sections to their somata of origin and then
from the somata along other dendrites or axons as far
as practicable. The smoothed outlines were assem-
bled to form silhouettes of the neurons (Fig. 5). The
positions of unlabeled synaptic terminals onto these
neurons were also drawn as the largest profile of each
terminal. Labeled and unlabeled synapses in the
electron micrographs were assigned individual iden-
tifiers. The sizes and shapes of the synaptic vesicles
within these unlabeled terminals were judged quali-
tatively by a trained observer as either large and
round, small and round, pleomorphic, or flattened,
in accordance with previous studies of cochlear-nu-
cleus terminals (Schwartz and Gulley 1978; Cant and
Morest 1979; Benson et al. 1996).

RESULTS

Light microscopic observations

Labeled type I and type II auditory nerve fibers
traveled centrally from the injection site in the spiral
ganglion into the auditory nerve and cochlear nu-
cleus. Single fibers are schematized in Figure 1, al-
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though each of our HRP injections resulted in the
labeling of hundreds of type I fibers and dozens of
type II fibers. Labeled type II fibers are recognized by
their (1) characteristic morphology—uniformly thin
(<0.7 lm) and lacking obvious nodes of Ranvier, and
(2) site of termination in the granule-cell lamina of
the cochlear nucleus (Fig. 1). Fibers with these
characteristics have been traced back to parent fibers
and cell bodies of origin and confirmed to be type II
in previous studies (Brown et al. 1988a; Brown and
Ledwith 1990; Berglund and Brown 1994; Berglund
et al. 1996). These studies also suggest that the
complete extent of the type II projection into the
cochlear nucleus is revealed with HRP labeling. That
is, in the most darkly labeled fibers, such as for most
of those of the present study, there are no indications
of fading of the reaction product. The portions of
type II fibers selected for examination in the electron
microscope were within the granule-cell lamina and
its narrow, edge region at the border of the magno-
cellular core (Fig. 1). This region is within the an-
teroventral subdivision of the cochlear nucleus

(AVCN) and is just dorsal and rostral to the bifurca-
tions of the labeled auditory nerve fibers. The border
region contained terminations of labeled type I fi-
bers, which formed a distinct edge within the limits of
the core. Granule cells of the lamina also formed a
well-defined edge. Both of these edges, as well as the
labeled type II fibers that ran in between them, were
contained within the approximately 100-lm strip of
tissue that we examined. Our material also contained
a few labeled branches of olivocochlear axons.

Synapses from type II swellings

When examined in the electron microscope, sections
through labeled type II swellings demonstrated
characteristics typical of morphologic synapses
(Fig. 2). Our criteria for a synapse consisted of three
characteristics. First, the labeled terminal must con-
tain synaptic vesicles and at least one of them must be
located within a vesicle-width from the synaptic area.
Such vesicles were sparse in type II terminals, possibly
because they were obscured by the reaction product.
However, vesicles were sparse even in terminals from
one fiber that was classified in the light microscope as
‘‘faintly labeled’’ (Figs. 2 and 3A). As reported pre-
viously, the vesicles in the type II terminals were

FIG. 1. Schematic showing the site of horseradish peroxidase
(HRP) injection to label type II fibers in the spiral ganglion of the
cochlea. Auditory nerve fibers are shown peripherally in the cochlea
where type II fibers form the afferent innervation of the outer hair
cells (OHC) and type I fibers form the afferent innervation of the
inner hair cells (IHC). Both fiber types project centrally in the au-
ditory nerve, bifurcate in the cochlear nucleus, and form branches in
the anteroventral, posteroventral, and dorsal subdivisions of the
cochlear nucleus (AVCN, PVCN, and DCN). Dividing the VCN from
the DCN is the granule-cell lamina, a region of termination for many
type II fibers. Type II fibers in the lamina were examined in the
approximate location indicated by the dashed box. The figure ori-
entation is approximately the sagittal plane (see compass indicating
dorsal toward the top of the figure). In successive figures, the ori-
entation is reversed (dorsal toward the bottom of the figure) in order
to be consistent with our previous work (Brown et al. 1988b; Benson
and Brown 1990; Benson et al. 1996).

FIG. 2. Electron micrograph of a labeled type II terminal swelling
forming a synapse on a dendritic spine (s). The specialization dem-
onstrates the morphological criteria for synapses: synaptic vesicles
(one denoted by arrow); synaptic cleft and postsynaptic density
(large arrowhead). In this example the density is darker and thicker
than in most other type II synapses (Fig. 3). The dense HRP reaction
product typically obscures most morphology in the swelling. The
dendritic spine was connected in other sections of the series to a
‘‘small dendrite’’ (outlined by small arrows; also illustrated in
Fig. 3A). Scale bar = 0.5 lm. The scale bar is positioned upon an
unlabeled terminal that contains pleomorphic vesicles.
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smaller than those in type I terminals (Ryugo et al.
1991; Berglund et al. 1996).

The second characteristic necessary for a synapse
was the presence of a postsynaptic density within the
postsynaptic element. In synaptic terminals from type
II fibers, the average length of the densities was
0.7 lm (range: 0.4–0.9 lm, measured in the section
containing the longest density) for 7 synapses. Much
of the apposition between presynaptic terminal and
postsynaptic element had a density: on average the
ratio of apposition/density lengths was 36%. In con-
trast, synapses from three type I fibers were shorter
(avg: 0.3 lm, range: 0.2–0.6 lm) and had lower ratios
(18%) of synaptic apposition, as measured for 57
synapses from 3 modified endbulbs of two of the ex-
perimental animals. These data confirm previous
studies of the core of the cochlear nucleus (Ryugo

et al. 1991; Berglund et al. 1996). None of the type II
synapses of the present study had discontinuous or
perforated densities nor did any obviously contain
signs of flocculent neuronal degeneration (Berglund
et al. 1996; Benson et al. 1996), although this could
have been obscured by reaction product.

The final characteristic necessary for a synapse was
the presence of a clear synaptic cleft of relatively
uniform width between pre- and postsynaptic mem-
branes, as compared with the usually narrower space
between parajunctional membranes. Nonsynaptic
swellings lacked synaptic clefts and densities and thus
did not meet our criteria.

Of a total of 27 swellings examined in their entirety
in serial sections, 19 (70%) formed at least one
synapse. Most synaptic swellings formed a single
synapse but three of them formed two separate syn-

FIG. 3. Electron micrographs of three small dendrites (delineated
with small arrowheads) receiving synapses from type II fibers. In
panels A and C the postsynaptic density is indicated with large ar-
rowheads, but in panel B the labeled terminal was synaptic in other
sections. In panel A, the small dendrite could not be traced to its
soma of origin, but it received a second synapse from the same
labeled terminal onto a spine in a nearby section (Fig. 2). The small
dendrite of panel B became much larger in nearby sections, as if
swollen relative to other parts of the dendrite. This dendrite was

followed through serial sections to the soma of a small cell (Figs. 4,
5A). The small dendrite in panel C is sectioned relatively longitu-
dinally and is seemingly engulfed by the labeled type II terminal, a
swelling found at a branch point of the fiber. The dendrite in C was
also connected, through serial sections, to a small cell (Fig. 5B).
Arrow denotes density of a synapse formed by an unlabeled terminal
containing small round vesicles. Scale bar in A = 0.5 lm and also
applies to B and C.

BENSON AND BROWN: Targets of Type II Fibres 115



apses. When two separate synapses were formed, the
postsynaptic elements were always common for the
two synapses. Our database came from four different
mice in which we examined 7 labeled type II axon
segments. Swellings were defined as portions of the
type II fiber that appeared thicker than twice the di-
ameter of the fiber when examined in the light mi-
croscope (Brown and Ledwith 1990). Most of the
swellings examined were en passant swellings (21 ex-
amined, of which 14 formed synapses), a few were at
branch points (3 examined of which 2 formed syn-
apses), and a few were axon terminals (3 examined,
all of which formed synapses). Synaptic swellings were
generally small. For the 19 synaptic swellings meas-
ured with NIH Image, the average silhouette area was
0.65 lm2 (range: 0.16–1.81 lm2) as measured in the
electron micrographs containing the synapses. The
lengths of the major and minor axes of the best-fit-
ting ellipse as computed by NIH Image averaged
1.11 lm and 0.69 lm, respectively.

Previously, it was shown that most of the swellings
of type II fibers in the cochlear nucleus core are el-
lipsoidal in shape (Brown and Ledwith 1990) and
often do not give rise to synapses (Ryugo et al. 1991;
Berglund et al. 1996). In the present study, most of
the swellings examined for synapses were nonellip-
soidal when viewed with the light microscope, having
angular edges, complex shapes, or being formed at
branch points. In the electron micrographs, the
nonellipsoidal shapes can be appreciated from the
relatively straight appositions that some swellings
make with their postsynaptic elements (Fig. 2).
However, there was not a one-to-one correlation be-
tween swelling shape and formation of synapses. For
example, some swellings judged to be nonellipsoidal
in the light microscope failed to form synapses when
examined in the electron microscope. Conversely, in
a few cases synapses were formed by ellipsoidal
swellings. Finally, no synapses were found on portions
of the type II fibers between swellings. All portions of
the type II fibers examined were devoid of myelin.

Small dendrites were the most common targets

Dendrites, especially small dendrites of diameter 0.5–
1 lm, were the most common postsynaptic targets of
synapses from type II axons (Fig. 3). Of the 19 syn-
aptic swellings studied, 12 formed their synapses onto
small dendrites (Table 1). The small dendrites could
be traced through the serial sections by aligning fi-
ducial marks including other dendrites, axons, so-
mata, blood vessels, and mitochondria within the
dendrites themselves. These dendrites were gradually
tapering but in a few cases they formed enlargements
or swellings. Some of them were smooth but others
had infrequent spines and six of the type II synapses

were found on these spines (Fig. 2). Small dendrites
appeared most often in cross section in our material,
indicating a mediolateral orientation. In general,
they had a course parallel to the lamina border,
usually not veering off into either the granule-cell
lamina or the core of the ventral cochlear nucleus.
Tracing small dendrites through the serial sections
was relatively straightforward, but most (10 out of 12)
could not be traced all the way to somata. This was
because they exited the 50-lm thick tissue section or,
for the thinnest profiles, because of ambiguities
within the neuropil. Nevertheless, two of the small
dendrites were followed through the serial sections
without ambiguity to their cell bodies. The dendrite
illustrated in Figure 3B was traced through 43 serial
sections to its soma and the dendrite illustrated in
Figure 3C was traced through 21 serial sections to its
soma. Additional serial sections were examined to
document these somata in their entirety and parts of
their other dendrites.

The two somata of origin giving rise to the small
dendrites were both cochlear-nucleus ‘‘small cells’’
(Osen 1969; Hackney and Osen 1985). One of these
small cells and nearby granule cells are shown in
Figure 4, and silhouettes of both small cells are
shown in Figure 5. The somata of these cells were
maximally about 9 lm in diameter, larger than
granule cells that are maximally about 6 lm in di-
ameter, but smaller than most principal cells of the
cochlear nucleus. Like granule cells, the small cells
had nuclei with chromatin aggregates, but unlike
granule cells, the small-cell nuclei were indented and
had one or more nucleoli. Both small cells had three
dendrites and the initial portions of the axons were
identified. In both small cells, the dendrites that re-
ceived the type II synapses were small but had swell-
ings or enlargements approximately four times the
diameter of the dendrite (marked by ‘‘e’’ on Fig. 5).
These enlargements contained several mitochondria
and other organelles and thus did not appear to be
artifactual. In one case the synapse was onto the en-
larged section of the dendrite (Fig. 5A). In the other

TABLE 1

Postsynaptic targets

Number of synapsesa

Synapses onto dendrites
Small dendrites/spines, including
two traced to small cells

12

Large dendrites 2
Synapses onto cell bodies

Presumed multipolar cells 4
Presumed globular bushy cell 1

aInstances of multiple synapses from 1 swelling on same target count as 1.
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case, the synapse was distal to the enlargement
(Fig. 5B). Both of the small cells had one dendrite
that was thicker than the other two. This dendrite did
not form enlargements but did form at least one
spine. The dendrites that could be reconstructed to
some extent were those that were generally parallel to
our plane of section, whereas other dendrites could
not be reconstructed.

Both small cells were examined, on the entire cell
body and proximal dendrites, for the presence of
synapses from unlabeled terminals (Fig. 5). One small
cell (Fig. 5A) received 6 unlabeled synaptic terminals
onto its cell body and 8 unlabeled synaptic terminals
onto its proximal dendrites, including two that formed
synapses onto spines. The other small cell (Fig. 5B)
received no somatic synapses but 7 unlabeled synaptic
terminals onto a proximal dendrite, including one
onto a spine. The terminals onto the two small cells
can be classified according to the size and shape of
their synaptic vesicles. Using the accepted classifica-
tion scheme (Schwartz and Gulley 1978; Cant and
Morest 1979; Benson et al. 1996), most of the synaptic
terminals (n = 18) had vesicles that were small and
round (Fig. 5, Sm Rnd). A few of the terminals, only 3
that were all onto the cell shown in Figure 5A, had
vesicles that were pleomorphic (e.g., lower right of
Fig. 2). All of the synapses were examined for the
presence of postsynaptic bodies, which are small
round structures (e.g., Fig. 8C) that appear adjacent
to some synapses formed by olivocochlear branches in
the granule-cell lamina (Benson and Brown 1990).
Postsynaptic bodies were found at two of the synapses
with small round vesicles, one onto each of the small

cells (Fig. 5, Sm Rnd w/psbs). These synapses also had
thicker and more obvious postsynaptic densities than
those typically associated with type II synapses. Overall,
the major input to the small cells consisted of synaptic
terminals with small round vesicles, perhaps some of
which were from olivocochlear branches or type II fi-
bers that were not labeled by our injections. Since
these terminals were not labeled, though, it is not
possible to determine their origin.

Round vesicles were also the predominant type
seen in unlabeled terminals in the neuropil of the
lamina in the immediate vicinity of labeled type II fi-
bers (Fig. 3C). A total of 388 synapses in two mice were
studied. The great majority (n = 360) had small round
vesicles and the remainder (n = 28) had pleomorphic
vesicles (Fig. 2). Nine of the terminals with round
vesicles had associated postsynaptic bodies. Also simi-
lar to most type II targets, small dendrites or their
spines in the neuropil were the most common target
of these synapses (268 of 388 synapses). However, a
difference from the type II results was that the neu-
ropil contained many unlabeled mossy terminals
(forming 86 of 388 synapses) as described previously
(Mugnaini et al. 1980b; Weedman et al. 1996). These
terminals are larger than type II terminals. For 12
mossy terminals, the average silhouette area was
2.60 lm2 (range: 1.49–4.06 lm2) and the lengths of
the major and minor axes of their best-fitting ellipses
averaged 2.13 lm and 1.45 lm, respectively. Their
synaptic vesicles were small and round but there were
never associated postsynaptic bodies. The mossy ter-
minal is centrally positioned within a glomerulus that
contains numerous dendrites likely arising from

FIG. 4. Electron micrograph of a small cell (SC) and a nearby
cluster of granule cells (g). The small cell received, on its small
dendrite, a synapse from an en passant swelling of a type II axon
(Figs. 3B, 5A). Like granule cells, the small cell has chromatin ag-

gregates in its nucleus, but it is larger than the granule cells and has a
distinctive nuclear fold. Its perikaryal organelles are more densely
packed, thus its cytoplasm appears darker than that of the granule
cells. Scale bar = 5 lm.
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granule cells. The terminal forms numerous synapses
onto the dendrites but not onto hairlike processes of
the dendrites that sometimes penetrate into the ter-
minal. These findings are very different from the type
II results because the type II swellings in the present
study neither formed mossy terminals nor did they
synapse on granule-cell dendrites in glomeruli. Addi-
tionally, a few of the unlabeled neuropil synapses were
onto somata or proximal dendrites of granule cells
(n = 4), small cell somata (n = 4), or unidentified
targets (n = 2). Finally, large dendrites were postsy-
naptic elements in some cases (n = 24), although
these were never participants in synaptic glomeruli.

Multipolar cells and other neurons were less
common targets

A minority of the synapses from labeled type II fibers
were axosomatic or upon somatic specializations, and
four of these targets were neurons likely to be
multipolar cells (Table 1). Two examples of such cells
are seen in Figure 6 and two other large cells of
similar morphology received synapses in the same
mouse. Their proximity to granule cells can be ap-
preciated from the figure. These neurons had somata
with large diameters (about 23 lm) and were some-
what fusiform in shape (Fig. 6). Much of each cell
body was examined in the electron microscope.
Subsurface cisternae were visible in all four somata.
The cell membranes were smooth except for rare
spines and somatic appendages. In one cell, the type
II synapse appeared on a ‘‘bootlike’’ appendage that
is outlined by arrowheads in Figure 6. In two other
cells, one of which received two type II synapses, the
synapses were onto small ‘‘mesalike‘‘ protuberances.
In the fourth cell, the synapse was found on an oth-
erwise nonspecialized cell membrane. The somatic
membranes of these cells received only infrequent
synapses from other unlabeled terminals. One of
these unlabeled synaptic terminals had the appear-
ance of flocculent neuronal degeneration as de-
scribed by Benson et al. (1996). Three of the four
somata gave rise to at least two dendrites that had
thick diameters (1.5–3 lm); these dendrites tapered
gradually from the somata and took a course roughly
parallel to the granule-cell lamina. The overall mor-
phology of these neurons suggests that they are
multipolar cells (Osen 1969; Cant 1981).

Another large neuron that received an axosomatic
synapse is pictured in Figure 7. Although this neuron
was not conclusively identified, it is probably not a
multipolar cell. This cell was located within 20 lm of
the border of the granule-cell lamina. In serial sec-
tions, about 40% of this neuron’s soma was examined,
assuming that it is an oblate spheroid. The major di-
ameter of the cell is 26 lm. The cell has an extensive
Golgi apparatus. A large core-directed dendrite arises
rather abruptly from the cell body rather than taper-
ing as for the multipolar cells described above. It was
the only dendrite observed. The neuron’s dendrite
received several terminals, including one that was
labeled. Another labeled axosomatic terminal is visi-
ble (asterisk on Fig. 7). The origin of that terminal
could not be determined but within our photomi-
crographs and serial sections it connected with other
axosomatic contacts. These connected terminals each
formed one or more punctate synapses characteristic
of type I auditory nerve fibers. Together, these labeled
terminals form a modified endbulb (Rouiller et al.
1986). Taken together, the morphology of this cell,

FIG. 5. Silhouettes of two small cells that received synapses from
type II fibers onto their small dendrites. The dark shading shows the
positions of the labeled type II terminals that formed the synapses
(synapse for the cell of panel A is shown in Fig. 3B; synapse for the
cell of panel B is shown in Fig. 3C). Also indicated are the positions of
other, unlabeled terminals that formed synapses onto these small
cells, coded according to the shape of their synaptic vesicles (Sm Rnd:
small and round; Pleo: pleomorphic) (Schwartz and Gulley 1978;
Cant and Morest 1979; Benson et al. 1996), as well as the presence of
postsynaptic bodies (Sm Rnd w/psbs) in the postsynaptic element. The
approximate sizes of these terminals on the figure are taken as the
maximal silhouette area observed in the series of sections through the
terminals. Each cell received synaptic input onto a dendritic en-
largement (e). The cell in panel A was pictured in Figure 4.
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along with its receiving a modified endbulb, suggests
that it is a globular bushy cell.

The postsynaptic targets of labeled type II fibers
also included two examples of large dendrites (di-
ameter > 2 lm) (Table 1) that could not be traced to
their somata of origin. The large dendrites were ori-
ented parallel to the edge of the granule-cell lamina.
One of these large dendrites is seen in Figure 8A, B

in the sections in which it receives the synapse
from the labeled type II fiber. This large dendrite was
also contacted by two unlabeled terminals that
formed synapses with postsynaptic bodies (e.g.,
Fig. 8C), suggesting input from olivocochlear
branches (Benson and Brown 1990). Indeed, the
morphology of these large dendrites is similar to
those large dendrites that are the principal targets of

FIG. 6. Two presumed multipolar cells (MC) that received axoso-
matic synapses from labeled type II terminals. Swellings of the
labeled type II fiber are indicated by two black, curved arrows. The
swelling at the lower middle of the micrograph is a terminal swelling
of the type II fiber and the swelling at the upper middle of the mi-
crograph is a branch point swelling of the same type II fiber. This
latter swelling synapses with a bootlike somatic appendage of the

upper cell (outlined by small arrows). The cells are on the border of
the lamina; a granule cell (g) is visible at lower right. Also at lower
right, curving under the granule cell, is another labeled type II fiber
(small arrows) illustrating the typical thin diameter of these fibers.
Thicker-labeled myelinated fibers (m) and terminals from type I fibers
within the core of the cochlear nucleus are visible at upper left. Scale
bar = 5 lm.
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olivocochlear branches in the lamina (Benson and
Brown 1990).

A summary of the synaptic targets of type II fibers
is seen in Figure 9. The targets are mainly small
dendrites, at least some of which emanate from small
cells, and an additional two untraced large dendrites.
Targets of axosomatic synapses were presumed mu-
tipolar cells and a presumed globular bushy cell.
Figure 9 also summarizes the other, unlabeled inputs
to the type II targets. These inputs are identified by
the size and shape of their synaptic vesicles, and their
potential sources are listed on the figure.

DISCUSSION

Postsynaptic targets of type II fibers

The high percentage of synaptic swellings of type II
auditory nerve fibers enabled us to determine

postsynaptic targets in the granule-cell lamina at its
border with the magnocellular core of the ventral
cochlear nucleus. Although the number of swellings
that were examined was not large (n = 27), the pro-
portion that formed synapses was 70%. This is a much
higher proportion than found previously in other
regions of the cochlear nucleus. In contrast, in the
nerve root, only about 10% of the swellings are syn-
aptic (Ryugo et al. 1991; Hurd et al. 1999). In a survey
of mainly core regions of the ventral cochlear nucle-
us, only 18% of the swellings were synaptic (Berglund
et al. 1996). When coupled with the fact that type II
fibers from all cochlear turns give off branches to the
granule-cell lamina (Berglund and Brown 1994),
these data suggest that the lamina and its border are
very important cochlear-nucleus areas for synaptic
input from type II fibers. Furthermore, since type I
fibers rarely project into the lamina (Brown and
Ledwith 1990), type II input may be the sole auditory
nerve input to this region.

A ‘‘big picture’’ view of type II postsynaptic targets
is diversity. This view emerges if the sample of targets
from the present study is considered along with tar-
gets from an earlier study of different mice (Berglund
et al. 1996). Even with its narrow focus on the gran-
ule-cell lamina, the present study demonstrated that
type II targets include small cells, multipolar cells,
and another large cell likely to be a globular bushy
cell (Table 1, Fig. 9). Previously identified targets of a
broad regional study (Berglund et al. 1996) included
a spherical bushy cell and granule cells. The latter cell
type was implicated because one terminal comprised
the center of a glomerulus (Mugnaini et al. 1980b).
This seems a rare occurrence since no labeled mossy
terminals were observed in the present study though
the type II fibers ran among neuropil containing
many mossy terminals. Mossy terminals arise from
sources as distant as the auditory cortex (Weedman
and Ryugo 1996). Type II targets are potentially as
diverse as those of type I auditory nerve fibers, which
make contact with at least a half-dozen different types
of cochlear-nucleus neurons (Rouiller et al. 1986;
Cant 1992). Overall, we now know that even in non-
core regions of the cochlear nucleus, type II input is
received by diverse neurons that include both prin-
cipal neurons and other smaller neurons. This di-
versity suggests that type II neurons can affect targets
involved in a variety of functional processes.

The most common postsynaptic targets of type II
fibers in the lamina were small-diameter dendrites. In
two cases the neurons giving rise to the dendrites
were identified as small cells, and it may be that small
cells are the predominant type II target. It is also
possible, though, that some of the small dendrites
emanate from granule cells or are the tips of tapering
dendrites of large multipolar cells. The small cells are

FIG. 7. Electron micrograph of a large neuron (outlined by arrows)
that received two axosomatic synapses from a terminal swelling of a
type II fiber. The neuron was located at the border of the granule-cell
lamina, and it gave off a large dendrite directed toward the core of
the ventral cochlear nucleus. This dendrite receives several termi-
nals, one of which is darkened with HRP label. Another labeled
axosomatic terminal is visible just beneath the asterisk. The origin of
that terminal could not be determined unambiguously, but it con-
nected with other axosomatic terminals that also formed punctate
synapses with the neuron. Together, the terminals comprise a
modified endbulb, suggesting that this neuron is a globular bushy
cell that receives input from both type I and type II auditory nerve
fibers. Scale bar = 5 lm.
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likely to be a particular subset of a rather heteroge-
neous cell group (Cant 1993; Hutson and Morest
1996; Weedman and Ryugo 1996). Although the
small cells of the present study cannot be further
identified, it does not seem likely that they are Golgi
cells, mitt cells, unipolar brush cells, or chestnut cells.
Golgi-cell dendrites have numerous appendages giv-
ing them a ‘‘hairy’’ appearance (Mugnaini et al.
1980b). Mitt cells or unipolar brush cells have only a
single, very thick dendrite (Floris et al. 1994; Hutson
and Morest 1996; Weedman et al. 1996). Chestnut
cell somata have scalloped cell membranes (Weed-
man et al. 1996). By contrast, our small cells had
smooth membranes and each had multiple dendrites
that were only sparsely spined. Both of our cells,
though, did have one dendrite that was thicker than
the other dendrites at least close to the cell body.
Since their dendrites were generally tapering, these
small cells seem to be different than a ‘‘varicose-
dendrite’’ small cell (Benson and Brown 1990),
which had two dendrites both with distinctive hour-
glass-like varicosities interspersed with narrowings
containing bundles of microtubules. Since only one
of our target small cells received synaptic terminals
onto its cell body, the presence of somatic input does
not appear to be an invariable marker of such cells.
The two small cells studied here were restricted to a
particular cochlear-nucleus region (the lamina bor-

der). Small cells form an incomplete ‘‘cap’’ at the
dorsal edge of the ventral cochlear nucleus of the cat
but not obviously so in the area examined in the
present study of the mouse. Rather, in mouse the
large cells border the granule-cell lamina (Fig. 6) and
small cells are intermingled at that border.

The present study is the first to demonstrate that
type II fibers form axosomatic synapses onto neurons
likely to be multipolar cells. These cells may also be
the source of the large dendrites that were also type II
targets. Multipolar cells are a large and heterogene-
ous group of neurons. Work on the subtypes of
multipolar cells is an active area and there appear to
be species differences. Subtypes are defined on the
basis of the degree of somatic input received; the fact
that the target multipolar cells of the present study
had few somatic terminals suggests they are like ‘‘type
I’’ multipolar cells of the cat (Cant 1981). The target
multipolar cells’ position along the edge of the
granule-cell lamina suggests that they might corre-
spond to ‘‘marginal cells’’ of the rat (Doucet and
Ryugo 1997). In mouse, the species used in the pre-
sent studies, two subtypes of multipolar cells have
been defined on the basis of axonal projection. The
D-stellate cells have axons that proceed in a dorsal
direction; these neurons also have dendrites associ-
ated with the granule-cell region (Oertel et al. 1990)
as do the multipolar cells/large dendrites of the

FIG. 8. Large dendrite (LD) that received a synapse (arrowheads in
panels A and B) from a type II axon. The dendrite could not be traced
to its soma, but its large diameter makes it distinct from the small
dendrites of Figure 3. C The same large dendrite, in another section,
also receives an unlabeled synapse with a robust postsynaptic den-

sity and with four postsynaptic bodies (between arrows), which is a
synapse typical of those formed by medial olivocochlear branches
(see text). Part of a granule cell (g) is indicated. In all panels, the
asterisk denotes an axon with a relatively constant orientation rela-
tive to the large dendrite. Scale bar = 1 lm.
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present study. In the present study, the multipolar
cells’ fusiform rather than stellate shape is somewhat
atypical (Osen 1969; Cant 1981). Also, the extent to
which their uncommon mesalike and bootlike ap-
pendages correspond to the spines seen on cat
multipolar cells is not clear (Cant 1981). Given spe-
cies differences, although it is likely that our cells
correspond to multipolar cells, their characterization
as a particular subtype awaits future study.

Convergence of type II and olivocochlear input
onto small cells

Convergence of type II and olivocochlear input onto
certain cochlear-nucleus neurons is suggested by our
results. We have previously demonstrated topological
convergence of these two fiber types into the granule-
cell lamina (Brown et al. 1988b; Brown and Ledwith
1990). Now, convergence onto single neurons is
suggested by our finding that the two small cells that
were postsynaptic targets of type II synapses also re-

ceived unlabeled synapses with postsynaptic bodies.
Synapses with such postsynaptic bodies are found at
about one-fourth of the synapses produced by oli-
vocochlear branches to the cochlear nucleus (Benson
and Brown 1990). Postsynaptic bodies have not been
reported at synapses from other identified sources,
although other sources cannot be completely ex-
cluded. These observations are suggestive of type II
and olivocochlear input onto the same cochlear-nu-
cleus neurons, as summarized in Figure 9 for both
the small cell dendrites as well as the large dendrite.
The round shape of the vesicles found in both oli-
vocochlear and type II terminals suggests that both
inputs would cause their small-cell targets to be ex-
cited (Uchizono 1965). Given the expected slow
conduction time of type II fibers (Brown 1993; Brown
1994) and the 5–10-ms minimum latency of the me-
dial olivocochlear reflex pathway (Robertson and
Gummer 1985; Liberman and Brown 1986), temporal
convergence of these two types of inputs is possible.
The olivocochlear system would presumably signal
that output was being sent to the periphery and the
type II fibers would presumably signal that the outer
hair cells were responding either to this output or to
sound. Whether small cells integrate these two inputs
is not known because the responses of such cells have
not been clearly demonstrated due to the difficulty in
recording responses from small neurons. It now
seems likely, though, that small cells in the lamina
have a close relationship with afferent (type II) and
efferent (medial olivocochlear) fibers associated with
cochlear outer hair cells.

There are likely to be other sources of input to the
small cells. For instance, one of the small cells re-
ceived terminals with pleomorphic vesicles and both
received terminals with small/round vesicles. This is a
typical profile for endings in the small cell cap (Cant
1993). The pleomorphic vesicle terminals would be
expected to have an inhibitory effect. These terminals
could potentially originate in any of the many centers
that project to the lamina (Itoh et al. 1987; Weinberg
and Rustioni 1987; Burian and Gstoettner 1988; Ke-
vetter and Perachio 1989; Caicedo and Herbert 1993;
Saldana 1993; Weedman and Ryugo 1996). By con-
trast, these particular small cells do not appear to
have received input from type I auditory nerve fibers
in the areas that were examined because they re-
ceived no terminals containing large/round vesicles
that are typical of these fibers (Cant and Morest 1979;
Treeck and Pirsig 1979; Tolbert and Morest 1982b).
Type I terminals do not appear to be present in the
granule-cell lamina (Mugnaini et al. 1980b; Cant
1993). As far as we could examine them, small
dendrites including those of small cells, ran parallel
to the granule-cell lamina and did not enter the
magnocellular core. However, because the entire

FIG. 9. Summary of the synaptic targets of type II fibers observed in
the present study. Most of the targets are small dendrites, at least
some of which emanate from cochlear-nucleus small cells. Some
targets are cell bodies of presumed multipolar cells. Occasional
targets were large dendrites and presumed bushy cells. On the figure,
labeled type II synaptic terminals are shaded in black and unlabeled
synaptic terminals are unshaded. The unlabeled terminals are clas-
sified by the size and shape of their synaptic vesicles (abbreviations
as in Fig. 5). Their potential sources are listed in italics.
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dendritic field of the small cells has not been recon-
structed, it is impossible to say that there is no type I
input to their dendrites. Nevertheless, these data
suggest that cochlear-nucleus small cells of the sub-
group examined here do not receive type I input.
Such a situation is similar to the thin, unmyelinated
(C) fibers of the somatosensory system, which termi-
nate mainly in the superficial layers of the spinal
dorsal horn, separately from the terminations of the
thick myelinated fibers (Light and Perl 1979; Sugiura
et al. 1986). Such separate terminations imply that
the thin-fiber systems have separate functional
processing of their information in the central nervous
system. In the auditory system, these observations
suggest the possibility of a small-cell circuit that op-
erates without direct input from fibers associated with
inner hair cells, the type I auditory nerve fibers.

Convergence of type II, type I, and olivocochlear
inputs onto multipolar cells

Convergence of type II and type I input onto certain
cochlear-nucleus neurons is suggested by some of our
results, as summarized in the lower part of Figure 9.
Such convergence is very likely to be present on the
larger, principal neurons that are part of the mag-
nocellular core of the cochlear nucleus. These targets
include large neurons presumed to be multipolar
cells and large dendrites that may emanate from
them. Less common type II targets were a large
neuron likely to be a globular bushy cell and a large
neuron likely to be a spherical bushy cell in an earlier
study (Berglund et al. 1996). All of these targets
presumably receive type I input. Indeed, the bushy
cells received endbulbs—a reliable marker of type I
input. Principal cells examined in the present study
are located at the dorsal edge of the cochlear nucleus
just on the border of type I endings (on their ventral
surfaces) and type II endings (on their dorsal sur-
faces, Fig. 6). Such examples of convergence suggest
that several types of cochlear-nucleus neuron com-
bine type I and type II input in their functional cir-
cuitry. How type II inputs add to the type I inputs,
especially in the temporal realm, is unclear. Presum-
ably, the type I input, which in the case of endbulbs
presumably forms hundreds of synapses, would pro-
vide the dominant excitation.

The large dendrites that receive type II input are
also likely to receive input from olivocochlear
branches. Large dendrites in this region are the
predominant target of these branches (Benson and
Brown 1990), and in the present study one large
dendrite target also received two unlabeled terminals
forming synapses with postsynaptic bodies. We have
previously outlined a functional scenario for the
presumed multipolar cells that receive olivocochlear

input (Benson and Brown 1990). Action of olivoc-
ochlear fibers on the periphery decreases the re-
sponses of auditory nerve fibers (Wiederhold and
Kiang 1970; Guinan and Gifford 1988). Olivocochlear
branches may compensate for the reduced nerve fi-
ber input by exciting certain multipolar cells of the
cochlear nucleus. Such a scenario receives support
from electrophysiological studies (Mulders et al.
2003) and might be important for multipolar neuron
involvement in coding for the absolute intensity of a
sound. In fact, some of these neurons (Smith and
Rhode 1989), as well as others in the marginal shell
surrounding the cochlear nucleus (Ghoshal and Kim
1996), have the wide dynamic ranges that would be
involved in coding for sound intensity. Presumably,
type II input signals a response to sound or the action
of olivocochlear fibers on the periphery. Further
studies are needed to elucidate how this additional
type II input would play a role.
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