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INTRODUCTION

Advances in gene targeting have led to a renaissance
in the use of the mouse as a model for investigation of
human disease mechanisms. Until recently, the most
commonly used experimental animal for auditory
research and many other fields in neuroscience was
the cat; other species used to a lesser extent include
the rat, guinea pig, chinchilla, gerbil, and ferret. More
than one hundred years ago, the mouse was used by
Ramón y Cajal (1909; 1904) to study the neuroanatomy

of the brain. The reason for this was two-fold; neurons
in neonatal and juvenile mice could be well impreg-
nated by the Golgi method and, perhaps more impor-
tantly, the small size of the mouse brain facilitated the
study and tracing of axonal and dendritic processes
more easily than the longer and more tortuous
distances traveled in brains of larger mammals. Thus,
Ramón y Cajal based many of his classical studies on
the mouse brain. Special mention should also be
made of Lorente de Nó, (1933; 1981), Cajal’s final
student, who made extensive use of the mouse in his
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influential studies of the auditory nerve and cochlear
nucleus.

The availability of strains of mice that carry specific
genetic abnormalities affecting the brain, including the
auditory system, has also proven useful to researchers.
Mice are now widely used for producing gene-manipu-
lated animal models (Willott et al., 2001). For example,
the C57 strain of mice is a model for studying aging
related, progressive, high-frequency, hearing loss
(Mikaelian, 1979). Humans suffering from presbycusis
share this same hearing loss pattern (Willott, 1986).
The mouse has become a favorite source for ‘in vitro’
brain slice preparations because of the ease with which
bloodless recordings of single cells using sharp and/or
patch electrodes can be conducted (Oertel, Wu and their
associates). Thus, the mouse is a popular research
animal for anatomical, physiological, and behavioral
studies of the auditory system (e.g., Amann et al.,
2009; Berglund et al., 1996; Berglund and Brown, 1994;
Brown et al., 1988; 1991; Brown and Benson, 1992; Brown
and Ledwith, III, 1990; Brown and Levine, 2008; Brown
and Liu, 1995; Egorova et al., 2001; 2002; 2006; Egorova
and Ehret, 2008; Ehret, 1976a,b; 1978; 2002; Ehret and
Schmid, 2009; Ehrlichman et al., 2009; Fichtel and Ehret,
1999; Galindo-Leon et al., 2009; Hage and Ehret, 2003;
Heffner et al., 2001; Hofstetter and Ehret, 1992; Koay
et al., 2002; Maison et al., 2007; May et al., 2002; Prosen
et al., 2000; Reetz and Ehret, 1999; Stiebler and Ehret,
1985; Taranda et al., 2009; Yan and Ehret, 2001; Yan
and Ehret, 2002; Yan and Zhang, 2005) and a wealth of
complementary data now exists.

Understanding the diseases of the human auditory
system and the underpinning cellular and molecular
mechanisms is of primary interest in current hearing
research. Comparative hearing research is important,
because animal models can be developed, evaluated and
eventually applied to clinical problems. The investigation
of mouse mutants with hearing impairments is useful for
elucidating the pathological processes underlying audi-
tory defects, as well as for understanding the normal
process of auditory development and sensory transduc-
tion. Deafmousemutants are also valuable for identifying
the responsible genes by positional cloning, and are being
used in the search for genes involved in human deafness
(Steel, 1995). It should be stated, however, that the study
of species other than mice is crucial because

(1) strain differences can be as large as species
differences;

(2) the mouse is mostly sensitive to high frequency
sounds, whereas humans are mostly sensitive to low
frequency sounds;

(3) the mouse is lissencephalic, compared to the
gyrencephalic nature of human cerebral cortex and
has a relatively limited behavioral repertoire;

(4) the anesthetic dose for mice is near the lethal dose;
(5) the mouse is small and can cannot endure the

physical demands of long electrophysiological
recording sessions.

Due to these inherent differences between the mouse
and man, data from many species of the animal
kingdom are required to form concepts that could be
applicable to humans.

In summary, the mouse auditory system (Fig. 24.1)
has proven valuable for exploring some general features
of the central nervous system. The publication of the
Auditory Psychobiology of the Mouse (Willott, 1983),
provided valuable insight for its day. Today, 25 years
on, it is timely to revisit the progress made on the mouse
auditory system and explore the possibilities modern
research techniques and technology offer. The purpose
of the current review is to highlight the functional orga-
nization of the mouse auditory system and to focus on
mouse as a useful and economical animal model for
hearing research. Thus, this review is based largely on
studies of the mouse auditory system, and citations refer
to the mouse unless stated otherwise. When comple-
menting the description with data from other species,
we should refer mostly to the rat, a small rodent and
relatively similar to mouse (Malmierca, 2003; Malmierca
and Merchan, 2004). Other species will be referred to for

FIGURE 24.1 Ascending auditory pathways of the mouse.
(Modified after Brodal, 1981; AC is from Stiebler et al., 1997.) For
abbreviations see list.
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comparative purposes or if particular data are not
available.

The specific stimulus for the ear is air pressure waves
within a certain range of frequencies. The range of
frequencies to which the ear responds varies between
species. In mouse (Fig. 24.2B) the frequency range is
from 2–100 kHz (Ehret, 1976a; Heffner et al., 2001;
Koay et al., 2002) while it is about 1–80 kHz in rat, 0.2–
50 kHz in guinea pig and 0.125–60 kHz in cat. In humans
the range is 0.02–20 kHz.

Traditionally, the auditory system has been consid-
ered as groups of neurons that are directly or indirectly
connected by axons to the auditory part of the inner ear.
Sound waves are transmitted mechanically through the
outer and middle ear to the sensory hair cells of the
organ of Corti, in the cochlear partition of the inner
ear. Receptor potentials set up in the sensory hair cells
cause action potentials to be initiated in the innervating
cochlear nerve fibers. These fibers transmit the auditory
signals to the brainstem by way of the auditory or
cochlear nerve (Fig. 24.1). All fibers of the auditory
nerves undergo obligatory synaptic interruption by
terminating as synaptic endings in the cochlear nucleus
(Fig. 24.1). Individual fibers branch and ramify
throughout the nucleus and give rise to between
50–100 terminal endings (Brown and Ledwith, III,
1990; Fekete et al., 1984). These endings contact different
cell populations, where the signals are distributed, pro-
cessed, and then shipped out along a number of parallel
ascending tracts (Osen, 1969).

The ascending auditory tracts converge in the audi-
tory midbrain and the inferior colliculus, which is
a major relay nucleus along the route to the auditory
cortex (Fig. 24.1). There can be as few as four synaptic
interruptions in this ascending trajectory, but there is
another key pathway which has additional synaptic
stations in the superior olivary nuclei. Moreover, there
are multiple stages of convergence in the auditory path-
ways, including pathways from other neuronal systems.
In addition, there are at least seven commissures that
add to the complexity of organization of the central
auditory system.

SOUND TRANSDUCTION IN THE EAR

In the mouse, as in other terrestrial mammals, the
pinna collects the sound waves and funnels them via
the external acoustic meatus to the tympanic membrane.
The chain of three small ossicles, the malleus, incus and
stapes, transfer the sound vibrations of the tympanic
membrane through the air-filled middle ear to the foot-
plate of the stapes, which inserts in the oval window and
rests on the fluid-filled inner ear. The area of the foot-
plate is considerably smaller than that of the tympanic

membrane, so that the increased force/cm2 at the foot-
plate serves to match impedance of air to that of fluid.
In the inner ear, the endolymph-filled membranous
labyrinth, also known as the cochlear duct or scala
media, is suspended in the perilymph-containing
osseous labyrinth. The auditory part of the mammalian
osseous labyrinth is the cochlea, and the membranous
labyrinth consists of the cochlear duct (Fig. 24.2A). The
basilar membrane is an elastic membrane, situated in
the middle of the cochlear duct, and acts as a hydrome-
chanical frequency analyzer.

The structure of the mouse cochlea (Fig. 24.2C) corre-
sponds to the basic mammalian plan (Ehret, 1979; Francis
et al., 2004). The outer form of the mouse cochlea is cylin-
drical and the spiral is made up of 2.25 turns. Fig. 24.2A
shows a mid-modiolar section through the cochlea in the
mouse. The cochlear duct divides the bony cochlea into
three fluid-filled compartments: the scala media, scala
vestibuli, and scala tympani.

The scala tympani is separated from the scala vesti-
buli by the osseous spiral lamina. The scala media is
separated from the scala vestibuli and scala tympani
by the vestibular (Reissner’s) membrane above and the
basilar membrane below, respectively. At the lateral
wall, the scala media is limited by the stria vascularis.
The outer scala tympani and scala vestibuli are joined
at the apex by an opening called the helicotrema. These
outer scalae (scala tympani and scala vestibuli) are filled
with a fluid known as perilymph, which contains a high
concentration of Naþ (140 mM) and a low concentration
of Kþ (4 mM; Johnstone and Sellick, 1972), similar to the
extracellular ionic composition. By contrast, the scala
media contains endolymph, which is similar to the intra-
cellular fluid, as it has a high concentration of Kþ (120
mM) and a low concentration of Naþ (1 mM; Bosher
and Warren, 1968).

The endolymph and perilymph are separated by the
vestibular membrane; a thin sheet of connective tissue
covered on both sides by epithelial cells joined by tight
junctions.

The stria vascularis, a three-layered epithelium
surrounding a dense network of capillaries, regulates
the ionic composition of the endolymph and provides
a physical seal between the bony and membranous
labyrinths.

THE ORGAN OF CORTI

The organ of Corti (Fig. 24.2C), the sensory epithelium
resting upon the basilar membrane (for a review see Sle-
pecky, 1996), senses mechanical vibration of incoming
sound and converts it to action potentials. It is made
up of two types of sensory cells (Fig. 24.2C–G): outer
hair cells (OHCs) and inner hair cells (IHCs) and several
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FIGURE 24.2 (A) Forty-micrometer thick, mid-modiolar cochlear sections were traced, imported into image-processing software, and
aligned. The modiolus (asterisk) represents the core of the cochlea and contains the central axons of spiral ganglion cells. Note the apical
fenestration (arrow) made to facilitate intracochlear perfusion of reagents. (B) Apical view of three-dimensional reconstruction of the basilar
membrane. Frequency location was assigned using a cochlear frequency map estimated for mouse (from Ehret, 1979) based on percent distance
from the apex. OC, organ of Corti. (C) a whole cochlea; (D) organ of Corti with outer and inner hair cells, (E) an outer hair cell, (F) is an inner hair
cell and (G) is inner hair cell stereocilia in close up showing tip links. (A-B) from Francis et al., 2004. (C-G) Scanning electron micrographs of the
mouse cochlea kindly provided by Dr. David Furness.
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types of supporting cells (Fig. 24.2D). The OHCs are
arranged in three parallel rows (Fig. 24.2D, F), whereas
the IHCs are in a single row (Fig. 24.2D, F, G). At their
apical end, the hair cells are provided with stereocilia
in a typical ‘W’ pattern. The organ of Corti is overlain
by the gel-like tectorial membrane, which is indirectly
connected to the osseous spiral lamina through the spiral
limbus. Only the stereocilia of the OHCs appear to be in
contact with the tectorial membrane. Shearing move-
ments between the basilar membrane with the sensory
epithelium and the tectorial membrane cause receptor
potentials to be produced in the hair cells, by means of
deflections of their stereocilia (reviewed in Nobili et al.,
1998). Sensory transduction in the cochlea has been
studied for many years, and over the last 30 years it
has been recognized that the IHCs (Fig. 24.2G) act as
the primary receptor cell (Markin and Hudspeth, 1995;
Russell, 1983), whereas the OHCs act as motor cells
that can convert membrane potential into a mechanical
force (reviewed in Nobili et al., 1998).

The IHCs are flask-shaped with a globular cell soma
tapering into a thinner elongated neck. Their nucleus is
rounded and locatedhalfway along the length of the cells,
so dividing them into two topographic domains. At the
basal end are found synaptic contacts from afferent
cochlear nerve fibers, hence this pole is also referred to
as the neural pole. The neural pole receives about 90–
95% of all afferent contacts with cochlear nerve fibers
(Fig. 24.3; reviewed in Ryugo, 1992). The apical pole is
characterized by a bundle of stereocilia in nearly straight
rows and is synapse free (Fig. 24.2).

The OHCs rest on the supporting cells (called Dei-
ter’s cells) that comprise 75–80% of all hair cells. The

OHCs are cylindrically shaped and possess a large
spherical nucleus located at the neural pole. OHCs are
characterized by having several cisterns of endoplasmic
reticulum distinctly located under the cellular
membrane in a laminar fashion extending from the
nucleus up to the apical pole (Slepecky, 1996). At the
cuticular end, three rows of stereocilia arise forming
a typical W-shaped configuration (Fig. 24.2). As
opposed to the IHCs, OHCs only receive 5–10% of the
afferent innervation from the cochlear nerve, but are
contacted by a large number of efferent nerve terminals
originating in the olivocochlear bundle discussed below
(Fig. 24.3; Warr, 1992).

Themost conspicuous supporting cells in the organ of
Corti are the inner and outer pillar cells. They form the
tunnel of Corti between the IHCs and OHCs. These cells
rest upon the basilar membrane.

The frequency components of a sound are mapped
along the length of the basilar membrane and its over-
lying organ of Corti (von Bèkèsy, 1960). The cochlear
frequency map (Fig. 24.2B) is determined by the
progressive increase in the stiffness of the basilar
membrane that is correlated with the decreasing basilar
membrane width and increasing thickness from the
apex to the base (e.g., Dallos, 1992; Echteler, 1994; von
Bèkèsy, 1960). The frequency selectivity and sensitivity
however, depends on the physiological integrity of the
cochlea (Rhode, 1984).

The pioneering studies of Rasmussen (1940; 1946),
Engström (1958) and others (for an extensive review
see Slepecky, 1996) on the innervation of the cochlea
identified two types of nerve fibers connecting to the
organ of Corti: afferent and efferent fibers (Fig. 24.3).
The afferent fibers convey impulses to the cochlear
nuclear complex, whereas the efferent fibers convey
impulses from the superior olivary complex to the organ
of Corti (v.i.). More recent studies have detailed the fine
structure and organization of the innervation in several
species (Kimura, 1975; Spoendlin, 1967; Warr et al., 1997;
Warr and Guinan, Jr., 1979) including the mouse (Brown
et al., 1988; 1991; Brown and Ledwith, III, 1990; Brown
and Levine, 2008; Ehret, 1979; Maison et al., 2007).

There are two subtypes of afferent fibers (Fig. 24.3).
The thick myelinated fibers arising from the bipolar
type I spiral ganglion cells innervating the IHCs, and
the thin unmyelinated fibers arising from monopolar
type II spiral ganglion cells innervating OHCs (Berglund
and Ryugo, 1987; Brown and Ledwith, III, 1990; Rose-
nbluth, 1962).

Early studies on the cat demonstrated that 90–95% of
type I fibers contacting only IHCs are unbranched and
each fiber terminates on a single IHC (Kiang et al.,
1982). Each IHC contacts about 20 different fibers
(Spoendlin, 1972). The unmyelinated type II fibers arise
from small unipolar ganglion cells and constitute about

FIGURE 24.3 Afferent and efferent innervation of the cochlear

epithelium.Note that several type I afferent fibers converge onto single
IHCs, whereas a single type II afferent fibers terminate onto several
OHCs. Type I fibers terminate in the VCA, VCP and DC. Type II fibers
terminate on the GrC, and marginal shell areas of the VC and DC. The
efferent MOCs innervate the OHCs and the efferent LOCs innervate
IHCs. For abbreviations see list. Modified after Brown et al., 1988b.
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5% of all ganglion cells. In contrast to type I fibers, type II
fibers are highly branched and a single fiber synapses
onto multiple OHCs (Fig. 24.3; Berglund and Ryugo,
1987; Kiang et al., 1982).

There are also two systems of efferent fibers: the
lateral efferent system (lateral olivocochlear system;
LOC) that innervates afferent fibers under the IHCs
and the medial efferent system (medial olivocochlear
system; MOC) that innervates the OHCs (White and
Warr, 1983). They belong to the olivocochlear system
(Figs. 24.3, 24.16, 24.19–20) and will be treated in detail
in the descending auditory pathway section.

THE COCHLEAR NUCLEAR
COMPLEX (CNC)

The CNC is the site of termination of all auditory
nerve (AN) fibers (Figs. 24.1, 24.3–5) and thus is the first
synaptic center of the ascending auditory pathway (Cant
and Benson, 2003; Ryugo, 1992). The axons of CNC
projection neurons use three primary pathways to reach
higher auditory structures (Fig. 24.5): the dorsal-, inter-
mediate- and ventral acoustic striae (DAS, IAS, and
VAS respectively; the VAS is also referred to as the trap-
ezoid body (Tz)). The CNC receives descending projec-
tions from the auditory brainstem, midbrain and cortex
as well as other non-auditory brain structures (for
review see Malmierca, 2003).

In the mouse, the CNC is located on the lateral surface
of the brain at the pontine-medullary junction
(Fig. 24.4C). The CNC consists of a ventral cochlear
nucleus (VC) and a dorsal cochlear nucleus (DC,
Fig. 24.4). The VC is divided by the cochlear nerve root
into an anteroventral (VCA) and a posteroventral
(VCP) nucleus. The DC and VC divisions that are visible
externally are marked by a slight depression along the
lateral surface. The DC curves around the restiform
body along the floor of the lateral recess of the fourth
ventricle.

Primary Afferents

In the mouse, as in other mammals, the anatomical
distribution of the primary fibers (Fig. 24.4A) forms
the basis for the laminar tonotopic organization of the
three cochlear subnuclei (Lorente de Nó, 1933; 1981;
Ramón y Cajal, 1904; 1909). This tonotopic organization
has been demonstrated electrophysiologically and also
by c-fos immunocytochemistry. Each fiber bifurcates
into an ascending branch, which supplies the VCA,
and a descending branch, which supplies the VCP and
DC (Fig. 24.4A).

There are two types of primary afferents: myelinated
type I fibers and unmyelinated type II fibers. These

fibers follow similar bifurcation patterns (Figs. 24.3,
24.4A, B), but the terminal targets andmodes of termina-
tion differ. While type I fibers supply all parts of the
CNC except the superficial granule cell areas, the type
II fibers innervate areas rich in granule cells and appear
to supply the marginal shell of the VC (Fig. 24.3; for
review see Ryugo and Parks, 2003). Two basic types of
terminals are found: large, axosomatic endings called
’endbulbs of Held’ (type I, Fig. 24.4B) and small boutons
(type II, Fig. 24.4B). The endbulbs of Held arise mainly
from the ascending branches, whereas the small boutons
arise from loosely ramifying collaterals of both
ascending and descending branches.

Ventral Cochlear Nucleus

On the basis of cytoarchitectural criteria, five main
neuronal types are recognized across species (Fig. 24.5),
including the mouse (Oertel et al., 1990; Oertel and Wu,
1989; Oertel and Young, 2004; Webster and Trune, 1982;
Wickesberg and Oertel, 1988; Willard and Ryugo, 1983).
These comprise spherical bushy, globular bushy,
octopus, multipolar and small cells (Figs. 24.4C and
24.5; Osen, 1969; Webster and Trune, 1982). The spherical
bushy cells are found rostrally in the VCA, the globular
bushy cells lie centrally on both sides of the nerve root
in the caudal VCA and the rostral VCP, and the octopus
cells are located caudally in the VCP. In contrast, the
multipolar and small cells are found throughout the
VC and constitute a heterogeneous class. The small cells
are most abundant around the peripheral margins of the
nucleus, just deep to the superficial granule cell layer.
A concentration of small cells, located dorsolaterally in
a superficial location, forms the small cell cap of the VC
(Osen, 1969). In the mouse, as in other rodents, there is
another principal neuron type scattered within the
cochlear root nerve and located just peripheral to the
Schwann-glia border. These are called cochlear root
neurons (Harrison et al., 1962; Harrison and Warr, 1962;
Merchan et al., 1988; Osen et al., 1991). The last major
cell class is the granule cell (Mugnaini et al., 1980a, b).
These microneurons are sparsely scattered throughout
the core of the cochlear nucleus, and form a dense rind
over the dorsal, medial, and lateral surface of the VC.
An incomplete layer of granule cells forms a border
between the VC and the DC, and a sheet of granule cells
projects into the DC to form layer II – which is also
known as the granule cell layer (Ramón y Cajal, 1909).
Granule cells give rise to the parallel fibers that course
through layer I of the DC (Mugnaini et al., 1980a, b).

The Spherical Bushy, Globular Bushy and
Octopus Neurons

These cells (Fig. 24.5) are characterized by the
terminal arborization of their dendrites that resembles
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FIGURE 24.4 (A) Modification of parasagittal drawing by Ramón y Cajal (Fig. 24.329, 1909) illustrating the anatomical relationship between
the auditory nerve fibers and the cochlear nucleus. (From Willard and Ryugo, 1983.) (B) Representative endings from type I and type II auditory
nerve fibers in the mouse with respect to their divisional termination (from Brown et al., 1988a). (C) Cytoarchitectural appearance of the cochlear
nucleus of the mouse, shown in the sagittal plane. The drawing in (D) illustrates the changes in cell density that help define nuclear subdivisions.
(From Willard and Ryugo, 1983.)
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FIGURE 24.5 Main projecting cell types of the CNC in rat with their corresponding physiological responses. For abbreviations see list.
Modified after Moore and Osen, 1979b.
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apical palm fronds (Fig. 24.5). Secondary dendrites tend
to originate from a single point, much like the tentacles
of a squid. These cell types are further distinguished on
the basis of differences in the relative length of the
primary dendrites and the shape and size of their
terminal bushes. Spherical bushy cells have short
dendrites, whereas globular bushy cells have relatively
long, wavy dendrites. The cell bodies are also relatively
distinct in appearance when stained by basic dyes.
Spherical bushy neurons exhibit a central, pale-staining
nucleus that is typically associated with a perinuclear
cap of Nissl. Nissl bodies are also scattered throughout
the cytoplasm. In contrast, globular bushy cells have
pear-shaped somata with an eccentric, pale-staining
nucleus. The cytoplasm does not exhibit Nissl bodies,
but instead is finely granular in appearance due to the
presence of free ribosomes and polysomes. In addition,
each cell type receives different numbers of afferent
cochlear fibers and projects to different targets
(Fig. 24.5). Both spherical and globular cells receive
a small number of large axosomatic terminals (see
review by Ryugo and Parks, 2003), the endbulbs of
Held, and have so-called primary-like responses to
pure tone stimulation (Fig. 24.5), similar to those of the
auditory nerve fibers (Young et al., 1988a). The spherical
bushy cells project bilaterally to the medial superior
olive and to the ipsilateral lateral superior olive (Cant
and Benson, 2003). Like the somatic surface of the spher-
ical bushy cells, that of the globular cells is almost
completely covered by synaptic terminals, and the fine
structure of these terminals is very similar to that
described for spherical cells, although they are not as
large as the endbulbs that contact spherical cells. The
globular bushy cells project to the contralateral medial
nucleus of the trapezoid body (Fig. 24.5). Their axons
course ventrally in the trapezoid body. Many of the
unique properties of bushy cell membranes and AN
input make these cells capable of transmitting the
precise temporal information necessary for both high
and low frequency sound localization (Young et al.,
1988a; Babalian et al., 2003).

The octopus cells are so named because they resemble
their namesakes (Fig. 24.5). These cells are relatively
large and contain dark-staining, evenly dispersed Nissl
in the cytoplasm. The nucleus is round and eccentrically
placed. A prominent cap of Nissl substance overlies the
nucleus and is located around the nucleus facing the
center of the cell body. Nissl substance fills the primary
dendrite for a short distance, revealing stout, straight
dendrites that emerge from one side of the cell body.
These dendrites appear to trail behind the somata,
much like the arms of an octopus (Osen, 1969). Octopus
cells receive small boutons from collaterals arising from
the descending branch of a number of primary fibers
(Fig. 24.5). They receive very few GABAergic and

glycinergic afferents, and are the only VC cells not
receiving inhibitory input from the DC. Their main
projection is to the superior paraolivary nucleus on
both sides and to the contralateral ventral complex of
the lateral lemniscus (for review see Cant and Benson,
2003). Their axons course dorsally, above the restiform
body in the IAS (Fig. 24.5). They respond to a tone burst
with a single spike and so have been called onset units
(Young et al., 1988b).

The Multipolar Cells

These cells (Fig. 24.5) have tapering and moderately
branched dendrites and receive primary afferents by
means of small boutons from many fibers, mainly on
their dendrites, which are moderately tapering and
branched. Two types of multipolar cell have been
described in mammals (Cant, 1981; 1982). Type I cells
have few axosomatic terminals and project to the
contralateral inferior colliculus; in contrast, type II cells
have many axosomatic terminals and project to the
contralateral cochlear nucleus. In the mouse, T-stellate
and D-stellate cell types (Fig. 24.5) have been described
(Wickesberg and Oertel, 1988), and in the rat planar and
radiate cells have been identified (Doucet and Ryugo,
1997), and these correspond respectively to the type I
cells and type II cells of cats.

The Multipolar T-stellate cells (Fig. 24.5) have oriented
dendritic arbors and project to the periolivary region of
the superior olivary complex via the trapezoid body, the
nuclei of the lateral lemniscus and the central nucleus of
the inferior colliculus through the lateral lemniscus
(Adams, 1979; Cant and Benson, 2003; Malmierca
et al., 2005b). They give off frequency-specific collaterals
to both the VC and DC (Lorente de Nó, 1981). They
exhibit ’chopper’ responses (with regular interspike
intervals) to best frequency tone bursts, and they may
be specialized for conveying frequency-specific excit-
atory information about complex acoustic stimuli,
including conspecific communication signals.

Multipolar D-stellate cells (Fig. 24.5) have non-oriented
dendritic arbors and project to the contralateral CNC, so
they are also referred to as commissural neurons (Oertel
et al., 1990). The axons give off widely dispersed collat-
erals to the ipsilateral VC and DC as they course in the
dorsal acoustic stria (Oertel et al., 1990; Smith and
Rhode, 1989) and terminate in the contralateral CN
(Palmer et al., 2003). The D-stellate cells are glycinergic
(Doucet et al., 1999; Osen et al., 1991). Thus, they are
the best known inhibitory projection neurons of the
CNC. They respond to pure tone stimulation with an
‘on-chop’ pattern characterized by 2–3 regular onset
peaks followed by little or no sustained activity (Arnott
et al., 2004; Palmer et al., 2003) and often respond over
a very large frequency range. A few examples of type
II multipolar units show a slightly different form of
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PSTH (OL, single onset peak followed by a pause and
then a low level of sustained activity), but it is not yet
clear where these cells project and whether they consti-
tute a separate subpopulation. It is also unclear what
features of these various forms of multipolar cells cause
them to display different PSTH patterns (sustained
chopper, onset-chopper or OL).

The Small Cells

These are abundant in the marginal shell of the VC
which is composed of the ‘cap area’ and adjacent
‘granule cell layer’. The granule cell layer is continuous
over the free surface of the CNC and forms a lamina
partly separating the VC and DC (Mugnaini et al.,
1980a, b). In the DC, the granule cell layer co-exists
with pyramidal neurons and is covered superficially by
a molecular layer. The granule cell axons are distributed
as parallel fibers within the molecular layer, running
perpendicular to the isofrequency laminae (Mugnaini
et al., 1980a, b). The granule cell domain consists
primarily of granule cells, but other microneurons are
also present, including Golgi cells, unipolar brush cells,
and chestnut cells (Mugnaini et al., 1980a; Weedman
et al., 1996). The granule cell domain is a region of multi-
modal convergence where inputs from auditory cortex
(Meltzer and Ryugo, 2006; Weedman and Ryugo, 1996),
dorsal column nuclei (Wright and Ryugo, 1996), spinal
trigeminal nucleus (Haenggeli et al., 2005; Wright and
Ryugo, 1996; Zhou et al., 2007), pontine nuclei (Ohlrogge
et al., 2001), vestibular nerve (Newlands and Perachio,
2003), and lateral reticular nucleus (Zhan and Ryugo,
2007) are found. This complex neuronal network
remains one of the many parts of the auditory system
about which more must be learned.

The cap area is distinguishable by its contingent of
small cells, many of which show glycine-like and/or
GABA-like immunoreactivity (for review see Cant and
Benson, 2003). The cap receives input from both type I
and type II afferent fibers. Some of the cells in the
marginal shell project to the inferior colliculus (Adams,
1979; Malmierca et al., 2005b), whereas others project
to the medial olivocochlear system bilaterally, the lateral
olivocochlear system ipsilaterally (Ye et al., 2000) and the
medial geniculate body (Malmierca et al., 2002). Little
information is available on their functional properties
(Ye et al., 2000) but the input from high threshold type
I auditory nerve fibers (Ryugo, 2008) and connections
with OC systems imply a role in gating loud sounds.

Cochlear Root Neurons

These cells (Fig. 24.5) are the largest in themouse audi-
tory system with an extraordinarily thick axon (5–7 mm).
They possess dendrites oriented orthogonal to the AN
fibers, which receive small boutons from axon collaterals
of AN fibers. These neurons are wedged between the

main body of the VC and the glial Schwann-cell border
of the AN (Harrison et al., 1962; Harrison and Warr,
1962). They resemble globular bushy cells in a number
of respects. They show ovoid somata like globular
neurons, respond with a short latency and show
primary-like with notch PSTHs to best frequency tones.
The CRN have been most studied in rat where they
have been shown to project to the contralateral reticular
pontine nucleus (Harrison et al., 1962; Harrison and
Warr, 1962; Lopez et al., 1999; Nodal and Lopez, 2003).
Studies have also suggested that root neurons participate
in the acoustic startle reflex (Sinex et al., 2001).

Dorsal Cochlear Nucleus (DC)

The DC shows interspecies variations. In rodents
(Fig. 24.4C, D) and carnivores it is distinctly laminated,
and resembles a folium of the cerebellar cortex, in
humans it is less laminated, and in some cetacea it is
virtually absent (Moore et al., 1996; Moore and Osen,
1979). It should be emphasized, however, that the
conclusion that primates lose lamination as a phyloge-
netic process was made on the basis of cytoarchitectonic
analysis in tissue stained only by basic dyes. The utiliza-
tion of cellular andmolecular markers along with higher
resolution imaging methods revealed that lamination
that was not evident in the cytoarchitectonic study
(Rubio et al., 2008). In mouse, four layers are discernible
in the DC (Mugnaini et al., 1980a, b). Whilst there are
a large number of inhibitory (both GABA and/or glyci-
nergic) interneurons, the main cell type is the pyramidal
or fusiform cell (Fig. 24.5) and the three superficial layers
of DC are related to these. The apical dendritic arbor
occupies layer 1, the cell bodies of pyramidal and
granule cells occupy layer 2, and the basal dendritic
arbor of pyramidal cells resides in layer 3. At the base
of the DC lies layer 4, which contains the somata of so-
called giant cells and smaller interneurons. Pyramidal
cell dendritic arbors are flattened and parallel along
the frequency axis of the DC (Blackstad et al., 1984; Spi-
rou et al., 1993). The highest degree of orientation is
found in the basal arbor, which is supplied by primary
auditory afferents in a strictly tonotopic manner (Ryugo
andMay, 1993). The spiny apical dendritic arbor of pyra-
midal cells occupies layer 1 together with granule cell
axons and several other types of inhibitory interneurons
(Golgi, stellate, and cartwheel cells). Pyramidal and
giant neurons are the main projection neurons and
supply fibers to the contralateral inferior colliculus via
the dorsal acoustic stria (Ryugo et al., 1981; Ryugo and
Willard, 1985). In addition, they have a direct projection
to the medial division of the medial geniculate body
(Malmierca et al., 2002).

The DC is populated by a large number of interneu-
rons that form two systems: the granule cell system,
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related to the apical dendritic arbors throughout layer 1
and the cell bodies of pyramidal cells, and the tubercu-
loventral system, related to the basal dendritic arbors
of the pyramidal cells (Fig. 24.5).

The granule cell system includes the excitatory granule
cells (Osen et al., 1995), chestnut cells (Weedman et al.,
1996), the unipolar brush cells (Floris et al., 1994), and
three types of inhibitory cells – the GABAergic Golgi
and stellate cells and the glycinergic cartwheel cells
(Osen et al., 1990). The granule cells receive direct excit-
atory input frommany sources including the somatosen-
sory system and pontine nuclei (Ohlrogge et al., 2001;
Wright and Ryugo, 1996) and indirect inhibitory input
from these same sources via the Golgi cells. The granule
cells contribute parallel fibers to layer 1, where they form
asymmetric contacts en passantwith the dendritic spines
of both pyramidal cells and cartwheel cells and the
smooth dendrites of the stellate cells. Such terminals
show synaptic plasticity. The unipolar brush cells may
represent a unique device for feedforward excitation to
links along the mossy fiber pathways. The stellate cells
and cartwheel cells provide feed-forward inhibition to
the pyramidal cells. Very little is known about the
responses of cells in the granular cell system to auditory
stimuli. Cartwheel cells show complex spikes (2 or 3
action potentials riding on a depolarization) and compli-
cated responses to auditory stimuli that are difficult to
classify (Portfors and Roberts, 2007).

The tuberculoventral system reciprocally interconnects
the DC and VC. It contains both diffuse and frequency
specific projections (Cant and Benson, 2003; Malmierca,
2003). The frequency specific projection from the DC to
the VC originates from the glycinergic ‘vertical cells’.
These cells are located among the basal dendrites of
pyramidal cells in layer 3. The dendritic arbors of
vertical cells that project to the VC are flattened and
parallel to basal dendrites of the pyramidal cell in the
isofrequency planes (Rhode, 1999). A separate set of
vertical cells with only local collaterals contain both
GABA and glycine, the relative amounts of which vary
among species (Moore et al., 1996). They receive primary
afferents and project to the VC via the tuberculoventral
tract after giving off recurrent collaterals to the DC,
which terminate on pyramidal cells (Oertel and Young,
2004). Thus, the vertical cells of the DC provide tono-
topically organized inhibition in both the DC and VC.

The tonotopic, excitatory projection from the VC to
the DC is made up of the collaterals of T-stellate multi-
polar cells described above. The inhibitory projection
from the VC to DC is composed of axons of the glyciner-
gic D-stellate or commissural radiate cells. It has been
speculated that off-CF or wideband inhibition from
these cells might allow these cells to function as ‘spectral
contrast detectors’ (Doucet et al., 1999). Some small cells
of the marginal shell surrounding the VCA also project

to the DC. They receive ascending inputs from type II
auditory nerve fibers and descending cholinergic inputs
(Ye et al., 2000). Thus, these cells may play a role in the
integration of neural activity in ascending and descend-
ing systems. Yet another type of neuron referred to as
adendritic (Friedland et al., 2003) has been found to
participate in the VC to DC projection.

Pyramidal cell excitatory responses have been classi-
fied as ‘pauser’ and ‘buildup’ types in anesthetized
preparations as a result of the envelope of the poststim-
ulus time histogram (Fig. 24.5). This same cell is called
a type IVunit in decerebrate preparations based on their
frequency response area characterized by inhibition at
high sound levels of their best frequency, the presence
of spontaneous activity, and excitatory responses to
broadband noise (Oertel and Young, 2004). Much of
the inhibition in pyramidal cells is thought to arise
from three cell types: vertical cells and cartwheel cells
of the DC and the glycinergic type D-stellate cells in
the VC. Vertical and cartwheel cells provide inhibition
over a narrow frequency range, whereas the onset-
chopper units, also known as D-stellate cells, generate
inhibition over a wide frequency range. Behavioral
studies suggest that the DC plays some role in directing
attention to sound. The type IVunits have been found to
be sensitive to spectral notches created by the pinna,
a feature that may provide important cues for localizing
sounds. DC projection neurons receive and respond not
only to auditory information but also to somatosensory
inputs from muscle proprioceptors in and around the
pinna (Kanold and Young, 2001). Such evidence has
led to speculation that the DC output may be involved
in coordinating pinna orientation with localization
cues found in the different spectra of sounds located at
different points in space. In fact, bilateral lesions of the
dorsal acoustic stria in cats result in reduced accuracy
in head orientation responses to broadband sounds,
particularly in elevation.

The DC may perform other sophisticated tasks. As
previously mentioned, the DC projects directly to the
medial geniculate body. The latter in turn projects to
the caudate-putamen and amygdala. Behavioral studies
indicate that these pathways mediate the conditioned
coupling of emotional responses to an acoustic stimulus
(LeDoux et al., 1985).

Connections of the Cochlear Nuclear Complex

The ascending projections of the CNC (Fig. 24.1) have
already been briefly mentioned and will be discussed in
detail when the target nuclei are described. Here it
suffices to emphasize that in addition to ascending
projection to higher center, the right and left CNC are
interconnected by the fibers commissural neurons and
the CNC also receives descending projections from
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auditory cortex, the inferior colliculus, the ventral
complex of the lateral lemniscus, and the superior oli-
vary complex.

THE SUPERIOR OLIVARY
COMPLEX (SOC)

The SOC comprises a collection of neuronal groups
located in the ventral tegmentum of the caudal pons
(Figs. 24.1, 24.5, 24.6). The neurons of the SOC are
embedded in a dense matrix of neuronal neuropil, and
delimited from the surrounding tissue by a thin fiber
capsule (Ollo and Schwartz, 1979). This complex shows
considerable variation among species (Osen et al., 1984).
Three main nuclei are most consistently identified across

species: the lateral superior olive (LSO), medial superior
olive (MSO), and the medial nucleus of the trapezoid
body (MTz). These three nuclei are surrounded by
a diffuse collection of neurons referred to as the perioli-
vary nuclei (PON; Osen et al., 1984).

A consistent feature of the SOC is the relationship of
the LSO-MTz and the MSO (Osen et al., 1984). This rela-
tionship is evident from the relative sizes of these struc-
tures, predictable with respect to the animal’s
audiogram and natural history. The LSO and MTz are
well developed in species that have high frequency
hearing, such as rodents and carnivores, whereas they
are relatively small in animals with low frequency
hearing – such as the human and naked mole rat. The
MSO is diminutive in mouse, whereas it is well devel-
oped in both the cat and humans. The differences appear

FIGURE 24.6 (A) The cytoarchitecture of the three main nuclei of the superior olivary complex: the lateral superior olive (LSO), medial
superior olive (MSO), and superior paraolivary nucleus (SPO). (B) Drawing from a Golgi-stained preparation illustrating the dendritic archi-
tecture of the same three nuclei (modified from Lorente de Nó, 1947). Scale bar equals 100 mm for A and B. (From Willard and Ryugo, 1983.)
(C) Drawing tube reconstructions of three bipolar (principal) cells of the MSO. Note the predominant horizontal orientation of the dendrites with
an occasional vertical dendrite (arrow). (D) Photomicrograph of Nissl-stained somata of the MSO. Faintly stained dendrites reveal the bipolar
nature of these neurons with an occasional dorsally directed dendrite (arrow). C and D are matched in magnification. (From Willard and Ryugo,
1983.) (E1 and E2) Photomicrographs of the large calycine endings in the medial nucleus of the trapezoid body in two focal planes. The calyx
arises from the end of a thick axon (5 mm in diameter). Each calyx is composed of several thick, gnarled processes that surround the cell body of
a principal neuron. The main processes are linked together by a more delicate network of fine fibers and varicosities. Scale bar equals 10 mm.
(From Willard and Ryugo, 1983.) For abbreviations see list.
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to be correlated to the frequency hearing range in the
audiogram. Thus, it is inferred that the MSO is more
important for the localization of low-frequency sounds,
whereas the LSO-MTzmay code all frequencies (Master-
ton et al., 1975).

In the mouse, as in other rodents, there is an addi-
tional, conspicuous and well-defined nucleus; the supe-
rior paraolivary nucleus (SPO; Figs. 24.1 and 24.6),
located in the dorsomedial part of the complex (Osen
et al., 1984; Willard and Ryugo, 1983). It projects to the
ipsilateral inferior colliculus (Schofield, 1991) and may
represent a hyperdevelopment of homologous perioli-
vary cells that are present in smaller numbers in other
mammals. All these four main nuclei are tonotopically
organized (Brown and Liu, 1995).

Lateral Superior Olive (LSO)

The LSO occupies the lateral portion within the SOC
and appears as a S-shaped row of bipolar neurons (Figs.
24.6A, 24.B), with dendrites oriented approximately
perpendicular to the long axis (Ollo and Schwartz, 1979;
Ramón y Cajal, 1904; 1909). The S-shaped axis is also
the tonotopic axis of the nucleus: low frequencies are rep-
resented laterally and progressively higher frequencies
are represented more medially (Brown and Liu, 1995;
Guinan et al., 1972). When sectioned in other planes, the
cells prove to be multipolar with flattened dendritic
arbors forming rostrocaudally oriented laminae, which
match theorientation of the afferent fiberplexus (Scheibel
and Scheibel, 1974; Dovcet and Ryugo, 2003).

The LSO receives input from the VCA on both sides
(Fig. 24.5). The ipsilateral input originates from spherical
bushy cells, is direct, and is excitatory; multipolar cells
from the VCA innervate the LSO as well (Doucet and
Ryugo, 2003). Input from the contralateral VC originates
from globular bushy cells, which project across the
midline to the MTz (Fig. 24.5; Cant and Benson, 2003;
Malmierca, 2003). The MTz in turn has a glycinergic
inhibitory projection to the LSO on the same side
(Fig. 24.5; Spangler et al., 1985). Consequently, LSO
neurons are excited by ipsilateral sounds and inhibited
by contralateral sounds (EI units) while faithfully encod-
ing interaural intensity differences in the high frequency
hearing range (Wu and Kelly, 1992a, b, c; 1994).

The LSO projects bilaterally to the central nucleus of
the inferior colliculus (Shneiderman and Henkel, 1987).
The ipsi- and contralateral projections are provided by
different cell classes (Fig. 24.1). Most of the ipsilaterally
projecting cells are glycinergic. The contralaterally pro-
jecting cells are glycine-negative and probably excit-
atory (Saint Marie et al., 1989; Saint Marie and Baker,
1990). The LSO also projects to the dorsal nucleus of
the lateral lemniscus bilaterally (Fig. 24.1) and contrib-
utes to the lateral olivocochlear system.

Medial Superior Olive (MSO)

The MSO is situated between the LSO and the MTz
(Figs. 24.1 and 24.6). The MSO is small in the mouse,
and contains only about 200 neurons (Fig. 24.6B–D). It
is composed of a row of transversely oriented ‘principal
cells’ with dendrites extending in the medial and lateral
directions and oriented rostrocaudally in a series of
horizontal laminae. It is tonotopically organized with
low frequency tones represented dorsally and high
frequency tones ventrally (Brown and Liu, 1995), with
most of the nucleus devoted to low frequency tones
(Brown and Liu, 1995). In other species, such as the
rat, a small population of non-principal cells has been
described. The MSO receives input from the VCA bilat-
erally where fibers arise from low frequency spherical
bushy cells. In contrast to the LSO, the MSO receives
direct and excitatory input from both sides, but the
inputs remain segregated (Fig. 24.5): the lateral
dendrites receive input from the ipsilateral side,
whereas the medial dendrites receive input from the
contralateral side (Smith, 1995; Stotler, 1953). This orga-
nization is reminiscent of the required input configura-
tion in the Jeffress model for coincidence detection and
sound localization (Jeffress, 1948). The direct bilateral
input suggests that the MSO neurons, at least in the
cat, are ideally suited to measure interaural phase or
time differences (Joris et al., 1998). The MSO projects
mainly to the ipsilateral dorsal nucleus of the lateral
lemniscus and the central nucleus of the inferior colli-
culus and their projections are excitatory (Fig. 24.1;
Malmierca, 2003).

Medial Nucleus of the Trapezoid Body (MTz)

TheMTz is located at the most medial part of the SOC
(Figs. 24.1 and 24.19). It possesses two types of cells:
principal and stellate. The principal type has the light
microscopic appearance of globular bushy cells of the
VCA and is situated in between fascicles of fibers in
the trapezoid body. The MTz neurons, their axons and
their terminal endings show strong glycine immunore-
activity (Saint Marie and Baker, 1990), thus providing
an inhibitory influence on their targets.

The MTz receives input from the VCA (Cant and Ben-
son, 2003). The fibers arise from globular bushy cells
(Figs. 24.1 and 24.5), which have thick axons that termi-
nate as large axosomatic calyces of Held (1893) in a one-
to-one relationship (Fig. 24.6E). The calyces constitute
the largest synaptic terminals in the mammalian brain
(Morest, 1973) and provide a fast and secure relay of
information from the globular bushy cells to the LSO
(Guinan and Li, 1990).

The MTz has extensive projections within the ipsilat-
eral SOC (Figs. 24.1 and 24.5), involving the LSO, MSO,
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SPO, and ventral (VTz) and lateral (LTz) nuclei of the
trapezoid body as well as the ventral and intermediate
nuclei of the lateral lemniscus (Thompson and Scho-
field, 2000). The MTz has been shown to have a strong
inhibitory effect on LSO neurons (Moore and Caspary,
1983). Since MTz neurons possess many collateral
projections, its neurons exert extensive inhibitory
effects on the SOC in response to stimulation of the
contralateral ear. In particular, the principal cells
convert excitatory inputs from the contralateral
cochlear nucleus to inhibitory projections onto prin-
cipal cells in the ipsilateral LSO. There is a wealth of
experiments that have confirmed that MTz cells are
specialized to convey signals with minimal jitter or
synaptic delay (Wu and Kelly, 1993; Kopp-Scheinpflug
et al., 2003, 2008).

Superior Paraolivary Nucleus (SPO)

The SPO is a conspicuous nucleus in rodents such as
the mouse (Figs. 24.1, 24.6 and 24.19), gerbil and guinea
pig. It consists of several subtypes of multipolar cells,
which are the largest in the SOC. The SPO receives
inputs from octopus and multipolar cells in the contra-
lateral VC, from multipolar cells in the ipsilateral VCP,
and a substantial glycinergic input from the MTz on
the same side (Figs. 24.1 and 24.5; Banks and Smith,
1992). The SPO has topographic projections that sustain
tonotopy. Its main target is the ipsilateral inferior collicu-
lus (Willard and Ryugo, 1983). A recent study in rats
demonstrated that the SPO contains a homogeneous
population of GABAergic neurons (Kulesza et al.,
2007). The precise function of the SPO is still unknown,
but electrophysiological studies in the rat and gerbil
reveal surprisingly heterogeneous properties, and
suggest that the SPO may serve to encode complex
sounds (Dehmel et al., 2002; Kulesza et al., 2007).

Periolivary Nuclei (PON)

The PON contains several groups of neurons with
different projection patterns (Fig. 24.1). Although there
is some interspecies variation, the various cell types all
appear to have specific sites of location within the supe-
rior olivary complex (Adams, 1983; Osen et al., 1984).
Detailed studies of these regions in the mouse are
pending.

The PON receives input from VC bilaterally, the
lateral part from the ipsilateral side and the medial
part from both sides. These afferents arise mainly
from T-stellate cells and perhaps from octopus cells
and are probably excitatory. Certain parts of the PON
also receive input from the ipsilateral MTz and
descending projections from the ipsilateral inferior col-
liculus and dorsal nucleus of the lateral lemniscus (Bajo

et al., 1993). PON cells project to the cochlea, the CNC,
and the inferior colliculus (Adams, 1983; Warr and
Beck, 1996).

Special mention should be made of the ventral
nucleus of the trapezoid body (VTz). The VTz is situated
ventral to the MTz and medial to LSO, and represents
a heterogeneous group of cells (Figs. 24.1, 24.3 and
24.19) that receives ascending projections from globular
bushy cells, octopus and multipolar cells in contralateral
VCA, multipolar cells in the ipsilateral VCP, and
marginal shell neurons in the VC from both sides (Ye
et al., 2000). It also receives descending projections
from the inferior colliculus. The VTz projects to the
cochlea on both sides, the contralateral CNC, the ipsilat-
eral inferior colliculus, and the nuclei of the lateral
lemniscus (Warr and Beck, 1996).

THE NUCLEI OF THE LATERAL
LEMNISCUS (NLL)

Over the past decade, extraordinary progress has
been made in understanding the anatomy and physi-
ology of the nuclei of the lateral lemniscus (NLL), in
particular using the bat and rat animal models (for
review see Covey, 1993; Malmierca, 2003). The NLL
constitute twomain neuronal groups (Fig. 24.7); a ventral
nucleus (VLL) and a dorsal nucleus (DLL), although
some researchers have also identified an intermediate
nucleus (for a detailed discussion on the different
cytoarchitectonic schemes see review by Kelly et al.,
2009). This organization has been reported for different
species by different authors. The division into two
components is consistent with the concept of two
distinct functional systems; a monaural ventral system
and a binaural dorsal system (Covey, 1993; Malmierca,
2003), although there is not universal agreement on
this division (Nayagam et al., 2006). There are connec-
tional, neurochemical and physiological properties
which are unique to each system. The VLL receives
inputs mainly from the contralateral ear, as opposed to
the DLL, which receives inputs from both ears.

The Ventral Nucleus of the Lateral Lemniscus
(VLL); The Monaural System

The VLL consists of groups of neurons embedded
within the lateral lemniscus (Figs. 24.1 and 24.7A),
located rostral to SOC. Recent studies on the rat VLL
have shown that the cells exhibit a variety of shapes
and sizes in Nissl stained sections (Merchan and Berbel,
1996; Wu, 1999; Zhao andWu, 2001). The majority of cells
in the rat VLL are glycine and/or GABA immunoreactive
(Riquelme et al., 2001). The idea that neurons of the VLL
are organized in a tonotopic fashion is also contentious:
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the VLL appears to show topographic projections to
frequency representations in the central nucleus of the
inferior colliculus (Fig. 24.1), which implies a tonotopic
organization (Merchan and Berbel, 1996). However,
others report that the mapping of physiologically-deter-
mined best frequencies using electrophysiological tech-
niques is inconsistent with a tonotopic organization
(Nayagam et al., 2006).

Other studies, also carried out in the rat, have corre-
lated the morphological cell types, intrinsic membrane
properties and postsynaptic responses in the VLL neuron
(Wu, 1999; Zhao and Wu, 2001) using whole-cell patch-
clamp recordings combined with intracellular labeling.
Afferent projections to the VLL arise mainly from the

contralateral VC and ipsilateral MTz. The specific cell
types that contribute input arising from the VC include
octopus, stellate and globular cells. Large terminals
resembling the calyces of Held of the MTz have been
shown in the ventral portion of the complex (Malmierca,
2003), and most probably originate from octopus cells.
Thus, it seems that these cells would be suited to convey
precise and secure temporal information.

The Dorsal Nucleus of the Lateral Lemniscus
(DLL); The Binaural System

The DLL is a distinctive group of neurons embedded
within the dorsal part of the lateral lemniscus and

FIGURE 24.7 (A) General view of the
ventral (VLL) and dorsal nucleus of the lateral
lemniscus (DLL) and adjacent region, in the
frontal sections of mice. (B) Thick ascending
afferents to the DLL seen in the frontal
sections. Rapid Golgi method; (C) Pericellular
baskets (A, B) composed of collaterals of
lemniscal fibers (closed arrowheads) and
afferents from the medial aspect (open
arrowheads). (D) Type I, II and III neurons
from the mouse DLL. (Adapted from Iwahori,

1986.)
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projects bilaterally to the inferior colliculus (Fig. 24.7). In
contrast to the VLL, the DLL receives input from both
ears, and projects in turn to both inferior colliculi
(Fig. 24.1). It also projects to the opposite DLL through
the commissure of the lateral lemniscus (cll) or Probst’s
commissure (Bajo et al., 1993; Chen et al., 1999; Zhang
et al., 1998). In this way, DLL cells are influenced
binaurally.

Using the rapid Golgi method, three main types of
neurons in the DLL of the mouse (Fig. 24.7D) have
been described (Iwahori, 1986). Type I cell bodies are
piriform or triangular with 3–5 primary dendrites. The
cell bodies of type II neurons are spindle-shaped or piri-
form and exhibit 2–4 primary dendrites, and type III
neurons possess polygonal or triangular cell bodies
with 4–6 primary dendrites. Additional neuronal types
have been proposed in other species. Despite their
morphological diversity, most DLL neurons are
GABAergic and have similar membrane properties,
exemplified by a sustained series of regular action
potentials evoked by the injection of positive current
(Wu and Kelly, 1995a, b, c; 1996). The injection of nega-
tive current produced a hyperpolarization that is
proportional to the amplitude of the current. There are
two types of after-hyperpolarizations; after the occur-
rence of a spike, some neurons have a single undershoot,
whereas others have a double undershoot (Wu and
Kelly, 1995a, b, c; 1996). The significance of this differ-
ence is not known.

DLL receives input from both ears (Fig. 24.1). Some
projections terminate in DLL and others are collaterals
from afferents that continue on to innervate the inferior
colliculus, i.e., contralaterally from the VC and DLL,
ipsilaterally from the MSO, SPO and VLL, and bilater-
ally from the, LSO (Malmierca, 2003). The studies by
Kelly’s group in the rat have shown how the DLL refines
the binaural response properties of inferior colliculus
neurons and contributes to accurate sound localization
as demonstrated by behavioral studies (Ito et al., 1996;
Kelly et al., 1996; Kelly and Kidd, 2000; Li and Kelly,
1992). The DLL projection to the inferior colliculus is
laminar and bilateral (Fig. 24.1), with a predominant
projection to the contralateral inferior colliculus (Bajo
et al., 1993; Chen et al., 1999; Zhang et al., 1998).

THE INFERIOR COLLICULUS (IC)

The IC is a prominent midbrain structure that is
visible on the dorsal surface of the brain wedged
between the cerebral hemispheres and the cerebellum.
The IC is characterized by a convergence of ascending
inputs that arise from numerous lower auditory centers
(Fig. 24.1; Casseday et al., 2002; Malmierca, 2003) as well
as descending projections from auditory cortex (Doucet

et al., 2003). It also receives nonauditory inputs from the
somatosensory system suggesting complex multimodal
processing (Aitkin et al., 1981; RoBards, 1979).

CYTOARCHITECTURE OF THE
INFERIOR COLLICULUS

Ramón y Cajal (1909) identified three major subdivi-
sions in Golgi-impregnated material from a number of
mammals: the nucleus, the internuclear cortex, and the
lateral cortex. Some modern authors (mouse: Willard
and Ryugo, 1983; rat: Faye-Lund and Osen, 1985) have
retained this basic scheme (Figs. 24.1, 24.8 and 24.10)
with a central nucleus (CIC) covered by a dorsal cortex
(DCIC), a lateral cortex (LCIC) and rostrally placed
rostral cortex (RCIC). Morest and Oliver (1984) intro-
duced further subdivisions in the cat on the basis of
distinguishable neuropil and neuronal populations in
Golgi-impregnated material. The subdivisions of the
IC may not be the same size in all species, and some
may be absent. For example, in the rat, the external
cortex appears to occupy a relatively larger portion of
the IC than in the cat (Faye-Lund and Osen, 1985; Loftus
et al., 2008; Malmierca et al., 1993, 1995). Moreover, in
the bat, the ‘dorsoposterior division’ of the CIC has
a hypertrophic representation for the high tonal frequen-
cies used for echolocation (Zook and Casseday, 1982;
1985; 1987).

A recent study by Loftus et al. (2008) has sought to
unify the views on the cytoarchitectural schemes used
by different authors. The CIC is defined by the presence
of laminae distinguishable in Golgi material as a parallel
organization of afferent lemniscal fibers and neurons
with flattened dendritic arbors usually called disk-
shaped cells. The layers formed by the cells and fibers
are referred to as ’fibrodendritic laminae’ (Oliver and
Morest, 1984). This characteristic laminar organization
of the CIC has been observed in all species studied,
including the mouse (Meininger et al., 1986; Willard
and Ryugo, 1983) and constitutes the structural basis
for the tonotopic organization of the IC (Reimer, 1993;
Stiebler and Ehret, 1985).

Neurons in the mouse CIC correspond to the general
plan of the mammalian IC (Loftus et al., 2008; Malmierca
et al., 1993; Oliver and Morest, 1984). Two main types of
neurons in the IC are described: bipolar and stellate
neurons (Meininger et al., 1986), corresponding to the
F-disk-shaped (flat) and LF (less flat) described in rat
(Loftus et al., 2008; Malmierca et al., 1993; Oliver and
Morest, 1984) or as oriented (Fig. 24.9) and non-oriented,
respectively (Reetz and Ehret, 1999). Physiologically,
there are physiological response types with complex
properties but no clear correlation are apparent between
neurons having particular physiological properties and
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neurons belonging to specific morphological categories
(Sivaramakrishnan and Oliver, 2001; 2006; Tan et al.,
2007; Tan and Borst, 2007; Fig. 24.10).

The DCIC covers the dorsomedial and caudal
aspects of the CIC (Fig. 24.8 and 24.10). In mice, 4 layers
of the DCIC have been defined (Meininger et al., 1986).
The most superficial layer (layer 1) is a thin fibrocellu-
lar capsule that covers the entire exterior surface of the
IC including the LCIC. It contains mostly fibers and
some small neurons that are flattened and scattered
along the contours of the IC surface. The other layers
consist of a mixture of small and medium-sized as
well as large multipolar neurons. A distinct feature of
the neurons in DCIC (and also LCIC) is the presence
of nitric oxide.

The LCIC covers the CIC laterally (Figs. 24.8 and
24.10). Four layers are defined in the LCIC (Meininger
et al., 1986). These layers are a continuation of those
described in the DCIC. Of particular interest is layer 2,
because it is composed of small and medium-sized
neurons that are partly aggregated in dense clusters in
myelin-rich neuropil. These aggregates are abundant
in acetylcholinesterase and GABA. Layers 3 and 4 of
the LCIC constitute the largest part and appear contig-
uous with the non-stratified rostral part (rostral cortex),
which is topographically related to the fascicles of the
commissural fibers. The neurons located in front of the
CIC form the rostral cortex (RCIC; Fig. 24.8 and 10).
They include very large multipolar cells, as well as small
and medium sized multipolar neurons and thus differ

FIGURE 24.8 Drawings that represent the
fibroarchitecture and cell types through two
sections of the inferior colliculus (IC) (A, B).
The central nucleus (CIC) is evident by its
dense neuropil, characterized by the innerva-
tion from fibers of the lateral lemniscus. There
are also efferent fibers that proceed dorsolat-
erally to penetrate the external cortex before
ascending in the brachium of the IC. The
lateral cortex (LCIC) is relatively sparse in
fibers, whereas the dorsal cortex (DCIC) and
rostral cortex (RCIC) is marked by horizontally
directed fibers from the commissure. (From
Willard and Ryugo, 1983.) A’ and B’, Drawing
tube reconstructions through IC sections that
illustrate how cell composition helps define
subdivisions that correspond to those identi-
fied by fibroarchitecture. From Willard and

Ryugo, 1983.
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from those of the CIC and LCIC (Faye-Lund and Osen,
1985; Malmierca et al., 1993). Pyramidal-like neurons
are also abundant as in the rat (Meininger et al., 1986).

The CIC is chemically heterogeneous. Studies in the
cat and rat have shown that about a quarter of the cells
in the CIC are GABAergic. IC neurons possess GABAA,
GABAB and glycine receptors (reviewed in Kelly and
Caspary, 2005). Other neurons possess NMDA and
AMPA receptors.

Connections of the Inferior Colliculus

The CIC receives ascending projections that originate
in the VCA, VCP, and DC contralaterally, VLL and MSO
ipsilaterally, and DLL and LSO bilaterally (Fig. 24.1)
(Cant and Benson, 2003; Malmierca et al., 2005b; Ryugo

et al., 1981). Most of the experiments that have studied
the afferent input to the IC have been conducted in
cats and rats (for reviews, see Malmierca, 2003; Oliver
2005). These experiments have shown that the afferent
fibers are tonotopically arranged, and that many of the
ascending systems show a ’banded’ pattern of projec-
tions with dense bands (about 150–200 mm thick) parallel
to the isofrequency fibrodendritic laminae.

The DCIC, in particular the deepest layers, receive
a similar set of inputs as the CIC, and some of the
ascending input from lower auditory centers to the
CIC encroaches upon the DCIC, as do the intrinsic
projections. The DCIC also receives input from the sag-
ulum. In addition, the DCIC, LCIC, and RCIC receive
input from the AC bilaterally, and many non-auditory
structures (for review see Malmierca, 2003). The neocor-
tical terminals form a banded pattern similar to that of
the ascending projections to the CIC; these descending
terminals are tonotopically organized, with their isofre-
quency contours overlapping and continuous with those
of the CIC.

The LCIC and RCIC receive somatosensory input
from the spinal cord, dorsal column nuclei, and spinal
trigeminal nuclei (RoBards, 1979; Zhou and Shore,
2006). Neurons in the LCIC appear to have relatively
broad somatosensory receptive fields in addition to
auditory responses, which are also broadly tuned (Ait-
kin et al., 1978). The multisensory integration in the
LCIC mirrors similar types of function at higher levels
of the ‘extralemniscal’ auditory pathway. The DCIC
projects to the dorsal division of the MG (Fig. 24.1),
whereas the LCIC and RCIC project to the dorsal and
medial divisions of the MG (Fig. 24.1). Thus, projections
from the three subdivisions of the IC overlap, especially
in the medial division of the MG.

The CIC projects to the ventral division of the MG in
a tonotopic manner (Fig. 24.1), largely to the ipsilateral
side (McMullen et al., 2005) but also with a minor
crossed component. The CIC projections originate
from both F and LF neurons. The majority of neurons
that project from the CIC to the MG use glutamate as
a neurotransmitter, but studies in rat and cat have
demonstrated there is a population of projecting
neurons that contain GABA. The GABA-containing
neurons in the IC make short-latency, monosynaptic
inputs to the thalamocortical projection neurons in the
MG (Bartlett et al., 2000; Peruzzi et al., 1997). This situa-
tion is interesting, because in the rat and presumably in
other rodents like the mouse, the MG lacks GABAergic
cells (Winer and Larue, 1996). Therefore, this monosyn-
aptic inhibitory input to the MG may be important for
the regulation of firing patterns in thalamocortical
neurons in conjunction with the known GABAergic
projection from the auditory sector of the reticular
thalamic nucleus.

FIGURE 24.9 Flat neurons of the central nucleus of the inferior

colliculus (A) Photomicrograph of Nissl-stained principal cell (a) and
multipolar cell (b). (B) Drawing tube reconstruction of four principal
flat cells stained by the Golgi-Kopsch method. Note how the dendritic
arbors are rather planar and aligned in parallel with one another and
the trajectory of lemniscal fibers (indicated by thin lines). From Willard

and Ryugo, 1983.
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The IC also possesses local and commissural intercon-
nections (Fig. 24.1; Gonzalez Hernandez et al., 1986;
Reetz and Ehret, 1999). The ICs from the two sides are
interconnected by the commissural fibers. These and
the intrinsic or local fibers may represent collaterals of
axons with projections to the thalamus or lower brain-
stem or, alternatively, they may represent the sole projec-
tion of a neuron that is truly an interneuron restricted to
the IC. The intrinsic fibers form ’sheets’ that are parallel
to the isofrequency contours of the CIC. The sheets
extend into the DCIC, LCIC and RCIC (Malmierca
et al., 1995; Saldana and Merchan, 1992). It should be
noted that recent studies in rat have shown that the
majority of these intrinsic projections may be excitatory
and up to at least 25% of the commissural neurons may
be GABAergic (Hernandez et al., 2006). Physiological
evidence in vivo and in vitro (reviewed in Malmierca
et al., 2003; 2005a) shows that the commissural terminals
may have either an excitatory or inhibitory influence on
the contralateral IC, and that they affect frequency
response areas, binaural properties, and temporal
properties.

Physiological Studies of the Inferior Colliculus

Paradoxically, there is a wealth of data on the physi-
ology of the mouse IC, compared to a relatively small
number of anatomical studies devoted to the mouse
IC. The mouse was used as a model for neurophysio-
logic studies in the some classical studies conducted
by Ehret and colleagues (Egorova et al., 2001; 2002;

2006; Egorova and Ehret, 2008; Ehret et al., 2003; Hage
and Ehret, 2003; Stiebler and Ehret, 1985). IC neurons
in mouse show a wide variety of response properties
to sound stimulation. This complexity is consistent
with its intricate, anatomical input-output system.

Neurons in the anaesthetizedmouse show a relatively
high level of spontaneous activity rate (70 spikes/s). The
latency and response patterns of IC neurons depend
very much on the type of sound presented; its intensity,
and its binaurality (Stiebler and Ehret, 1985; Ehret and
Moffatt, 1985a, b). Space limitations prevent a detailed
description of these response variables. Mention must
be made, however, of the fact that this variety in latency
may serve to create variable delay lines. It may also be
important in establishing different time constants in
response to time-varying signals; such as intensity and
frequency modulations and binaural stimuli with
various temporal and intensity delays. The response
patterns to pure tone stimulation include primary-like,
tonic, onset, buildup or inhibitory (if spontaneous
activity is present). This diversity of responses reflects
the multiple sources of inputs that the IC receives and
must integrate (Felix and Portfors, 2005; 2007; Portfors
et al., 2009). Other physiological studies have suggested
that the laminae of the CIC contain a highly organized
representation of both spectral and temporal parame-
ters, i.e., there are different maps of sound response
features. These include frequency representation and
resolution, sharpness of tuning, threshold response,
latency and intensity (see review by Herrnberger et al.,
2002).

FIGURE 24.10 Localization of biocytin-fil-
led of recorded cells within the mouse inferior
colliculus (IC). (A) response to 100-ms, 200-pA
hyperpolarizing and depolarizing constant-
current injections of the neuron whose
morphology is shown in (B) and marked in C

and D by a crossed circle. (C) caudal view of
a reconstruction of the inferior colliculus.
Inferior colliculus is indicated in blue, except
for the central nucleus, which is indicated in
yellow. Structures outside of the inferior colli-
culus (periaqueductal gray) are indicated in
turquoise. Location of biocytin-filled cells is
indicated as white circles. Circles with a black
outline were localized within the central
nucleus. For abbreviations see list. Figure kindly
provided by Dr. Gerard Borst, adapted from Tan

et al., 2007.

CYTOARCHITECTURE OF THE INFERIOR COLLICULUS 625

C. MOTOR AND SENSORY SYSTEMS



Studies applying microiontophoresis techniques in
vivo have demonstrated that both GABA and glycine
inhibit IC neurons in several species (LeBeau et al.,
2001). Both AMPA and NMDA receptors are involved
in the maintenance of the response during stimulation,
whereas AMPA receptors seem to be important at
response onset. Furthermore, both AMPA and NMDA
receptors are involved in maintaining the firing of CIC
neurons in response to dynamically changing acoustic
stimuli (reviewed in Kelly and Caspary, 2005). The IC
shows a variety of frequency response areas in the
mouse IC (Egorova et al., 2001, 2006; Egorova and Ehret,
2008) that are both V-shaped and non-V-shaped (LeBeau
et al., 2001), as described in other mammals (reviewed in
Malmierca, 2003). The iontophoretic application of
GABA and glycine antagonists coupled with intracel-
lular recordings (Covey et al., 1996; Kuwada et al.,
1997) has shown that neural inhibition contributes to
the binaural response of neurons in the IC. Since the
basic binaural comparison presumably has already
occurred at the SOC (Casseday et al., 2002), it may be
that the convergence of binaural pathways and spectral
information at the IC could produce a topographic map
of auditory space resembling that found in the midbrain
of the barn owl (Volman and Konishi, 1990). Studies by
Borst and colleagues using in vivo patch-clamp record-
ings in mouse IC neurons have detailed the membrane
properties of these midbrain neurons and reported on
the intracellular responses to current injections
(Fig. 24.10), different sound durations and sinusoidal
amplitude tones (Geis and Borst, 2009; Tan et al., 2007;
Tan and Borst, 2007).

Although the functions of the collicular cortices are
not well known, it is speculated that the LCIC plays an
important role in multisensory integration. In agreement
with the multitude of inputs, neurons of the LCIC have
been shown electrophysiologically to respond not only
to auditory stimulation, but also to somatosensory input
(Aitkin et al., 1978). The LCIC receives somatosensory
input from lower centers (RoBards, 1979; Willard and
Ryugo, 1983; Zhou and Shore, 2006), and resident
neurons appear to have relatively broad somatosensory
and auditory receptive fields (Aitkin et al., 1978). The
multisensory integration in the LCIC mirrors similar
types of function at higher levels of the ‘extralemniscal’
auditory pathway. Secondly, the LCIC may have
a unique influence on the olivocochlear system. Recent
studies show that electrical stimulation of LC has
a broadly tuned effect on cochlear responses, in contrast
to central nucleus stimulation, which has sharply tuned
effects (Ota et al., 2004). Thus, the medial and lateral oli-
vocochlear bundles may be differentially activated by
CIC and LCIC, respectively. Thirdly, the LCIC may
also have a role in providing auditory input to visual-
motor areas that direct head and eye movements

involved in gaze initiation. The LCIC may be a major
source of binaural cues for gaze control in the superior
colliculus (King et al., 1998). Finally, a recent study of
RCIC neurons (Malmierca et al., 2009; Perez-Gonzalez
et al., 2005) suggests that at least some neurons in this
and in other cortical regions may be specialized for
detecting novel sounds. It is obvious that there remain
many challenges ahead if we are to understand the
role of the inferior colliculus in hearing.

THE MEDIAL GENICULATE BODY (MG)

The MG lies on the posterolateral surface of the thal-
amus as a rounded eminence (Figs. 24.1 and 24.11),
lateral and ventral to the superior colliculus and medial
to the hippocampus as it transitions from its ventral to
dorsal position. It marks the rostral pole of the brachium
of the IC. Not only is the MG the main auditory center of
the thalamus but also it is the last stage of subcortical
auditory processing in the ascending pathway. The
structure is commonly divided into three major

FIGURE 24.11 Neuronal architecture of the medial geniculate

body. Drawing tube reconstructions of single coronal section stained
by the Golgi-Kopsch method. The main subdivisions of the nucleus
are illustrated: ventral (MGV), dorsal (MGD) and medial (MGM).
From Willard and Ryugo, 1983.
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divisions named in manner denoting their relative loca-
tions within the complex (Fig. 24.11). These include the
ventral (MGV), dorsal (MGD), and medial (MGM) or
magnocellular divisions.

The auditory thalamus has long been seen as respon-
sible for relaying information to the cerebral cortex, but
it has not been until the last decade or so that the func-
tional nature of this structure has attracted significant
attention. Whereas earlier views tended to relegate
thalamic function to a simple relay process, recent
research demonstrates complicated circuitry and a rich
array of membrane properties in resident neurons. It is
now clear that the MG is not merely a passive conveyor
of information to the cortex, but instead is involved in
many dynamic processes that significantly alter the
nature of the information (Sherman and Guillery, 1998,
2002). The MG is indeed involved in a variety of func-
tions. These include routine auditory processing (Bar-
tlett et al., 2000; Bartlett and Smith, 1999; He, 2003; He
and Hu, 2002; Hu, 1995; 2003; Winer et al., 2005; Winer
and Larue, 1996) and associated changes involved in
learning and memory (Edeline, 1999, 2003). These
complementary roles underscore the importance of the
thalamus in the hierarchy of sensory processing.

The MG is the last opportunity for auditory signals to
be processed before they reach the auditory cortex.
Thus, the MG projects to the AC, which in turn sends
massive projections back. In addition, the MG receives
its major source of ascending inputs from the IC. The
MG-AC connections are reciprocal, but non-reciprocal
projections also occur (Llano and Sherman, 2008) and
they vary such that each subdivision has a particular
pattern of connections with other structures. Additional
inputs arise from the thalamic reticular nucleus, and to
a lesser extent from lower auditory nuclei, including
the SOC, NLL, and CNC. Ascending fibers enter the
structure medially through the brachium of the IC and
terminate among neurons in each subdivision. Connec-
tions with auditory cortex pass through the posterior
limb of the internal capsule.

A recent study in the mouseMG (Llano and Sherman,
2008, 2009; Lu et al. 2009) using Nissl and immunostain-
ing has revealed cytoarchitectural differences among the
subdivisions (Fig. 24.12) consistent with previous
descriptions in other species (e.g., Winer et al., 1999).
The ventral division of the MG is characterized by the
presence of small, densely packed neurons. The lateral
portions of the MGV show neurons forming parallel
arrays oriented from dorsolateral to ventromedial,
whereas in the more medial portions, the cell packing
is organized in concentric circles (Llano and Sherman,
2008, 2009). These differences may correspond to the
lateral ventral and ovoid nuclei of theMGV, respectively,
described in other species but definitive evidence
remains to be presented. The MGV also shows strong

neuropil staining andmoderate somatic staining for par-
valbumin. The principal cells of the MGV are the bi-
tufted neurons (Fig. 24.11), which have diametrically
opposed dendritic fields that extend from the poles of
elongated soma. These neurons are closely spaced and
tend to be arranged in rows about 50 to 100 mm wide,
with dendritic fields oriented from dorsolateral to
ventromedial (Winer et al., 1999). The fibrodendritic
laminae are hypothesized to correspond to the orga-
nized projection from the CIC, which underlies a tono-
topic organization. The principal neurons are proposed
to be glutamatergic and approximately 25% of the pop-
ulation may be GABAergic interneurons. Rodents
(including mice) and bats, however, apparently lack
GABAergic neurons (Winer and Larue, 1996).

The main source of inputs to the MGV is the ipsilat-
eral CIC (Fig. 24.1). Projections from the IC to MGV
appear to arise from both glutamatergic and GABAergic
neurons (Bartlett and Smith, 1999). The main MGV
projection to auditory cortex terminates mainly in layers
III and IVof the primary auditory cortex (Fig. 24.1). The
tonotopic organization of the projection is preserved in
the primary fields.

The dorsal division of the MG possesses larger cell
bodies, in particular, in the most dorsal and medial
locations. MGD shows no obvious packing arrange-
ment of neurons. The largest neurons in the medial
portions of the MGD likely represent the supragenicu-
late nucleus (Llano and Sherman, 2008, 2009). The
MGD shows strong somatic staining for calbindin and
weak neuropil staining for parvalbumin (Fig. 24.11
and 24.12). Several cell types have been described in
the MGD. Radiate cells are the most numerous with
radially symmetric dendritic fields and a simple
branching pattern. Tufted cells are also present in
substantial numbers (Fig. 24.11). These cells tend to be
organized in thin sheets, especially dorsolaterally,
with dendritic arbors that extend from each pole (Winer
et al., 1999). A secondary population of small stellate
cells has also been recognized. Most of the MGD
neurons respond to acoustic stimulation with a wide
range of latencies, typically longer than MGV neurons,
and exhibit broader frequency tuning. Tonotopic orga-
nization in the MGD is not apparent from recordings
in any species.

The main sources of ascending auditory inputs to the
MGD are the DCIC and LCIC (Fig. 24.1; Jones, 2007; Lee
and Sherman, 2009; Malmierca, 2003). These inputs
represent both glutamatergic and GABAergic neurons
(Bartlett and Smith, 1999). The MGD mainly projects to
the nonprimary (belt) areas of auditory cortex, where
tonotopy is weak or absent (v.i.).

The medial division of the MG borders the MGV and
MGD medially, extending from the rostral to caudal
poles of the MG (Fig. 24.11 and 24.12). Although
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recognized as a single division, the MGM is rather
heterogeneouswith respect to cell types and connections.
The MGM shows a loose packing arrangement, with
some very large cells. Similar to the MGD, the MGM
shows strong somatic staining for calbindin and weak
neuropil staining for parvalbumin (Fig. 24.12; Llano
and Sherman, 2008, 2009; Lu et al., 2009). The MGM
contains the largest neurons of the MG and a variety of
different types of cells have also been identified (Winer

et al., 1999). Some neurons are calbindin-reactive and
project mainly to cortical layers I and II, whereas others
immunostain for calbindin and parvalbumin and project
to the middle layers (Jones, 2007). Response properties in
the MGM neurons are highly variable and consistent
with the various classes of neurons populating the
MGM. Some neurons are narrowly tuned to frequencies
with short latencies, similar to MGV neurons, whereas
others are broadly tuned and have longer latencies.

FIGURE 24.12 Distribution of calbindin (CB) and calretinin (CR) areas at two different rostro-caudal levels of the MGB. (A) and (B) Two
sections from same mouse immunostained for CR, visualized with Alexafluor 594. (C) and (D) Identical sections from A and B, immunostained
for CB, visualized with Cy-2. (E) Overlay images from A and C. (F) Overlay images from B and D. Scale bar ¼ 500 mm. Figure kindly provided by

Dr. Daniel Llano, adapted from Lu et al., 2009.
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Inputs to the MGM include both auditory and
nonauditory sources (Ryugo and Weinberger, 1978;
Wepsic, 1966). The main auditory inputs arise from
the CNC and ECIC, as well as the CN, SOC and VLL
(Malmierca et al., 2002). The MGM also projects to the
striatum and amygdala (LeDoux et al., 1985; Ryugo
and Killackey, 1974). Non-auditory inputs include the
deep layers of the superior colliculus and others
somatosensory, vestibular, visual, and nociceptive
stimuli (Jones, 2007).

In addition to the prototypical principal auditory
thalamic nuclei, many other thalamic cells in higher-
order nuclei project to layer 1 of the neocortex or to
other subcortical structures, such as the basal ganglia
or amygdala (Cheatwood et al., 2003). This projection
pattern is particularly prevalent among neurons in the
intralaminar and the adjacent ‘paralaminar’ nuclei
(Herkenham, 1980), such as the suprageniculate, poste-
rior intralaminar nucleus and the peripeduncular
nucleus (Fig. 24.11 and 24.12; Clugnet et al., 1990; Ryugo
and Killackey, 1974). The degree of this heterogeneity is
reflected in different distributions of calcium-binding
proteins (Lu et al., 2009).

THE AUDITORY CORTEX (AC)

The auditory cortex represents the site of termination
of fibers ascending from the MG. In the ascending audi-
tory pathway, species differences are the most apparent
in the auditory cortex, in which the number of areas
identified ranges from five in mice (Fig. 24.13) to over

30 in some studies of humans (Malmierca and Hackett,
2010; Stiebler et al., 1997; Winer, 1992). Species differ-
ences include the number of areas present, their relative
position and arrangement, cell density, connections, and
tonotopic organization.

In all mammals studied to date, a core koniocortex
(granular cortex) with one or more complete and orderly
representations of audible frequencies is found to be sur-
rounded by a variable number of secondary or belt areas
with less sharp frequency representation. The AC has
beenmost extensively studied in the cat, where the audi-
tory cortex comprises part of the anterior, medial, and
posterior ectosylvian gyri, below the suprasylvian
sulcus (Winer, 1992). Four tonotopically organized
regions have been defined on the basis of responses to
pure tone stimulation: primary auditory cortex, anterior
auditory field, posterior auditory field, and ventroposte-
rior auditory field. In these areas, there is a systematic
change in the frequency representation along the cortical
surface, where vertical sheets of similar frequencies are
stacked, like slices of a loaf of bread, from low to high.
The secondary auditory cortex and the temporal audi-
tory area are situated ventral to the primary auditory
area and show a less distinct frequency representation;
that is, the neurons are not as sharply tuned, and the
progressive change in frequency representation is not
as regular. In the rat, several cortical maps have been
proposed (Doron et al., 2002; Winer, 1992) but because
of the lack of gross anatomical landmarks, like the
neocortical sulci, a comparison of the various maps is
difficult.

In the mouse, the AC is situated on the caudal half of
the parietal cortex. Since the mouse cortex is smooth,
reliable landmarks are missing. Nevertheless, Ehret
and colleagues (Hofstetter and Ehret, 1992; Stiebler
et al., 1997) have differentiated five auditory fields in
the cortex (Fig. 24.13) on the basis of tonotopy, sponta-
neous activity, and the general characteristics of
responses to tones, noise bursts, and frequency sweeps.
These fields include the primary auditory field (AI), the
anterior auditory field (AAF), the ultrasonic field (UF),
the secondary auditory field (AII) and the dorsoposte-
rior field (DP). AI and AAF are tonotopically organized
and may constitute the primary or core auditory cortex.
They are organized, as in othermammals, with a reversal
of tonotopy across the high-frequency border between
the two fields. The UF may be a continuation of AI
and/or AAF into ultrasonic frequency sensitivities (Hof-
stetter and Ehret, 1992; Stiebler et al., 1997).

Except for a brief study by Cruikshank et al. (2001),
detailed studies on the lamination and histological
details of the mouse auditory cortex (Fig. 24.14) are lack-
ing. In general, however, the mouse core areas (AI and
AAF) seem to follow the general cytoarchitectural plan
seen in other rodents such as the rat. AI is characterized

FIGURE 24.13 Electrophysiologically defined fields of the mouse
AC are A1 and AAF with a clear tonotopy as indicated and AII and
a dorsoposterior field (DP) without an obvious orderly frequency
representation. The arrowheads in the UF indicate the approximate
position of a line dividing the UF in a rostral and caudal part,
whereby the latter might be regarded as belonging to AI. adapted from
Stiebler, 1997.
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by high cell density in a broad layer IV, dense myelina-
tion across laminae, and relatively high expression of
several markers in the horizontal band involving layers
III and IV (e.g., cytochrome oxidase, acetylcholines-
terase, parvalbumin (Cruikshank et al., 2001; Kaas and
Hackett, 2000). Several classes of pyramidal and non-
pyramidal cells are distributed across the six layers of
auditory cortex (Fig. 24.14; Winer, 1992). Pyramidal cells
tend to be glutamatergic and are concentrated in layers
III and V, whereas GABAergic cells are mainly nonpyr-
amidal and account for about one-fourth of the neurons
in most layers except layer I. Layer I has the lowest cell
density (Fig. 24.14), where over 90% are small GABAer-
gic neurons. Layer II contains both pyramidal and non-
pyramidal neurons (Fig. 24.14). The smaller cells are
located superficially in layer II, and the larger pyramidal

cells predominate near the border with layer III. About
one quarter of the nonpyramidal cells are GABAergic.
Layer III is populated by several types of pyramidal
and non-pyramidal cells (Fig. 24.14). The largest pyra-
midal cells are deeper in layer III at the border with layer
IV. Their apical dendrites extend to layer I where they
branch horizontally, while the basal dendrites spread
widely within layers III and IV, contributing to the hori-
zontal band involving layers III and IV. Smaller pyra-
midal cells populate the more superficial parts of layer
III. The non-pyramidal cells of layer III include tufted,
stellate, and multipolar neurons of various sizes, and
tend to be GABAergic. Layer IV is mainly populated
by small tufted cells, which have radially oriented
somata and dendritic fields and have mainly local
columnar projections (Fig. 24.14). Layer V contains

FIGURE 24.14 Laminar and cellular
distributions of calbindin (CV) and parvalbu-
min (PV) in A1. Top panels illustrate laminar
staining for CB (A1), Cresyl Violet (B) and PV
(C1) of A1, obtained from the same three
adjacent sections shown in Fig. 24.1. Gray
arrows beside Nissl-stained image (B) point to
approximate borders between layers I/II,
layers IV/V, and layer VI/white matter.
Roman numerals to the left of Nissl image are
positioned at suggested centers of each layer.
White rectangles in A1 and C1 indicate posi-
tions of higher power images presented in
bottom panels (A2;3 and C2;3). A, CB immu-
noreactivity is concentrated in the three upper
layers (A1;2). Arrows in A2 point to layer II/III
non-pyramidal cells that appear darker and
larger than the majority of moderately stained
CB positive somata in upper layers. A3 shows
a variety of non-pyramidal CB positive cells in
layers IV and V. C, Intense PV immunoreac-
tivity exists throughout layers II-VI, including
both somata and processes (C1-4). The arrow
in C2 points to a multipolar PV positive non-
pyramidal cell in deep layer 4. Other non-
pyramidal cells can also be seen in C2-4. The
arrowheads in C3 point to 5 dense axonal
arrangements, surrounding presumed
unstained somata, within layer V. Note that
about half of the image in C3 comes from
outside the frame of C1 (indicated in C1). The
arrows in C4 point to three PV positive pyra-
midal-like cells in AC layer VI that has conical
somata and apical-like dendrites projecting
toward the pia (pia toward top of page). The
‘apical’ dendrite of the middle cell is indicated
by two arrowheads. Note that C4 comes from
a younger mouse brain than C1-3. Scale bar in
A3 equals 30 mm and applies to all 5 bottom
panels. Scale bars in A1, B and C1 equal 100
mm. Figure kindly provided by Dr. Raju Metherate;

adapted from Cruikshank et al., 2001.
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both pyramidal and nonpyramidal neurons. The somata
of the conspicuous large pyramidal neurons located in V
have apical dendrites that extend to layer I, with several
branches along the way. The other pyramidal cells in
layer V are smaller and more evenly distributed
(Fig. 24.14). GABAergic cells in layer Vare mainly multi-
polar and bipolar varieties. Layer VI has perhaps the
widest variety of cell types. These include several classes
of pyramidal cells, along with multipolar, bipolar, and
horizontal cells (Fig. 24.14). Less than 20% of layer VI
neurons are GABAergic.

The main source of ascending inputs to the core A1
and AAF are MGV and MGD, respectively (Fig. 24.1;
Jones, 2007; Llano and Sherman, 2008; Winer et al.,
2005). The thalamic input mostly terminates in layer
IV. The organization of these connections is topographic,
reflecting tonotopic organization within the MGV. MGM
also projects to the core AC andmoreover, it also projects
broadly to all areas of auditory cortex. The intracortical
connections of the core mainly include other areas of
auditory cortex ipsilaterally, and sparse connections
with areas beyond auditory cortex. Tonotopically-
matched sites are more densely interconnected than
non-matched sites (Lee et al., 2004; Lee and Winer,
2005); a feature that is likely to reflect an underlying
organizational principle of the auditory cortex. Commis-
sural connections with the contralateral AC in the oppo-
site hemisphere are concentrated in the homotopic
(matching) area, and most strongly link identical best-
frequency representations in both hemispheres (Lee
and Winer, 2008).

Layers V and VI represent the main source of
descending projections to the thalamus and the main
callosal projections include both pyramidal and non-
pyramidal neurons in layers III and V. Therefore, Layers
V and VI are of particular interest because their neurons
form part of the corticofugal projection to the thalamus,
midbrain, and pons as well as to the opposite hemi-
sphere (Doucet et al., 2002; Games andWiner, 1988; Hefti
and Smith, 2000; Llano and Sherman, 2009; Weedman
et al., 1996; Weedman and Ryugo, 1996). Within layer
V of the primary sensory cortex, including the AC two
distinct types of pyramidal cells, ‘intrinsically bursting’
and ‘regular spiking’ have been distinguished on the
basis of their correlated morphology and physiology
(Hefti and Smith, 2000; Llano and Sherman, 2009;
McCormick et al., 1985).

These two types of pyramidal cells are also present in
A1 (Fig. 24.15), whose intrinsic electrical properties and
local network inputs implicate a role of inhibition in
shaping their responses (Hefti and Smith, 2000; Llano
and Sherman, 2009; McCormick et al., 1985). Layer V
corticothalamic neurons are large pyramidal cells, with
a thick apical dendrite containing an apical tuft extend-
ing into layer 1. Most layer V corticothalamic neurons

FIGURE 24.15 Top panel, examples of morphology of layer V and
layer VI biocytin-filled corticothalamic neurons. Scale bar 100 mm;
Bottom panels, proposed model of differences of synaptic input and
response properties between auditory layer V and layer VI cortico-
thalamic neurons. In Llano and Sherman model, layer V cortico-
thalamic neurons receive excitatory input from neurons in layers II/
III, IV, and V (gray) and GABAA-mediated inhibitory input mostly
from lower layer V with a smaller contribution from layer II/III (red).
In response to excitatory input, these neurons fire a burst of action
potentials at low threshold. In contrast, layer VI corticothalamic
neurons integrate excitatory input primarily from layer VI and receive
inhibitory input from adjacent areas in layer VI. In response to
excitatory input, these neurons fire a train of individual action
potentials. Figure kindly provided by Dr. Daniel Llano, adapted from Llano
and Sherman, 2009.
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show bursting in response to depolarizing current
pulses (Fig. 24.15), whereas layer VI corticothalamic
neurons are small pyramidal neurons with short and
thin apical dendrites that exhibit regular spiking in
response to depolarizing current pulses (Fig. 24.15).
Other layer V regular spiking neurons form part of the
callosal pathway (Llano and Sherman, 2009). These
authors have also demonstrated that photostimulation
of layer V corticothalamic neurons integrate excitatory
inputs over a significantly larger area and across more
layers than do layer VI corticothalamic neurons, and
that the patterns of GABAergic inhibition differ between
these two cell types. The data of Llano and Sherman
suggest that layer V and layer VI corticothalamic
neurons receive unique sets of inputs and process
them in different manners, supporting the hypothesis
that layer-specific corticothalamic projections play
distinct roles in information processing. In this context,
it is noteworthy to mention that layer V corticothalamic
neurons are drivers (Sherman and Guillery, 1998; 2002)
that also relay a highly secure signal, in the form of
a burst, to their subcortical targets. By contrast, layer
VI neurons are modulators (Sherman and Guillery,
1998; 2002), which integrate information locally, and
have spike train characteristics that are appropriate to
modulate the excitability of their subcortical targets.

Areas that lie outside of the core region are often
referred to as the non-lemniscal, or belt areas. These
areas are anatomically and physiologically distinct
from the core fields, and from one another. The number
of belt fields is typically greater than the number of core
fields, and they are generally less well-characterized, as
research efforts have been focused on the core. Architec-
tonically, each of the belt areas is difficult to identify;
compared to the core region, cell density and myelina-
tion is generally reduced, as is the expression of cyto-
chrome oxidase, acetylcholinesterase, and parvalbumin
(Jones, 2003; Malmierca and Hackkett, 2010). In other
words, there are no magic stains that cause one cortical
region in the mouse to stand out unambiguously from
another.

Aside from inputs from the core, the main source of
projections to most of the belt areas is the MGD (Jones,
2007; Winer and Lee, 2007). Additional connections
include the MGM and nuclei surrounding the MG
(Fig. 24.1). In contrast to the core, areas in the belt and
parabelt have widespread connections with areas
outside of auditory cortex (Malmierca and Hackett,
2010), including projections to different areas of the
temporal, frontal, and parietal lobes. This circumstance
has been interpreted as evidence of functional segrega-
tion in the outputs of auditory cortex to different func-
tional regions of the cortex (Rauschecker and Tian,
2000). In the mouse, the belt areas include the UF, AII
and DP, all of which lack tonotopy and show complex

response properties such as broad tuning curves,
multiple best frequencies and selective response to
frequency modulations.

THE DESCENDING AUDITORY
PATHWAY

Parallel to the ascending pathways (Fig. 24.1), there
are a series of descending projections extending from
auditory cortex to the organ of Corti (Fig. 24.16–20).
Descending pathways in the brain have been known
since the end of the nineteenth century (Held, 1893)
but until recently their significance was unappreciated,
due to the focus on ascending pathways. The relays of
this projection are also influenced by ascending fibers,
and although there is some physiological evidence of
inhibitory and facilitatory actions (e.g., Ryugo and
Weinberger, 1976; Watanabe et al., 1966; Zhang et al.,
1997), the functional role of these projections in audi-
tion is just starting to become apparent. The pioneering
studies by Suga and associates using bats (e.g. Gao and
Suga, 1998; 2000; Ma and Suga, 2004; 2007; Yan and
Suga, 1998) and intriguingly, more recently in the
mouse (Wu and Yan, 2007; Yan et al., 2005; Yan and
Ehret, 2002), have started to disclose some of the
details of the different functions of these descending
projections.

The descending auditory system should be consid-
ered as both a descending chain (Fig. 24.16) and a series
of regional feedback loops (e.g., (Fig. 24.17A; Warr,
1992). The descending chain is composed of three steps
(Fig. 24.16). The first link in the chain is the AC that
gives off four descending tracts: corticothalamic, corti-
cotectal, corticopontine, and corticobulbar. The cortico-
thalamic projection forms reciprocal and non-
reciprocal connections between the AC and MG (Hof-
stetter and Ehret, 1992; Llano and Sherman, 2008;
Winer, 2006). The corticotectal projection terminates in
the IC (Faye-Lund, 1985; Herbert et al., 1991; Hofstetter
and Ehret, 1992). The corticopontine projections origi-
nate in the auditory cortex and terminate in a topo-
graphic pattern that resembles that arising from
somatosensory and visual cortices (Gimenez-Amaya,
1988; Perales et al., 2006). The corticobulbar projections
terminate in and around the superior olivary nuclei
(Mulders and Robertson, 2000; Feliciano and Potashner,
1995) and cochlear nucleus (Feliciano et al., 1995; Weed-
man and Ryugo, 1996; Weedman et al., 1996) in rats,
and these have also been confirmed in mice and shown
to form synapses on granule cell dendrites (Meltzer and
Ryugo, 2006).

The second step consists of fibers arising from the IC
(Fig. 24.16). These fibers constitute a colliculo-olivary
and colliculo-cochlear nuclear projection. The colliculo-
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olivary fibers arise from the LCIC and the ventral part of
the CIC (Caicedo and Herbert, 1993; Faye-Lund, 1985;
Vetter et al., 1993). The fibers terminate on the perioli-
vary medial olivocochlear cells, which supply the
OHCs, and probably on lateral olivocochlear cells which
supply the IHCs (Feliciano and Potashner, 1995). Electri-
cal stimulation of some IC sites produces a long-lasting
(5–20 min) enhancement or suppression of compound
action potentials without change in otoacoustic emis-
sions. These novel cochlear effects have not been seen
when activating MOC efferents, and so are attributed
to the LOC system (Groff and Liberman, 2003). Thus,
these may constitute a three-neuron pathway from the
AC to the sensory cells.

The third step in the chain is the olivocochlear
system (Figs. 24.19 and 24.20) that constitutes the
efferent innervation of the cochlea, which consists of
the MOC and LOC (see below). In addition, the series

of feedback loops comprise cortical projections to
subcortical nuclei that project back to cortex, directly
or indirectly, allowing it to control its inputs from lower
centers. Thus, there are mechanisms to modulate and/
or ‘gate’ ascending auditory information at virtually
every synaptic station in the pathway.

The Corticofugal Pathways

The mouse AC projects to a wide range of subcortical
targets in the auditory pathway (Winer, 2006; Winer and
Lee, 2007). The projections to the auditory thalamus and
midbrain are the largest, but there are also the projec-
tions to subcollicular nuclei (Fig. 24.16), including
nucleus sagulum, paraleminical regions, superior oli-
vary complex, cochlear nuclear complex and pontine
nuclei (Doucet et al., 2002, 2003; Feliciano and Potashner,
1995; Meltzer and Ryugo, 2006; Perales et al., 2006;
Weedman and Ryugo, 1996). The AC also supplies the
amygdala (Romanski and LeDoux, 1993), basal ganglia,
striatum (Beneyto and Prieto, 2001), superior colliculus
(Paula-Barbosa and Sousa-Pinto, 1973), and central
gray (Winer et al., 1998), suggesting that the AC has
important roles not only in auditory sensory processing
but also in motor behavior, autonomic function, and
state dependent responses (Winer, 2006).

In the auditory thalamus, The MGV receives the
heaviest source of input from A1 and AAF, whereas
the MGM receives the least and the MGD receives an
intermediate amount. A prominent feature of the corti-
cothalamic projection is its reciprocity; a cortical region
projects to the same part of the thalamus from which it
receives input. However there are also non-overlap-
ping zones (Llano and Sherman, 2008). In the MG, there
are two main types of synaptic terminals (I and II)
arising from A1 and AAF (Fig. 24.16). Type I terminals
are small (< 1 mm in long-axis diameter), associate with
small caliber dendrites of the MGVand MGD and arise
from the pyramidal cells of layer VI (Bartlett et al., 2000;
Llano and Sherman, 2009). Type II terminals are large
(>2 mm in long-axis diameter), mostly distributed in
the MGD and occasionally in the MGM (Bartlett et al.,
2000; Llano and Sherman, 2009) and arise from pyra-
midal neurons from layer V.

As mentioned above, reciprocity is a prominent
feature of the corticothalamic projection. These connec-
tions could serve a feedback function, classically
regarded as the primary role of corticothalamic projec-
tions (Fig. 24.17A). The non-reciprocal connections,
however, may provide feedforward effects, such that
a specific cortical region sends information to a distant
or different cortical region via the thalamus. Thus, feed-
back and feedforward mechanisms can be viewed
within a broader framework of cortico-thalamo-cortical
loops that relate the pathways to axon morphology

FIGURE 24.16 Descending auditory pathway of the rat. (Modi-
fied after Brodal, 1981, AC is from Stiebler et al., 1997.) For abbrevi-
ations see list.

THE DESCENDING AUDITORY PATHWAY 633

C. MOTOR AND SENSORY SYSTEMS



and physiological effects on thalamic cells. Sherman and
Guillery (1996) originally proposed the concept of
‘drivers’ and ‘modulators’ of thalamic neurons for the
visual and somatosensory thalamus, but a recent study
in the mouse has confirmed this idea for the auditory
system (Llano and Sherman, 2008). According to their
hypothesis, the type I terminals in MGV and MGD
described above might play a modulatory role in the
first-order thalamic nuclei, such that corticothalamic
inputs converge with ascending inputs on thalamic
neurons where the ascending inputs would drive these
thalamic neurons and the cortical inputs would modu-
late them. In contrast, in ‘higher order’ thalamic nuclei
such as the MGD, ‘driver’ inputs arise from the large
type II terminals and interact with other ascending input
from the IC (Fig. 24.17A). Direct visualization of actual
synapses using electron microscopy, however, is

required for validation of this idea and the ’other
ascending inputs‘ need to be defined.

Although the corticofugal projections appear to be
glutamatergic (Potashner et al., 1988), suggesting an
excitatory function, electrical stimulation of the AC
results in both excitatory and inhibitory effects on MG
neurons (Ryugo and Weinberger, 1976; Watanabe
et al., 1966; Wu and Yan, 2007). Since the AC also
projects to the auditory sector of the reticular thalamic
nucleus, which in turns projects to the MG, the AC
can provide the MG with an inhibitory influence (Bar-
tlett et al., 2000). The corticofugal projection, therefore,
can modulate the MG responses to sound through
a direct excitatory pathway and/or an indirect inhibi-
tory pathway.

The first report on corticollicular projections was
from the temporal cortex to the corpora quadrigemina in

FIGURE 24.17 (A) Diagram illustrating
a cortico-thalamocortical model of cortical
processing. In this model, information reaches
the lemniscal AC via a projection from the
MGV to layer IV of either the AAF or the AI.
From here, a layer 5 pyramidal projects to the
MGD, where a thalamocortical relay cell
projects to layer IVof the nonlemniscal AC (DP
or AII). From the nonlemniscal AC, a layer VI
projection is sent to the MGB, adhering to the
principle that all thalamocortical projections,
whether coming from the first or higher order
thalamus, receive a modulator, reciprocal
projection from layer VI. (Figure kindly
provided by Dr. Daniel Llano, adapted from
Llano and Sherman, 2008.) (B) Summary
diagram of the synaptic glomerulus contrib-
uted to by mossy fibers, granule cell dendrites,
and corticobulbar endings. The small size and
remote location of the cortical terminals
suggest that the postsynaptic effect is modu-
latory. (From Meltzer and Ryugo, 2006.)
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the primate by Thompson (1900). Since then, a number
of studies have confirmed and extended the knowledge
of this pathway in several species (reviewed in Mal-
mierca and Ryugo, 2010) including the mouse (Hofstet-
ter and Ehret, 1992). Most of these studies have
emphasized that the AC innervates the collicular
cortices only in a topographic fashion. However,
studies in the rat (Beyerl, 1978; Saldana et al., 1996)
demonstrated that A1 also projects into the CIC. The
cellular origin of these projections is mostly the pyra-
midal cells in layer V and to a lesser extent in layer VI
(Doucet et al., 2003).

Studies in guinea pigs have demonstrated the gluta-
matergic nature of this projection (Feliciano and Potash-
ner, 1995). While this study suggests a purely excitatory
corticollicular projection, electrical stimulation of the
auditory cortex in the cat (Mitani et al., 1983), or its inac-
tivation in the rat using tetrodotoxin (Nwabueze-Ogbo
et al., 2002) produces not only excitatory but also inhib-
itory interactions in the IC neurons. Therefore, as with
the MG, AC may modulate the processing of sounds
in the IC through the activation of local inhibitory
connections within the IC. Physiological studies have
demonstrated that these descending projections may
serve to sharpen and amplify ascending inputs of the
same best frequency as the site of cortical activation
(Gao and Suga, 1998; Gao and Suga, 2000; Yan et al.,
2005; Yan and Ehret, 2001; Yan and Ehret, 2002; Yan
and Zhang, 2005). This effect is called ‘egocentric selec-
tion’ (Zhang et al., 1997). Furthermore, the general
shapes of frequency response areas are altered in the
mouse (Fig. 24.18), meaning that AC influences spectral
processing in the IC (Yan et al., 2005). Thus, a key role of
the mammalian corticofugal systemmay be to modulate
subcortical sensory maps in response to sensory experi-
ence (Yan and Suga, 1998).

Several studies have observed a direct neocortical
projection to auditory brainstem nuclei (Feliciano and
Potashner, 1995; Kuypers and Lawrence, 1967; Weed-
man et al., 1996; Weedman and Ryugo, 1996). These
studies have demonstrated that A1 sends direct projec-
tions to regions surrounding the lateral lemniscus,
including the nucleus sagulum ipsilaterally and bilater-
ally to SOC and CNC, namely the VTz, LSO, a narrow
region that overlies the dorsal aspect of the SOC, the

FIGURE 24.18 Top panel, BF of collicular neurons recorded in two
separate penetrations through the CIC. Note that collicular BF
increases systematically as a function of depth (circles and triangles).
When the AC is stimulated electrically, the BF shift to the BF of the site
at the AC (open arrows and opened circles and triangles, 3 hours after
cortical stimulation). After 8 hours post-stimulation, the responses
tend to return to the original control. Reproduced from Yan and Ehret,
2001 with permission). Bottom panels, example of a single frequency

response area of a well-isolated neuron from the CIC before (A) and
after cortical stimulation (B, 180 min. after and C, 480 min. after). The
BF of the collicular neuron was 10 kHz and threshold was about 25 dB
SPL. After cortical stimulation at 12.5 kHz (indicated by dots), the
collicular neuron shifted its BF and threshold (B), and recovers about 8
hours later (C). Note that the spike waveform for this unit was
unchanged through the 8 hours period. The excitatory frequency
response area was significantly changed after cortical stimulation.
(Reproduced from Yan et al. 2004.)
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DC and to the granule cells domain in the VC
(Fig. 24.16, 24.17B). Since this descending input termi-
nates on the LSO, perhaps neurons of the LOC (at least
in the shell, v.i.) are probably involved in more than just
feedback loops to the cochlea. Before we focus our
attention on the descending projections from the
midbrain to the brainstem, we should cite reports on
descending projections from the MG to the IC in several
species (Senatorov and Hu, 2002). The projection origi-
nates in the MGM and MGD and terminates in the
LCIC, suggesting a role in multisensory processing
(Fig. 24.16; Kuwabara and Zook, 2000).

The Colliculofugal Pathways

Studies in the rat and guinea pig have shown that
the IC provides descending projections to the LL,
SOC and CNC (Fig. 24.16; Caicedo and Herbert, 1993;
Faye-Lund, 1985; Malmierca et al., 1996; Vetter et al.,
1993). The colliculo-lemniscal projections are largely
confined to the dorsal nucleus, the sagulum, the hori-
zontal cell group, and the perilemniscal zone (Caicedo
and Herbert, 1993). The colliculo-olivary projections
originate in the CIC and LCIC and terminate in band
of terminals that extends from the RPO to the VTz (Cai-
cedo and Herbert, 1993; Faye-Lund, 1985; Malmierca
et al., 1996; Vetter et al., 1993). This projection is topo-
graphic and the terminal fibers overlap with the site
of origin of the MOC (White and Warr, 1983), suggest-
ing that the IC influences MOC neurons (Mulders and
Robertson, 2005; Vetter et al., 1993). In fact, electrical
stimulation of the IC produces an increase in the
latency and a reduction in the amplitude of the audi-
tory whole-nerve response as well as the temporal
threshold shift that appears after the exposure to
a loud noise. These effects are similar to those elicited

by electrical stimulation of the MOC (Rajan, 1990).
Finally, the colliculo-cochlear nucleus projection origi-
nates in the CIC and LCIC and targets the DC and
granule cell domain of the VC (Caicedo and Herbert,
1993; Rajan, 1990), but the functional role of this projec-
tion it still unknown.

It should be mentioned that the IC also projects to
non-traditional auditory nuclei, including the pontine
nuclei, lateral paragigantocellular nucleus, gigantocel-
lular reticular nucleus, ventrolateral tegmental nucleus
and caudal pontine reticular nucleus (Caicedo and
Herbert, 1993). As these nuclei also receive auditory
projections they may play some role in acoustically

FIGURE 24.19 Dark AChE staining (black) in
presumed OC neurons in the SOC in a photomi-
crograph of a transverse section through the left
side of the mouse brainstem. Most MOC neurons
are in the VTz and extend dendrites medially
toward the trapezoid body (tz). A few stained
neurons are located more dorsally, in the DPO,
and extend dendrites in all directions. Stained
MOC axons are visible projecting dorsally, which
eventually form the OC bundle. More lightly
stained presumed LOC neurons are seen within
(intrinsic neurons) and on the margins of (shell
neurons) the LSO. LOC dendrites and axons are
not as well stained. Neutral Red counterstain.
Scale bar 100 mm. Figure kindly provided by Dr. M.

Chris Brown, adapted from Brown and Levine, 2008.

FIGURE 24.20 Scheme of the LOC and MOC neurons and their
projections to the IHCs and OHCs respectively. Two types of LOC
cells occur: intrinsic located inside the LSO and shell located in the
margins of the LSO. Afferent fibers type I and type II projecting to the
CNC are also represented. Note the convergence of type I onto single
IHCs. Figure kindly provided by Dr. Bruce Warr, adapted from Warr, 1992.
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elicited responses such as autonomic and auditory-
motor behaviors (Caicedo and Herbert, 1993).

The Olivocochlear System

The olivocochlear bundle provides the organ of Corti
with the efferent innervation (Rasmussen, 1940; 1946). It
should be noted that the auditory-vestibular system
appears unique among sensory systems because hair
cell receptors receive direct projections from the brain
(Robertson, 2009). In the auditory system, there are
medial (MOC) and lateral (LOC) olivocochlear neurons
(Figs. 24.3, 24.16, 24.19, 24.20; Warr, 1992; White and
Warr, 1983). The MOC neurons are located medial and
ventral within the SOC and project mainly to the contra-
lateral cochlea, whereas the LOC neurons are located
within or near the LSO and project to the ipsilateral
cochlea (Brown and Levine, 2008; Campbell and Hen-
son, 1988; Maison et al., 2003; Warr, 1992).

The MOC neurons (Figs. 24.3, 24.16, 24.19 and 24.20)
innervate the OHCs using thick myelinated axons that
terminate directly on the OHCs. Approximately 75%
(Campbell and Henson, 1988; Maison et al., 2007; Warr,
1992; White andWarr, 1983) originate in the contralateral
side and the reminder in the ipsilateral side (Brown and
Levine, 2008; Wilson et al., 1991). MOC neurons (Figs.
24.19 and 24.20) have generally large cell bodies, are
star- or triangle-shaped, and possess dendritic arbors
that radiate, branch profusely, and taper (Fig. 24.19;
Brown and Levine, 2008; Campbell and Henson, 1988;
Maison et al., 2007). They are located in the VTz and
constitute a neurochemically homogeneous population
of cholinergic cells (Fig. 24.19; Brown and Levine, 2008;
Campbell and Henson, 1988; Maison et al., 2007). They
may receive descending input from the ipsilateral IC
and ascending input bilaterally from the VC. It has
also been suggested that some neurons in the dorsome-
dial periolivary region in the mouse may belong to the
MOC (Brown and Levine, 2008).

The LOC neurons predominantly innervate the
region beneath the IHCs on the ipsilateral side (Figs.
24.3, 24.16, 24.19 and 24.20; Brown et al., 1988; Campbell
and Henson, 1988; Wilson et al., 1991). In rats, two
distinct types of neurons form the LOC, intrinsic and
shell neurons (Vetter and Mugnaini, 1992; Warr et al.,
1997). They are also present in mouse (Fig. 24.19; Brown
and Levine, 2008). All intrinsic neurons are small cells
confined within the limits of the ipsilateral LSO. They
possess disc-shaped dendritic arbors with thin, unta-
pered dendrites and constitute about 85% of all LOC
neurons (Fig. 24.19; Brown and Levine, 2008; Vetter
and Mugnaini, 1992; Warr et al., 1997).

The intrinsic neurons probably receive the same
input as the principal cells in the LSO. Some of them
are GABAergic and the remainder are cholinergic and

colocalize calcitonin gene-related peptide (Vetter et al.,
1999; but see Maison et al., 2003). Their axons are thin
and unmyelinated, travel relatively short distances in
the inner spiral bundle, and terminate forming discrete
arborizations with a focal, tonotopic organization (Warr
et al., 1997; Wilson et al., 2001). Most shell neurons are
distributed around the borders of the LSO (Fig. 24.19;
Brown and Levine, 2003). They are large multipolar
cells with thick and tapered dendrites, and constitute
the remaining 15% of the LOC neurons (Fig. 24.19;
Vetter and Mugnaini, 1992; Warr et al., 1997). Little is
known about the source of the inputs they receive,
although one source could be small cells of the cochlear
nucleus cap (Ye et al., 2000). Only one third of these shell
neurons are GABAergic, whereas the other two thirds
are cholinergic but do not co-localize calcitonin gene-
related peptide (Vetter et al., 1991; Maison et al., 2003).
Their axons are thin and unmyelinated, travel long
distances in the inner spiral bundle, and terminate as
diffuse arborizations that are probably not tonotopic
(Warr et al., 1997).

Physiological studies in several species have shown
that MOC neurons are sharply tuned with a wide
dynamic range.MOC neuronsmay enhance transduction
or signal detection through an unmasking effect, thus
regulating the slow motility of the OHCs and thereby
the stiffness of the basilar membrane (Eggermont, 2001).
MOC activity can also reduce temporary threshold shift
by inhibiting cochlear sensitivity and thereby protect
the inner ear from acoustic injury (Taranda et al., 2009).

The functional role of the LOC is still unclear.
However several immunocytochemical studies have
shown that these neurons contain neuroactive
substances such as dopamine, serotonin, and opioid
peptides (e.g., Safieddine et al., 1997; Safieddine and
Eybalin, 1992), which speaks in favor of a modulatory
effect on the IHCs afferents. More recently, Rajan
(2000) has shown in cats that in background noise there
is a conjoint activation of the MOC and LOC to protect
the inner ear (by almost 30 dB) from loud sounds that
otherwise would be exacerbated by the noise (Rajan,
2000). In summary, the olivocochlear system plays
a critical role in maintaining the normal operating of
the cochlea and may introduce non-linear dynamics
(Eggermont, 2001) into the auditory system.
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ABBREVIATION LIST

Aq Aqueduct (Sylvius)

AC Auditory cortex

AMPA a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid

bic Brachium of the inferior colliculus

C Caudal

Cb Cerebellum

cc Corpus callosum

CIC Central nucleus of the inferior colliculus

cic Commissure of the inferior colliculus

cll Commissure of the lateral lemniscus
(Probst)

CNC Cochlear nuclear complex

DAS Dorsal acoustic stria

D Dorsal

DC Dorsal cochlear complex

DCIC Dorsal cortex of the inferior colliculus

DLL Dorsal nucleus of the lateral lemniscus

DPO Dorsal periolivary region

EPSP Excitatory postsynaptic potential

ECIC External cortex of the inferior colliculus

EE Excitatory-excitatory

EI Excitatory-inhibitory

Ep Ependyma

F Flat neurons

FS Fast spiking

GABA g-aminobutyric acid

GAD Glutamic acid decarboxylase

GrC Granule cell layer

h High frequency region

IAS Intermediate acoustic stria

IB Intrinsically bursting

IC Inferior colliculus

icp Inferior cerebellar peduncle

IHC Inner hair cell

IPSP Inhibitory postsynaptic potential

l Low frequency region

L Lateral

LF Less flat neurons

ll Lateral lemniscus

LPO Lateral periolivary zone

LVPO Lateroventral periolivary zone

LOC Lateral olivocochlear system

LR4V Lateral recess of the fourth ventricle

LSO Lateral superior olive

LTz Lateral nucleus of the trapezoid body

M Medial

MG Medial geniculate body

MGD Dorsal division of the medial geniculate
body

MGM Medial division of the medial geniculate
body

MGV Ventral division of the medial geniculate
body

MOC Medial olivocochlear system

MSO Medial superior olive

MTz Medial nucleus of the trapezoid body

MVPO Medioventral periolivary zone

NLL Nuclei of the lateral lemniscus

NMDA N-methyl-D-aspartate

ocb Olivocochlear bundle

OHC Outer hair cells

PAG Periaqueductal gray matter

PIL Posterior intralaminar nucleus

PnC Pontine reticular nucleus, caudalis

PO Periolivary regions

PP Peripeduncular nucleus

PSTH Peristimulus histogram

R Rostral

ReIC Recess of the inferior colliculus

RS Regular spiking

Rt Auditory sector of the reticular thalamic
nucleus

SC Superior colliculus

SOC Superior olivary complex

SpG Spiral ganglion

sp5 Spinal trigeminal tract

SPO Superior paraolivary nucleus

Tz Nucleus of the trapezoid body

tz Trapezoid body (ventral acoustic stria)

V Ventral

VAS Ventral acoustic stria

VC Ventral cochlear complex

VCA Anteroventral cochlear complex

VCP Posteroventral cochlear complex

VLL Ventral complex of the lateral lemniscus

VTT Ventrotubercular tract

VTz Ventral nucleus of the trapezoid body

4V 4th ventricle

5 Trigeminal ganglion

7 Facial nucleus
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8cn Cochlear root of the vestibulocochlear
nerve

8vn Vestibular root of the vestibulocochlear
nerve
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