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2.1 � Introduction

Hair cell receptors for the hearing and balance organs, and the lateral line, are 
unique among the senses by receiving an efferent innervation of the periphery. 
Olivocochlear (OC) neurons supply this efferent innervation, and they are the most 
peripheral of the many descending neural systems of the central auditory pathway 
(see Schofield, Chap. 9). OC neurons are named by their origins in the superior 
olivary complex and terminations in the cochlea (Fig.  2.1). In the cochlea, they 
innervate the hair cells and auditory-nerve fibers. This chapter mainly covers the 
new ground on OC anatomy in mammals since Warr’s (1992) comprehensive chap-
ter on this topic about 15 years ago. Since that time, there is even stronger evidence 
for the separate innervation of the periphery by the two major groups of OC neu-
rons. It is also now clear that both of these groups consist of distinct subgroups. 
There is additional information on the reflex pathways leading up to OC neurons 
that enables their response to sound. Overall, this anatomy may help to define the 
functions that OC neurons perform in the sense of hearing.

2.2 � OC Neurons in the Brain Stem

2.2.1 � Distributions of Lateral vs. Medial Olivocochlear Neurons

OC neurons were discovered by Rasmussen (1946, 1953). Later studies confirmed 
the interpretation of these early fiber degeneration studies with the use of retrograde 
labeling that filled the OC neurons with tracer (Warr 1975). The separation of OC 
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neurons into the two major groups originated with Warr and Guinan (1979; 
Fig. 2.1). Generally, lateral olivocochlear (LOC) neurons originate in and/or near 
the lateral superior olive (LSO), whereas medial olivocochlear (MOC) neurons 
generally originate in the medial periolivary regions. The exact location of OC 
neurons depends on species. For example, many LOC neurons in rodents are found 
within the LSO (Campbell and Henson 1988; Vetter and Mugnaini 1992; Sánchez-
González et al. 2003), whereas in cats they are found mainly in the dorsal hilus of 
the LSO (Warr 1975) and in squirrel monkey they appear to reside between the 
LSO and the medial superior olive (Thompson and Thompson 1986). Some LOC 
neurons are located in the anterolateral and dorsolateral periolivary areas (Warr 
et al. 2002).

Fig. 2.1  Schematic showing OC neurons and the course of their axons to one cochlea, the cochlea 
on the right side of the figure designated “ipsilateral.” Lateral olivocochlear (LOC) neurons have 
cell bodies located around and/or in the lateral superior olive (LSO), whereas medial olivocochlear 
(MOC) neurons have cell bodies located in the more medial parts of the superior olivary complex. 
Axons from LOC neurons (gray lines representing unmyelinated axons) and MOC neurons (black 
lines representing myelinated axons) coalesce into the OC bundle. As the bundle projects laterally, 
branches are given off to the vestibular and cochlear nuclei. Inset below: Schematic of peripheral 
terminations of LOC fibers on auditory-nerve dendrites below inner hair cells (IHCs) and termina-
tions of MOC fibers on outer hair cells (OHCs). Arrows indicate direction of spike propagation 
(adapted from Warren and Liberman 1989)
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Two subgroups of LOC neurons were discovered by Vetter and Mugnaini (1992). 
LOC “intrinsic” neurons are small and contained within the body of the LSO, 
whereas LOC “shell” neurons are larger and found on the margins of the LSO 
(Fig. 2.2). In cats, where all LOC neurons are outside the LSO, the subgroup dis-
tinction is made by proximity and dendritic association with the LSO (Warr et al. 
2002). LOC intrinsic neurons in rodents have dendrites running across the LSO 
(Fig. 2.3), presumably within an isofrequency plane. LOC shell neurons are about 
twice the size of intrinsic neurons. Some of their dendrites enter the LSO and others 
run into the reticular formation.

MOC neurons in most species are found predominantly in the ventral nucleus 
of the trapezoid body (VNTB). Other nuclei containing MOC neurons include the 
dorsomedial preolivary nucleus, the medial nucleus of the trapezoid body, and 
the dorsal periolivary nucleus (Fig. 2.2; Warr 1975; Brown and Levine 2008). The 
distribution of MOC neurons extends more rostrally than LOC neurons, reaching 
the caudal end of the ventral nucleus of the lateral lemniscus. MOC neurons have 
large somata (Fig. 2.2). They give rise to dendrites that radiate in different direc-
tions, and the longest are directed medially (Brown and Levine 2008). The nonpla-
nar arrangement of these dendrites seems incongruous with MOC responses, which 
are sharply tuned to sound frequency (Robertson and Gummer 1985; Liberman and 
Brown 1986).

Fig. 2.2  Photomicrograph of presumed OC neurons in the brain stem of a mouse. In this trans-
verse section through the left side, the stain for acetylcholinesterase appears as a black color. 
Darkly stained MOC neurons in the ventral nucleus of the trapezoid body (VNTB) have large cell 
bodies and long dendrites that extend medially from these somata toward the trapezoid body. A 
few large stained neurons are seen in the dorsal periolivary nucleus (DPO); these are probably 
MOC neurons. MOC axons project dorsally to eventually form the OC bundle. LOC intrinsic 
neurons with small somata are seen within the LSO and LOC shell neurons are seen on its mar-
gins. LOC dendrites and axons are not well stained by acetylcholinesterase (from Brown and 
Levine 2008)
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2.2.2 � Numbers of Neurons

Depending on the species, total numbers of OC neurons innervating one cochlea range 
between 341 (hamster) and 474 (mouse) on the lower end and 1,366 (cat) and 2,346 
(guinea pig) on the higher end (reviews: Warr 1992; Sánchez-González et al. 2003). In 
humans, there are about 1,400 axons in the OC bundle (Arnesen 1984). In general, the 
smaller species have fewer neurons; thus, some of the variability in the number of OC 
neurons can be reduced by dividing by basilar membrane length, which is shorter in 
the smaller species (Bishop and Henson 1987). These numbers of OC neurons are 
dwarfed by the afferent neurons of the cochlea, which range from about 20,000 to 
50,000 per cochlea in the various mammalian species (Nadol 1988).

Fig. 2.3  Drawings of OC somata in the brain and their peripheral terminations in the organ of 
Corti. There are distinct types of LOC neurons. LOC intrinsic neurons have somata within the 
LSO and project peripherally to form “unidirectional” fibers that run in one direction in the inner 
and tunnel spiral bundles beneath IHCs. Their peripheral terminations have limited spans along 
the cochlea. LOC shell neurons on the margins of the LSO project peripherally to form “bidirec-
tional” fibers that run both directions in the spiral bundles and terminate over extensive spans. 
MOC neurons project peripherally to innervate OHCs (dots) in a “patchy” pattern. The endings 
are distributed over substantial spans (modified from Brown 1987a, b; Warr et al. 1997)
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The ratio of LOC to MOC neurons is also variable among species. In the 
extreme, a bat species similar to the horseshoe bat, Rhinolophus rouxi, lacks 
MOC neurons; in contrast, guinea pigs have approximately equal numbers of 
LOC and MOC neurons (Aschoff and Ostwald 1987). In cats and mice, the per-
centages are about 65% LOC and 35% MOC (Arnesen and Osen 1984; Campbell 
and Henson 1988; Warr et al. 2002). In humans, the percentages are about 70% 
LOC vs. 30% MOC (Arnesen 1984, counted as thin vs. thick axons in the OC 
bundle; see later). Shell neurons number about 15% of all LOC neurons in rats 
(Vetter and Mugnaini 1992).

OC neurons projecting to a single cochlea are distributed bilaterally in the brain 
stem (Fig. 2.1). LOC neurons are located predominantly on the same side of the 
brain as the cochlea that they innervate. For cats, the same side:opposite side ratio 
is about 3:1 (Warr et al. 2002), whereas for mice it is about 100:1 (Campbell and 
Henson 1988). MOC neurons are usually distributed unequally but their distribu-
tion is skewed toward more neurons on the side of the brain opposite to the inner-
vated cochlea. For cats and most other species, there are about twice as many MOC 
neurons on the opposite side of the brain; for chinchillas the distribution is about 
even on the two sides (Azeredo et al. 1999). Opposite-side OC neurons have axons 
that cross the midline on their way to the innervated cochlea, and even uncrossed 
MOC axons can approach the midline (Fig. 2.1). About 5% of MOC neurons, but 
no LOC neurons, project bilaterally (Robertson et al. 1987a).

2.2.3 � Axonal Characteristics

An important distinction between the groups of OC neurons is that LOC neurons 
have thin, unmyelinated axons and MOC neurons have thicker, myelinated axons 
(evidence reviewed by Guinan et al. 1983; Warr 1992). This distinction has impor-
tant physiological implications because thin unmyelinated axons have much higher 
thresholds to electric stimulation. Thus, electric stimulation of the OC bundle is 
likely to activate the MOC axons exclusively (Guinan et al. 1983). Axons from both 
LOC shell neurons and intrinsic neurons are thin (Brown 1987a; Warr et al. 1997).

2.3 � Peripheral Projections

2.3.1 � Separate Terminations of LOC and MOC Neurons

The separate peripheral termination of LOC and MOC neurons was first demon-
strated by Warr and Guinan (1979). Since then, the preponderance of the evidence 
suggests that LOC neurons project to inner hair cell (IHC)-associated targets, 
whereas MOC neurons project to outer hair cells (OHCs; Fig. 2.1, inset). Are there 
any OC neurons that innervate both IHCs and OHCs? Tracings of labeled fibers 
indicate separate innervation of the two types of hair cells, at least in the basal half 
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of the cochlea (Fig. 2.3; Robertson and Gummer 1985; Liberman and Brown 1986; 
Brown 1987a). Also in support of separate innervation of the two types of hair cell, 
cuts of crossing MOC fibers reduce endings on OHCs, but have no effect on end-
ings on IHCs in the mouse, where LOC neurons are almost entirely uncrossed 
(Maison et  al. 2003). Separate innervations of the hair cells by the OC groups 
would parallel the separate innervation by afferent fibers, in which type I and type 
II auditory nerve fibers separately innervate IHC and OHC, respectively (Spoendlin 
1971; Kiang et al. 1982).

2.3.2 � Terminations of LOC Fibers

Both groups of OC neurons have fibers that branch extensively in the cochlea 
(Fig. 2.3). The end result of the branching is that a relatively small number of OC 
neurons gives rise to numerous synapses in the cochlea. LOC fibers synapse mainly 
on dendrites of auditory nerve fibers beneath IHCs. In the cat, those dendrites con-
tacting the IHC on its modiolar side, which correspond to high-threshold, low-
spontaneous rate fibers, receive an average of 15–25 synapses per fiber (Liberman 
et al. 1990). Those dendrites contacting the IHC on its pillar-cell side, which cor-
respond to the low-threshold, high-spontaneous rate fibers, receive fewer synapses: 
an average of 5–10 synapses per fiber. Some LOC synapses are formed directly on 
the IHCs (Liberman 1980). In the inner spiral bundle, LOC synapses are formed by 
small en passant swellings (Fig. 2.4) and a few terminal branches. In some species, 
LOC swellings in the tunnel spiral bundle may contact MOC branches on their way 
to the OHCs (Iurato et al. 1978; Liberman 1980).

LOC intrinsic and shell neurons have very distinct terminal arbors (Fig. 2.3). 
Warr et al. (1997) studied this issue by injections of tracers either inside the LSO 
(to label intrinsic LOC neurons) or on its margins (to label shell neurons). Intrinsic 
neurons form peripheral fibers that turn one direction as they enter the inner spiral 
bundle. They terminate in arborizations of limited span along the organ of Corti. 
Shell neurons form peripheral fibers that bifurcate in the inner spiral bundle to run 
both apically and basally. They terminate in extensive arborizations over wide 
spans along the spiral bundles. Branching of axons giving rise to bidirectional 
fibers, but not unidirectional fibers, suggests that several bidirectional arborizations 
can arise from a single neuron (Brown 1987a).

The density of LOC terminals along the length of the cochlea is relatively even, 
with somewhat more innervation apically (Liberman et  al. 1990). LOC neurons 
project to the cochlea in a way consistent with the known tonotopic mapping of the 
LSO (Guinan et al. 1984). For example, tracer injections into the lateral part of the 
rodent LSO (known to be a region of low characteristic frequency) result in labeling 
in the cochlear apex, whereas injections into the medial part of the LSO result in 
labeling the base (Stopp 1983; Robertson et  al. 1987b). These results probably 
apply to intrinsic neurons; whether the mapping of shell neurons is tonotopic 
remains to be investigated.
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2.3.3 � Terminations of MOC Fibers

MOC endings on OHCs are larger than the LOC endings in the inner spiral bundle 
(Fig. 2.4). The density of these MOC terminals has a broad peak around the mid-
point of the cochlea in mice (Fig. 2.5) or somewhat more basally in cats (Guinan 
et al. 1984). Compared to the more numerous terminals from crossed axons, termi-
nals from uncrossed axons have a more even density and are distributed somewhat 
more apically (Guinan et al. 1984). In most species, as the terminations taper off 
apically, they do so initially for the third row of OHCs, next for the second row, and 
last for the first row (Liberman et al. 1990). However, in mouse, there is a relatively 
equal innervation of the three rows (Maison et al. 2003). The longitudinal distribu-
tion of endings is similar to the effects of stimulation in response to different fre-
quencies (Fig. 2.5). The MOC terminals hyperpolarize OHCs, decrease the gain of 
the cochlear amplifier and the sensitivity of the IHCs, and finally reduce the 
responses of the auditory nerve fibers, which is the metric plotted in Fig. 2.5 (see 
Guinan, Chap. 3). OHCs in the cochlear base receive an average of nine MOC 
terminals (Liberman et  al. 1990). Some MOC en passant swellings just below 
OHCs contact type II auditory nerve fibers (Thiers et al. 2002).

Fig. 2.4  Cochlear immunostains showing cholinergic MOC terminals on OHCs and mixed popu-
lation of terminals in the inner spiral bundle (ISB) just beneath IHCs. This cochlear whole-mount 
from a mouse was stained for vesicular acetylcholine transporter (VAT, red) and for tyrosine 
hydroxylase (TH, green). Large, VAT-positive endings of MOC neurons are present on the OHC. 
Small, VAT-positive endings of LOC neurons are present in the ISB. Intermingled with these 
cholinergic endings are a few TH-positive LOC endings. There are also numerous TH-positive 
swellings in the osseous spiral lamina (OSL) (figure generously provided by M.C. Liberman)
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Reconstructions of single MOC fibers in the cochlea indicate substantial spans 
of the endings along the organ of Corti. For example, the guinea pig fiber in 
Fig. 2.3 contacts OHCs over a span of about 1.5 mm. Cat MOC fibers can span up 
to 3.2 mm, corresponding to a cochlear distance of about an octave (Liberman and 
Brown 1986). The innervation pattern from a single fiber is “patchy,” with clusters 
of OHCs innervated separated by long uninnervated regions; other fibers provide 
the innervation for those hair cells between the patches. MOC neurons project 
onto the cochlea in a mapping generally similar to the cochlear frequency mapping 
for auditory nerve fibers (Robertson and Gummer 1985; Liberman and Brown 
1986; Brown 1989, 2002). For example, an MOC neuron with a characteristic 
frequency of 10 kHz projects to a region of the cochlea that has auditory-nerve 
fibers tuned to a similar characteristic frequency. MOC neurons thus affect the 
processing of information in the cochlea in a frequency-specific manner. Given the 
broad span of innervation it is expected that a single fiber would affect a band of 
frequencies rather than a single frequency (see Guinan, Chap. 3, for human data 
relevant to this issue).

MOC terminal anatomy is influenced by postsynaptic target. This has been dem-
onstrated in mice lacking the a9 cholinergic receptor, a key component of the 
receptor for MOC action on OHCs (see Sewell, Chap. 4 and Katz et al., Chap. 5). 
In these mice, there is a single, large MOC terminal on each OHC rather than the 
multiple small terminals found in wild-type mice (Vetter et  al. 1999). In these 
same mice, however, the central branches and somata of OC neurons have normal 

Fig. 2.5  Longitudinal distribution of cochlear MOC terminals in the mouse shows a broad peak 
in the middle of the cochlea. The x-axis is distance along the cochlear spiral plotted as cochlear 
frequency correlate. Equivalent counts of immunostaining for glutamic acid decarboxylase (GAD, 
open circles), calcitonin gene-related peptide, (CGRP, shaded circles), or vesicular acetylcholine 
transporter (VAT, solid circles) results from extensive co-localization. Presumably, the peak in 
distribution of terminals is responsible for the peak of MOC effect, which is the average suppres-
sion of the compound action potential of the cochlea expressed as effective attenuation in decibels 
as a result of electrical stimulation of the OC bundle. MOC terminal data from Maison et  al. 
(2003); MOC effects adapted from Vetter et al. (1999)
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morphology (Brown and Vetter 2008), apparently because central receptors are 
different (see later) and are preserved in the knock-out mice.

2.4 � Central Branches to the Cochlear and Vestibular Nuclei

MOC axons form branches to the cochlear nucleus en route to the periphery 
(Fig.  2.1). About two thirds of MOC axons in rodents form branches; crossing 
fibers as well as uncrossed fibers are branched (Brown 1993). There may be spe-
cies differences in the number of branches formed. Mice and cats have many such 
branches (Osen et al. 1984), guinea pigs have fewer branches (Winter et al. 1989), 
and humans appear to lack them (Moore and Osen 1979). Some work (Brown 
et  al. 1988) suggests that only the thick MOC axons form cochlear nucleus 
branches. Other studies (Ryan et al. 1990; Horvath et al. 2000), however, suggest 
branches from LOC neurons. Perhaps these differences arise from differences in 
the species used.

MOC branches terminate mainly in the edge regions and to a lesser extent the 
core of the cochlear nucleus (Osen et  al. 1984; Ryan et  al. 1990; Brown 1993; 
Brown and Vetter 2008). There are many branches at the medial edge (Fig. 2.6) and 
at the dorsal edges of the VCN where it abuts the granule cell lamina. Some 
branches are found in the core of the cochlear nucleus and on its superficial edge 
(Fig. 2.6), part of the shell of small and granule cells. Caudally and rostrally, the 
branches taper off. LOC processes are not well stained by acetylcholinesterase 
(Fig. 2.2), but LOC branches labeled by retrograde transport of amino acids termi-
nate mainly in the core of the cochlear nucleus (Ryan et al. 1990).

The branches formed by the MOC give rise to numerous swellings, which are 
the site of synapses (Benson and Brown 1990). The synapses have round vesicles 
and are thus likely to be excitatory (Uchizono 1965). The most common targets of 
the synapses are large-diameter dendrites. Single dendrites receive multiple syn-
apses from one branch, suggesting a powerful effect on the target. The target den-
drites are likely to be from cochlear nucleus stellate/multipolar cells. In slice 
preparations, the type of neuron known as “T” stellate/multipolar cells is affected 
by cholinergic agonists (Fujino and Oertel 2001), indicating that it has the appropri-
ate receptor for the acetylcholine released by OC branches. In vivo, electrical 
stimulation of the OC bundle causes excitation of neurons with an “onset chopper” 
response to sound (Mulders et  al. 2007; see Robertson and Mulders, Chap. 10). 
Neurons with this response may correspond to a different subtype of stellate/multi-
polar cell and this difference remains to be resolved. The functional role of the OC 
branches to the cochlear nucleus also remains to be worked out. They may provide 
a form of “efferent copy” in which certain elements in the cochlear nucleus receive 
information about the type and amount of efferent feedback sent to the periphery 
(Benson and Brown 1990). For example, MOC neuron action on the periphery is 
inhibitory, in turn decreasing responses of cochlear nucleus neurons including those 
providing inputs to MOC neurons. This would cause MOC response to decrease, 
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which might compromise important functions such as providing protection from 
acoustic overstimulation. A scheme to maintain MOC response at a constant level 
would be to have MOC branches excite those neurons providing inputs to MOC 
neurons.

The cochlear nucleus contains neither the a9 nor a10 nicotinic receptor subunits 
that are present at MOC synapses in the cochlea. The central receptor for the MOC 
branches is most likely composed of the a7 nicotinic cholinergic receptor. 
Immunostaining (Yao and Godfrey 1999) and the presence of mRNA for this recep-
tor (Happe and Morely 1998) overlap with the regional distributions of branches. 
The pharmacological profile of the effect of acetylcholine on cochlear nucleus stel-
late cells is also consistent with the involvement of an a7 receptor as well as the 
presence of other cholinergic receptors (Fujino and Oertel 2001).

MOC and LOC neurons also give off branches to some of the vestibular nuclei 
(Brown et al. 1988; Ryan et al. 1990; Brown 1993). These branches form swellings 

Fig. 2.6  OC branches to the cochlear nucleus. A mouse transverse section stained for acetylcho-
linesterase that shows the darkly stained olivocochlear bundle (OCB) giving off branches (br). In 
this section, most of the branches form endings at the medial edge (arrow), a few in the core of 
the anteroventral cochlear nucleus (AVCN), and one or two at its superficial edge (sup) (unpub-
lished data from Brown and Levine)
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that, like those in the cochlear nucleus, produce synapses (Benson and Brown 
1996). The postsynaptic targets in the inferior vestibular nucleus are thick dendrites 
and sometimes cell bodies. The function of these vestibular-nucleus branches is 
obscure.

2.5 � Neurochemistry

Both groups of OC neurons are predominantly cholinergic, but the LOC group 
probably has additional neurons that are not cholinergic (see Sewell, Chap. 4 and 
Katz et al., Chap. 5). In immunohistochemical studies of the rat, about half of the 
LOC neurons are reported to stain for glutamic acid decarboxylase (GAD, an indi-
cator of GABAergic neurotransmission), and the other half are reported to stain for 
calcitonin gene-related peptide (CGRP) (Vetter et al. 1991). In mouse, though, there 
is extensive co-localization of immunolabeling for these transmitter-related sub-
stances along with vesicular acetylcholine transporter (an indicator of cholinergic 
neurotransmission). This co-labeling suggests that LOC neurons are predominantly 
cholinergic. LOC shell neurons may be in large part dopaminergic because they 
immunostain for tyrosine hydroxylase (Darrow et al. 2006). These LOC neurons 
apparently account for the tyrosine hydroxylase-positive endings in the IHC area 
(Fig. 2.4). Some LOC shell neurons, however, may stain for acetylcholinesterase 
(Brown and Levine 2008). Clarification of the neurotransmitters of LOC neurons is 
an active area of research.

MOC neurons are cholinergic. At least in some species, there is co-localization 
of other transmitters in the terminals (Maison et al. 2003). For example, there are 
similar numbers of mouse OHC terminals stained for vesicular acetylcholine 
transporter (an indicator of cholinergic neurotransmission), GAD, and CGRP 
(Fig. 2.5). These numbers are similar to the numbers of OHC terminals stained for 
SNAP25, a marker of all vesiculated terminals, so there are apparently no other 
types of terminals. Consistent with their cholinergic neurotransmission, MOC 
neurons, their axons, and their processes all stain darkly for acetylcholinesterase 
(Fig.  2.2; Schuknecht and Nomura 1965; Osen et  al. 1984). LOC neurons also 
stain, but their axons and dendrites are not as darkly stained (Fig. 2.2; Brown and 
Levine 2008). OC neurons also stain for the cholinergic marker, choline acetyl-
transferase (Thompson and Thompson 1986).

2.6 � Ultrastructure of Synaptic Inputs to OC Neurons

MOC neurons receive several types of synaptic terminals (Fig. 2.7; White 1984, 
1986; Spangler et al. 1986; Helfert et al. 1988; Benson and Brown 2006). One type 
contains large, round vesicles (Fig. 2.7a). These terminals are large in size and form 
up to seven synapses per terminal. Some of them are associated with spines of 
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MOC neurons, which were first described by Mulders and Robertson (2000b). Both 
simple and “mushroom” spines are formed (Benson and Brown 2006). The type of 
terminal containing large, round vesicles is apparently lacking on MOC neurons 
from the cat (White 1984, 1986; Spangler et al. 1986). The second type (Fig. 2.7b) 

Fig. 2.7  Ultrastructure of synaptic input to MOC neurons, showing the three types of synaptic ter-
minals (a–c) found on guinea pig MOC neurons. The MOC neuron is at the top in each panel, and 
the synaptic specialization is denoted by arrowheads. (a) Terminal with relatively large, round 
(spherical) vesicles. (b) Terminal with relatively smaller, round-to-oval vesicles and dense core 
vesicles (dcv, one indicated with arrow). (c) Terminal with pleomorphic or variously shaped vesicles. 
Scale bar = 1 mm. (d) Vesicle morphometry of synaptic terminals on MOC neurons. The terminals 
were first classified visually using size and shape of vesicles and presence of dense core vesicles 
(over all the serial sections containing the terminal). To make the measurements, all clear vesicles 
within 1 mm of a synaptic specialization in one or two sections from each terminal were measured 
using ImageJ, which defines circularity as 4p(area/perimeter2). The number of vesicles measured per 
terminal ranged from 20 to 92; the means of these circularity/area measurements are plotted as a 
single point for each terminal. Dense core vesicles were not included. Data are from two guinea pigs 
((a)–(c) from Benson and Brown 2006; (d) is unpublished data from Benson and Brown)
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contains smaller oval-to-round vesicles as well as a few dense core vesicles. The 
presence of dense core vesicles is an important distinguishing feature, since mor-
phometric measurement of vesicle area suggest a continuum in average vesicle size 
between the types containing “large, round” and “small, round” types (Fig. 2.7d). 
The small, round terminals are of moderate size and form up to four synapses per 
terminal. This type of terminal may originate from neurons in the cochlear nucleus 
and may excite the MOC neurons to respond to sound as part of the MOC reflex 
(Benson and Brown 2006). Interestingly, LOC neurons receive many such termi-
nals (Helfert et al. 1988). A third type (Fig. 2.7c) contains flattened or pleomorphic 
vesicles and is thus likely to be inhibitory (Uchizono 1965). This type of terminal 
is small and forms a single synapse per terminal. In recordings of single MOC 
neurons, inhibition of activity has been reported for frequencies outside the excit-
atory area and sometimes for sounds in the nondominant ear (Liberman and Brown 
1986; Brown 1989).

2.7 � Neural Pathway of the Medial Olivocochlear Reflex

2.7.1 � Direct Reflex Pathway

Medial OC neurons respond to sound as part of the MOC reflex (Fig. 2.8). The 
three neurons of the reflex pathway are auditory nerve fibers, cochlear nucleus 
neurons, and MOC neurons. Direct projections from the ventral cochlear nucleus to 
OC neurons have been demonstrated using neural tracers (Robertson and Winter 
1988; Thompson and Thompson 1991; Ye et al. 2000). These direct projections are 
consistent with the short latency of the MOC neuron response to sound (Robertson 
and Gummer 1985; Liberman and Brown 1986; Brown et al. 2003). MOC neurons 
consist of two major subgroups defined on the basis of which ear excites their 
response (see Guinan, Chap. 3). Ipsi units respond to monaural sound in the ipsilat-
eral ear whereas Contra units respond to monaural sound in the contralateral ear 
(Robertson and Gummer 1985; Liberman and Brown 1986). An additional minor 
subgroup responds to sound in either ear. Because of the distinct distribution of 
MOC neurons by the two major response classes, separate pathways can be drawn 
for the MOC reflex in response to ipsilateral vs. contralateral sound (black vs. gray 
pathways in Fig. 2.8).

The cochlear nucleus projections to OC neurons originate in two very different 
locations: the posteroventral subdivision (PVCN) (Thompson and Thompson 1991) 
and the shell of the anteroventral subdivision (AVCN) (Ye et al. 2000). The func-
tional importance of the various projections has been explored by making small 
lesions using kainic acid. Lesions of the PVCN (Fig. 2.9), but not the AVCN, inter-
rupt the ipsilateral MOC reflex (de Venecia et  al. 2005), demonstrating that this 
cochlear nucleus subdivision contains the interneurons of the MOC reflex. Some 
data suggest a similar PVCN site for the neurons mediating the contralateral reflex. 
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The PVCN contains projection neurons of three types: octopus cells, stellate/mul-
tipolar cells, and globular bushy cells (Osen 1969; Hackney et al. 1990). Octopus 
cells have onset responses to tone bursts at the characteristic frequency (Rhode 
et  al. 1983; Rouiller and Ryugo 1984), but MOC neurons have very sustained 
responses (Brown 2001). Thus, octopus cells are unlikely to be the interneurons 
(Brown et al. 2003), leaving stellate/multipolar and bushy cells as possibilities.

Stellate/multipolar neurons have projections that are consistent with a role as 
intermediaries of the MOC reflex. At least some stellate/multipolar neurons project 
to the VNTB (Smith et al. 1993; Doucet and Ryugo 2003), the nucleus that con-
tains most of the MOC neurons. The projection is likely formed by “planar” stel-
late/multipolar neurons. These neurons have dendrites confined to isofrequency 
laminae in the cochlear nucleus (Doucet and Ryugo 2003) and may, like MOC 
neurons, be sharply tuned to sound frequency. Another type of stellate/multipolar 
neuron, the radiate neuron, is inhibitory and thus cannot provide the excitation 
needed to drive the MOC response to sound. Which synaptic terminals on MOC 
neurons might correspond to those of the MOC reflex interneurons? Stellate/mul-
tipolar terminal ultrastructure in the inferior colliculus (Oliver 1987) and locally in 
the cochlear nucleus (Smith et al. 1993) is consistent with the type that has small, 
round vesicles and a few dense core vesicles (Fig.  2.7b), but this remains to be 

Fig. 2.8  Pathways of the sound-evoked MOC reflexes to one cochlea, the ipsilateral cochlea on 
the right of the figure. Indicated are the positions of MOC neurons that respond to sound in the 
ipsilateral ear (Ipsi Neurons) and those that respond to sound in the contralateral ear (Contra 
Neurons). The reflex pathway in response to ipsilateral sound begins in the ipsilateral cochlea with 
the responses of the hair cells and the auditory nerve. Nerve fibers project centrally into the 
cochlear nucleus. Here, MOC reflex interneurons from the cochlear nucleus send axons across the 
midline (black pathway) to innervate Ipsi neurons. These Ipsi neurons send axons back across the 
midline to innervate the ipsilateral cochlea. The reflex pathway in response to contralateral sound 
begins with hair cells and nerve fibers in the contralateral cochlea. From the contralateral cochlear 
nucleus, MOC reflex interneurons send axons that cross the midline (gray pathway) to innervate 
Contra neurons. Contra neurons in turn project without crossing to the ipsilateral cochlea. In addi-
tion to these dominant inputs, both types of MOC neurons receive inputs that facilitate the 
response to the dominant ear (small arrows, “Facilitatory Inputs”) (modified from Liberman and 
Guinan 1998)
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directly demonstrated. Another type of cochlear nucleus neuron, the globular 
bushy cell, is less likely to play a direct role in the MOC reflex. Some bushy cells 
have projections to the VNTB (Spirou et al. 1990; Smith et al. 1991). However, the 
most effective reflex-interrupting lesions in the MOC reflex were in caudal PVCN 
locations (de Venecia et al. 2005), and the distribution of bushy cells is in restricted 
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influence on OHC alters the DPOAE. For particular frequency/level combinations of tones in 
which the DPOAE is composed of several components that are close to equal and opposite, a 
relatively small alteration of one can have a large effect on the sum. The DPOAE adaptation 
magnitude (arrows at right) was used as a metric for the MOC reflex because cuts of the OC 
bundle greatly reduce the adaptation (at least in the guinea pigs used here: Kujawa and Liberman 
2001). After the kainic acid lesion, the adaptation was greatly reduced (dashed line), presumably 
because the reflex interneurons were lesioned. Post-experiment histology from the same experi-
ment (drawings above), showing a region of complete cell loss (gray shading) centered in the 
dorsal and caudal portions of the posteroventral subdivision of the cochlear nucleus (PVCN), an 
area common to other reflex-interrupting lesions. In this particular lesion, there was also some 
involvement of the lamina (lam), the octopus cell area (oca), the superficial granular layer (sup), 
and the dorsal cochlear nucleus (DCN) (graph adapted from Brown et al. 2003; drawing from de 
Venecia et al. 2005)
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to more rostral PVCN and AVCN in the guinea pig (Hackney et al. 1990). Also, 
the waveform peaks of the auditory brain stem response, which are generated by 
bushy cells, could persist even though the MOC reflex was interrupted (de Venecia 
et al. 2005), suggesting independence of bushy cells and the reflex.

2.7.2 � Modulatory Pathways

Both groups of OC neurons receive inputs that presumably modulate the response 
to sound. Serotoninergic inputs (Thompson and Thompson 1995) project to OC 
neurons and these inputs may arise from the midline raphe nuclei. Such neurons are 
labeled after cochlear injections of transneuronal labeling agents that first label OC 
neurons and then pass across synapses to neurons providing input to OC neurons 
(Horvath et al. 2003). Noradrenaline is present in varicosities surrounding OC neu-
rons in the brain stem (Mulders and Robertson 2005); its likely source is the locus 
coeruleus. Serotonin and noradrenaline have been demonstrated to affect VNTB 
and OC neurons in slice preparations (Wang and Robertson 1997a, b).

MOC neurons receive inputs from higher centers that also presumably modulate 
the reflex. Descending inputs to MOC neurons arise from the inferior colliculus 
(Faye-Lund 1986; Thompson and Thompson 1993; Vetter et al. 1993) and the audi-
tory cortex (Mulders and Robertson 2000a). Perhaps these higher centers mediate 
the trainable effects of the MOC reflex that have been documented in humans (de 
Boer and Thornton 2008). Such effects might be mediated by the synaptic terminals 
containing large, round vesicles (Fig. 2.7a), because these terminals are associated 
with spines. Spine-associated neural systems in the hippocampus mediate such 
plastic changes (reviews: Matsuzaki 2007; Bourne and Harris 2008). Working out 
the anatomical substrate for plasticity in the OC reflexes is a future goal.

2.8 � Summary

Our knowledge of the anatomy of OC neurons has advanced, but is still incomplete. 
The separate innervations of the two hair cell groups by LOC and MOC neurons is 
clear, and it is apparent that MOC neuron action on OHCs decreases cochlear sen-
sitivity. What separate role is played by LOC neurons is much less clear. By their 
limited dendritic extents and cochleotopic projections, the LOC intrinsic subgroup 
seems poised to operate within narrow bands of frequency information, whereas 
their radiating dendrites and extensive cochlear spans implies that the LOC shell 
subgroup operates in a much broader fashion. However, even whether the two sub-
groups differ in excitation vs. inhibition of the periphery has yet to be completely 
worked out. Our knowledge of MOC anatomy has advanced so that the basic reflex 
pathway is established although modulatory inputs and their roles are less well 
defined. The locations of MOC neurons responsive to sound in either ear is not 
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indicated in Fig.  2.8 because they have not been established; similarly, how 
response characteristics of MOC neurons vary with brain stem location is not 
known. LOC neurons probably also participate in a sound-evoked LOC reflex, but 
the participating elements in cochlear nucleus and even whether it is a three-neuron 
or four-neuron pathway remains to be resolved. Further work on both groups of OC 
neurons will better establish their anatomical characteristics and roles in hearing.
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