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Abbreviations

AI primary auditory cortex
AC auditory cortex
BDA biotinylated dextran amines
BF best frequency
CNC cochlear nuclear complex
CNIC central of the inferior colliculus
DCN dorsal cochlear nucleus
DCIC dorsal cortex of the inferior colliculus
DNLL dorsal nucleus of the lateral lemniscus
DSCF Doppler-shifted constant frequency
ECIC external cortex of the inferior colliculus
ES electrical stimulation
GABA g-aminobutyric acid
IC inferior colliculus
ICH inner hair cell
LOC lateral olivocochlear bundle
LSO lateral superior olive
MGB medial geniculate body
MOC medial olivocochlear bundle
NB nucleus basalis
NLL nuclei of the lateral lemniscus
OHC outer hair cell
PHA-L Phaseolus vulgaris-leucoagglutinin
PN pontine nuclei
SOC superior olivary complex
SPO superior paraolivary nucleus
VCN ventral cochlear nucleus
VNLL ventral nucleus of the lateral lemniscus
VNTB ventral nucleus of the trapezoid body
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1 Introduction

Descending pathways in the brain have been known, since
the end of the nineteenth century (Held 1891) but their sig-
nificance was unappreciated due to the focus on ascending
pathways and the unsuitability of the tract tracing methods
then available to reveal these projections. Renewed interest
was triggered by the discovery of the olivocochlear bundle
(Rasmussen 1946, 1953), and interest surged as the magni-
tude of the descending pathways emerged (Bourassa et al.
1997; Winer 2006). The auditory cortex (AC) projects to a
wide range of subcortical targets in the auditory pathway
(Winer 2005, 2006; Winer and Lee 2007). By far, the pro-
jections to the auditory thalamus and midbrain are the largest
and the projections to subcollicular nuclei such as nucleus
sagulum, the paraleminscal regions, superior olivary com-
plex (SOC), cochlear nuclear complex (CNC), and pontine
nuclei (PN) were not appreciated until recently (Feliciano
and Potashner 1995; Weedman and Ryugo 1996; Doucet
et al. 2002; Doucet et al. 2003; Meltzer and Ryugo 2006;
Perales et al. 2006). The AC also projects to subcortical
forebrain structures such as the amygdala (Romanski and
LeDoux 1993), the basal ganglia, and premotor structures
including the striatum (Beneyto and Prieto 2001), superior
colliculus (Paula-Barbosa and Sousa-Pinto 1973), and cen-
tral gray (Winer et al. 1998), suggesting that the AC has an
important role not only in sensory processing of audition,
but also in motor behavior, autonomic function, and state
dependent changes (Winer 2005, 2006).

Currently, the descending auditory system (Fig. 9.1) is
viewed as a series of regional feedback loops and as a
descending chain, since both arrangements coexist (Spangler
and Warr 1991). Feedback loops comprise cortical input to
subcortical nuclei that project back to cortex, directly or indi-
rectly, allowing the cortex to modulate input to it from lower
centers. The impact of this projection is also influenced by
ascending fibers, whereby feedback loops of various sizes
and complexities are established. There is physiological evi-
dence for inhibitory and facilitatory actions (Watanabe et al.
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Fig. 9.1 Diagrammatic and
simplified representation of the
auditory corticofugal system. For
clarity, some pathways are
omitted or shown only
unilaterally. Right auditory cortex
(AC) shows the corticothalamic
projections; right medial
geniculate body (MGB) shows
thalamotectal projections. Left
inferior colliculus (IC) shows the
cortiococollicular and
corticobulbar projections. Left
cochlea shows the olivocochlear
system. Modified from the
original source (Malmierca and
Merchán 2004)

1966; Zhang and Suga 1997; Zhang et al. 1997; He et al.
2002; He 2003a, b; Wu and Yan 2007), but the role of these
pathways in audition is still poorly understood (Warr et al.
1986; Pickles 1988; Huffman and Henson 1990; Spangler
and Warr 1991; Warr 1992).

In contrast, descending chains involve projections that
contact neurons that then project to still lower auditory cen-
ters (Fig. 9.1). The first link of the chain emerges from AC.
A second link is fibers from the IC (Spangler and Warr
1991; Warr 1992; Malmierca 2003). These pathways are
colliculoolivary and colliculo-cochlear nuclear projections,
respectively. The colliculoolivary fibers arise from the exter-
nal cortex of the inferior colliculus (ECIC) and the ventral
part of the central nucleus of the inferior colliculus (CNIC)
(Faye-Lund 1985; Caicedo and Herbert 1993; Vetter et al.
1993; Malmierca et al. 1996) and terminate on the medial
olivocochlear cells (MOC), which innervate the outer hair
cells (Fig. 9.1). Thus, this circuit may constitute a three-
neuron pathway from the AC to the receptors (Mulders
and Robertson 2000). The lateral olivocochlear cells (LOC)

which project to the inner hair cells (Fig. 9.1) also are
directly influenced from higher auditory centers (Feliciano
and Potashner 1995).

A direct corticoolivary projection has effects upon LOC
neurons. Electrical stimulation of the IC produces novel
cochlear effects attributable to LOC activation, which was
a long-lasting (5–20 min) enhancement or suppression of
compound action potentials without concomitant changes in
otoacoustic emissions and cochlear microphonics that would
be attributable to the MOC system (Groff and Liberman
2003). These efferent neurons, therefore, may be controlled
by multiple neuronal loops that commence in AC and the
IC. The third link, the olivocochlear system, constitutes the
efferent innervation of the cochlea (Rasmussen 1946; Warr
1992).

We will focus on the description and analysis of the
structural and functional organization of the descending cor-
ticofugal network of projections that originate from the AC.
The descending projections from the IC and SOC are out-
side the scope of this review (Malmierca and Merchán 2004;
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Rat-saldaña cat-winer

rat cat

Fig. 9.2 Left panel, Topography and distribution of the terminal
axonal plexus in the IC after an injections of (a) Phaseolus vulgaris-
leucoagglutinin (PHA-L) or (b) a biotinylated dextran amines (BDA)
deposit in different frequency regions of the rat left AC. Reproduced
from the original source (Saldaña et al. 1996). Right panel, Terminal

axonal plexus in the IC after injections in the cat left AC. The termi-
nal fields in the rat extend into the central nucleus of the IC (CNIC),
whereas those in the cat are more pronounced in the IC dorsal cortex
(DCIC). Reproduced from the original source (Winer et al. 1998)

Thompson 2005). The network of descending projections
from AC gives off four major tracts: (1) corticothalamic
(Figs. 9.1), (2) corticocollicular (Figs. 9.2, 9.3, 9.4, 9.8, and
9.9), (3) corticobulbar (Figs. 9.5, 9.6, 9.7, 9.8, and 9.9), and
(4) corticopontine projections.

The corticothalamic system is among the largest projec-
tions in the brain, rivaled only by the corticospinal tract
(Winer et al. 2001; Winer 2006). Because the corticotha-
lamic system has already been considered in some depth
(see Chapter 8 by Ojima and Rouiller), we consider it
only briefly. The thalamus has reciprocal connections with
the cortex and there is a large-scale topographical overlap
in the spatial territories of thalamocortical cells and corti-
cothalamic axonal terminals (Winer 2006; see also Llano
and Sherman 2008). Most auditory corticofugal boutons
in the medial geniculate body (MGB) are small (approx-
imately 0.5 μm2 in diameter) and likely arise from the
pyramidal cells of layer VI (Romanski and LeDoux 1993;
Romanski et al. 1993; Bartlett et al. 2000; Winer 2006).

A few are larger boutons (>2 μm2). These terminals
usually form complexes with the dendrites partially sur-
rounded by astrocytic processes (Bartlett et al. 2000;
Winer 2006). These endings are thought to originate from
neurons in layer V (Rouiller and Welker 1991; Bajo
et al. 1995; Shi and Cassell 1997; Bartlett et al. 2000;
Winer 2006).

The major corticofugal projections are likely glutamater-
gic (Potashner et al. 1988) suggesting an excitatory post-
synaptic effect. The AC projects to the auditory sector of
the reticular thalamic nucleus, which in turns projects to
the MGB (Rouiller and Welker 1991; Bartlett and Smith
1999; Bartlett et al. 2000), thus providing the MGB with an
inhibitory influence (Montero 1983; Bartlett et al. 2000; Yu
et al. 2009). The corticofugal projection, therefore, can mod-
ulate the MGB responses to sound through a direct excitatory
pathway and/or an indirect inhibitory pathway, consistent
with physiological results in the MGB based on electrical
stimulation of the AC (Watanabe et al. 1966; Ryugo and
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Fig. 9.3 a Terminal axonal
plexus in the ferret IC after
Fluororuby injections in the left
AC. b–d Details of terminals
shown in e. The terminal fields
extend into the DCIC, LCIC, and
CNIC. e Overview of the
terminals. Reproduced from the
original source (Bajo et al. 2007)

Weinberger 1976; Zhang and Suga 1997; Zhang et al. 1997;
He et al. 2002; He 2003a, b; Yu et al. 2004).

2 The Corticocollicular System

Corticocollicular projections arise in all AC subdivisions,
bypass the MGB and terminate in the IC (Faye-Lund 1985;
Herbert et al. 1991; Saldaña et al. 1996; Budinger et al.
2000; Doucet et al. 2002; Bajo and Moore 2005, Bajo et al.
2007, 2010). Since an early report of a temporal cortex
projection to the primate corpora quadrigemina (Thompson
1900), many studies have documented this pathway in sev-
eral species (Massopust and Ordy 1962; Andersen et al.
1980; Morest and Oliver 1984; Faye-Lund 1985; Games
and Winer 1988; Feliciano and Potashner 1995; Saldaña
et al. 1996; Winer et al. 1998; Budinger et al. 2000; Bajo
and Moore 2005; Coomes et al. 2005; Bajo et al. 2007).

Most studies find a topographic (tonotopic) organization of
these projections arising from the primary auditory cortex
(AI), such that the low frequency AI regions project to the
dorsolateral IC and the high frequency part projects to the
ventromedial IC (Fig. 9.2).

Species differences are marked in AC, where the num-
ber of areas identified range from 5 to 6 in mice and rats,
6–9 in cats and ferrets, 10–12 in primates, and 30 or more
in some studies of humans. Species differences include the
number of areas, their relative position and arrangement, cell
density, connections, and tonotopic organization. However, a
common theme is that a central primary region, or core, des-
ignated here as AI, is surrounded by a variable number of
secondary, or belt, areas. Descending projections originate
bilaterally in multiple cortical areas (Winer 2006).

As a rule, the projections from AI are the heaviest
(Fig. 9.2). But projections to the IC also originate from non-
primary area and these inputs are more variable and lighter
than those from AI (Herbert et al. 1991; Budinger et al.
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Fig. 9.4 Electron micrographs of auditory corticocollicular endings
labeled in the (a) CNIC, (b) DCIC and (c) LCIC after a large injec-
tion of biotinylated dextran amines into the ipsilateral AC in rat (Tel).
All labeled endings contain round synaptic vesicles and make asym-
metric synaptic junctions (arrows). a A terminal bouton synapsing on a
dendritic spine. b An ending contacting a thin dendritic shaft or spine. c
An ending makes two synapses, one with a dendritic shaft containing a

mitochondrion (small open arrow), the other with a spine or a dendritic
branchlet (large open arrow). Stars, (a) unlabeled terminal boutons with
pleomorphic synaptic vesicles. Inset: camera lucida drawing of a repre-
sentative flat embedded transverse section illustrating the distribution
of the corticocollicular terminal fields. Scale bar: 0.4 μm. Reproduced
from the original source (Saldaña et al. 1996)
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Fig. 9.5 Camera lucida drawings of the distribution of the corticooli-
vary boutons in parasagittal sections in guinea pig. a The AC injection
site. b A parasagittal section showing the SOC location and orientation

(c, d) from lateral (top) to medial (bottom). Terminal boutons in the
ipsilateral (c) and contralateral (d) SOC nuclei. Reproduced from the
original source (Schofield et al. 2006)
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Fig. 9.6 Corticoolivary axon morphology. a–d A variety of axon sizes
and orientations in the ventral nucleus of the trapezoid body. e Axons
in the dorsolateral periolivary nucleus. f Axons along the margin of the

lateral superior olive (LSO). (g, h) Axons within the LSO. Reproduced
from the original source (Schofield et al. (2004)

2000; Bajo et al. 2007). The AI projections target the inferior
colliculus dorsal and external (lateral and rostral) cortices
(DCIC and ECIC) bilaterally, with the ipsilateral projection
densest (Figs. 9.2 and 9.3).

However, the degree to which the CNIC is also a target
remains controversial (Saldaña et al. 1996; Winer et al. 1998)
and studies have tended to emphasized the traditional view
that AC targets the IC cortices only (Massopust and Ordy
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Fig. 9.7 Electron micrographs of
labeled cortical terminals in the
ipsilateral (a, b) and contralateral
(c, d) cochlear nucleus granule
cell domain. The labeled endings
contain round synaptic vesicles
and form asymmetric contacts
(arrows) with thin dendrites
(yellow). These dendrites often
have hair-like protrusions
(asterisk) that penetrate the
afferent ending. Often, these
dendrites are also contacted by
terminals containing pleomorphic
synaptic vesicles (pink). The
features of these postsynaptic
dendrites are typical of granule
cells. Scale bar: 0.5 μm. Bottom:
Summary diagram of the synaptic
glomerulus consisting of mossy
fibers, granule cell dendrites, and
corticobulbar endings. The small
size and remote location of the
cortical terminals suggest that a
modulatory postsynaptic effect.
Reproduced from the original
source (Meltzer and Ryugo 2006)

1962; Beyerl 1978; Fitzpatrick and Imig 1978; Casseday
et al. 1979; Andersen et al. 1980; Faye-Lund 1985; Coleman
and Clerici 1987; Herbert et al. 1991). The differences in
results, however, may reflect technical limitations and vari-
ations of the tracers used, cytoarchitectonic criteria, and/or
species differences (Bajo and Moore 2005). Larger injections
of stable tracers such as Phaseolus vulgaris-leucoagglutinin

(PHA-L) or biotinylated dextran amine (BDA) (Saldaña et al.
1996; Winer et al. 1998; Haas et al., 2003; Bajo and Moore
2005; Bajo et al. 2007; Budinger et al. 2000) label CNIC ter-
minal fields, whereas smaller injections and/or more rapidly
metabolized tracers produced weak or no terminal fields
(Herbert et al. 1991; Budinger et al. 2000). The termi-
nal boutons density is always lower in the CNIC, and the
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morphology of the terminal boutons that innervate the CNIC
and the IC cortices differs. Projections to the CNIC have
thinner axons and smaller boutons than those in the IC
cortices (Fig. 9.3).

The projection to the IC from the secondary AC ends pri-
marily in the superficial layers of the DCIC and CIC and the
rostral ECIC or rostral cortex (Herbert et al. 1991; Budinger
et al. 2000; Bajo and Moore 2005; Coomes et al. 2005; Bajo
et al. 2007). The projections arise primarily in layer V with
some layer VI cells also contributing (Wong and Kelly 1981;
Games and Winer 1988; Bajo et al. 1995; Winer and Prieto
2001; Doucet et al. 2003; Bajo and Moore 2005). Layer V
neurons include pyramidal cells (Figs. 9.8 and 9.9), and those
from layer VI are described as small cells deep in layer VI
(Bajo and Moore 2005; Bajo et al. 2010). The largest pop-
ulation of these pyramidal neurons projects to the ipsilateral
IC and a smaller population project to the contralateral IC or
bilaterally to both ICs.

At least two types of layer V pyramidal neurons with dif-
ferent morphologies participate in the AI corticocollicular
pathway (Figs. 9.8 and 9.9); these are tufted and nontufted
pyramidal neurons. The morphological range of terminal
fields in the IC after anterograde injections in AI also sup-
ports the notion of two separate populations (Bajo and Moore
2005). Two populations of projecting neurons in layer V in
rat AC have been described (Hefti and Smith 2000). Regular
spiking neurons resemble the nontufted type and the intrinsic
bursting neurons correspond to tufted neurons noted in ger-
bil (Bajo and Moore 2005). It has been suggested that only
the intrinsic bursting neurons project to the IC, whereas the
regular spiking neurons project to other cortical areas and to
the putamen (Games and Winer 1988; Moriizumi and Hattori
1991; Ojima et al. 1992; Hefti and Smith 2000; Bajo and
Moore 2005).

Cortical projections to the IC contact cells that project to
many ascending and descending targets (Games and Winer
1988; Moriizumi and Hattori 1991; Ojima et al. 1992; Hefti
and Smith 2000; Malmierca 2003; Bajo and Moore 2005).
IC neurons project to the thalamus (Malmierca et al. 1997;
Oliver et al. 1999; Peruzzi et al. 1997) and they are also
the source of the colliculo-lemniscal, colliculoolivary and
colliculo-cochlear nucleus projections (Caicedo and Herbert
1993; Vetter et al. 1993; Malmierca et al. 1996; Schofield and
Coomes 2006). The tectothalamic neurons receive not only
ascending lemniscal fibers (Oliver et al. 1999) but also AC
projections to ipsilateral IC neurons with ascending projec-
tions to the ipsi- and contralateral MGB (Coomes-Peterson
and Schofield 2007).

The colliculo-lemniscal projections are largely confined
to the dorsal nucleus, the sagulum, the horizontal cell group,
and the perilemniscal zone (Herbert et al. 1991; Feliciano
and Potashner 1995). The sagulum and perilemniscal zones

receive the input from the ECIC (lateral and rostral) and
DCIC. The colliculoolivary projections originate in the
CNIC and ECIC and end in a terminal band that extends to
the ventral nucleus of the trapezoid body (VNTB) Herbert
et al. 1991; Malmierca et al. 1996; Vetter et al. 1993) and it is
also topographic, such that the dorsolateral low-frequency IC
projects to the lateral part of the VNTB and the ventromedial
high-frequency IC targets the medial VNTB. The terminal
fibers overlap the origin of the medial olivocochlear (MOC)
system (White and Warr 1983), as shown by double label-
ing (Vetter et al. 1993). PHA-L-labeled fibers from the IC
were in close apposition to retrogradely labeled MOC neu-
rons; though it is unknown whether they make synapses with
MOC neurons, the observations strongly suggest that the IC
may modulate cochlear responses (Vetter et al. 1993). This
idea is supported by the electrophysiological studies show-
ing that electrical stimulation of the IC produces an increase
in the latency and a reduction in the amplitude of the audi-
tory whole-nerve response (Dolan and Nuttall 1998), similar
to the efffects elicited by electrical stimulation of the MOC
(Rajan 1990). Finer dissection of the responses to electrical
stimulation of the IC, however, reveals complex actions that
involve both the LOC and the MOC (Groff and Liberman
2003; Darrow et al. 2006).

The colliculo-cochlear nucleus projection originates in
the CNIC and ECIC and targets the dorsal cochlear
nucleus (DCN) and ventral cochlear nucleus (VCN), includ-
ing the latter’s granule cell domain (Caicedo and Herbert
1993; Malmierca et al. 1996). The DCN projections were
bilateral and topographic and suggest that neurons with a
certain frequency preference project to those with similar,
though not identical, tuning. Alternatively, the descending
projection may be somewhat mismatched, perhaps underly-
ing sideband influence. There was a projection to the granule
cell domain above VCN but its topography is uncertain. The
IC projection overlaps with that from the AC (Weedman and
Ryugo 1996). The question remains whether these projec-
tions target the same neurons and/or the same dendritic shaft
or spine.

IC neurons also project to the pontine and mesen-
cephalic reticular formation (Caicedo and Herbert 1993).
Targets include the pontine nuclei, the lateral paragi-
gantocellular nucleus, gigantocellular reticular nucleus,
the ventrolateral tegmental nucleus, and caudal pontine
reticular nucleus. Presumably the IC neurons targeting
these nuclei are also under the AC influence, but this
remains to be shown (but see below the corticopontine
system).

The glutamatergic nature of the guinea pig corticocol-
licular projection was inferred by IC glutamate decrease
after AC ablation (Feliciano and Potashner 1995), consis-
tent with electron microscopic observations showing that in
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Fig. 9.8 Retrograde labeling in rat area Te1 after a Fast blue (FB)
injection in the cochlear nucleus (CN) and Diamidino yellow (DiY)
deposit in the IC. Top, a photomicrograph and drawing of a coronal
section through each injection site (CeN central nucleus; DCN dorsal
cochlear nucleus; DC dorsal cortex; EC external cortex; GCL gran-
ule cell lamina; ICP inferior cerebellar peduncle; V spinal tract of the
trigeminal nerve). a The locus of labeled cortical cells (b–e). In the
sagittal view, the gray line through auditory cortex (temporal areas Te1,
Te2, and Te3) indicates the approximate position of the cells along the
rostral/caudal axis. The gray rectangle in the coronal section ipsilateral

to the injection sites denotes the region shown in the subsequent panels.
b Photomontage of layer V. The pia is to the left. Few FB-labeled cells
are in deep layer V, whereas the DiY-labeled neurons are distributed
more broadly. Scale bar: 100 μm. c Higher magnification view of the
laminar organization of layer V cells projecting to the CN (blue) versus
those targeting the IC (yellow). The cortical surface is towards the top
of the figure. Scale: 50 μm. d, e Labeled cortical cells, most with FB or
DiY (blue or yellow arrows). Cortical cells with both (d, blue and yel-
low arrow) were far rarer. Reproduced from the original source (Doucet
et al. 2003)

all rat IC subdivisions these axons formed small terminal
boutons with round synaptic vesicles and made asymmet-
ric synapses onto thin dendritic shafts and spines (Fig. 9.4)
(Saldaña et al. 1996). Although these studies suggest a purely

excitatory corticollicular projection, electrical stimulation of
cat AC elicits excitatory as well as inhibitory and complex
interactions in IC neurons (Mitani et al. 1983). In the rat,
using tetrodotoxin to block the effect of AC stimulation on
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Fig. 9.9 Summary of findings with respect to the laminar organization
of AC cells projecting to the inferior colliculus (IC), superior olivary
complex (SOC), and cochlear nucleus (CN). Left, a photomicrograph
of a Nissl preparation in area rat Te1. The cortical surface is towards
the top. Right, a schematic of layers V and VI showing the neurons that

project to the IC, SOC, and CN. A few corticocollicular cells are near
the border of layer VI and the white matter (WM), but most are in layer
V. All three distributions overlap. However, the cortical cells projecting
to more distant targets are more narrowly distributed and deeper in layer
V. Reproduced from the original source (Doucet et al. 2003)

the IC revealed enhancement or suppression of the neuronal
activity and extended the first spike latency (Popelár et al.
2001). The AC may modulate the IC via direct activation of
excitatory or inhibitory IC circuits, and/or act on ascending
circuits from lower centers.

3 The Corticobulbar System

Early studies suggested a direct neocortical projection to
auditory brain stem nuclei but the data were difficult to inter-
pret due to technical limitations (Mettler 1935; Kuypers and
Lawrence 1967). Later analysis with PHA-L (Saldaña et al.
1996) demonstrated that AI projects to regions near the lat-
eral lemniscal nuclei (NLL), including ipsilaterally to the
nucleus sagulum; and bilaterally to the superior olivary com-
plex (SOC) and CNC (Figs. 9.1, 9.5, 9.6, and 9.7), to the
ventral nucleus of the trapezoid body (VNTB); to the lat-
eral superior olive (LSO); to a narrow region above the SOC
(Fig. 9.5); to the dorsal cochlear nucleus (DCN) and to the
VCN granule cells. Since this descending input terminates

in the LSO and the LOC (at least to the shell neurons), it is
probably involved in local feedback loops and in modulating
afferent responses from inner hair cells (Groff and Liberman
2003).

3.1 Auditory Cortex Projections to the Lateral
Lemniscal Nuclei

These projections have been described in most detail in
rats, gerbils, and cats (Feliciano et al. 1995; Beneyto et al.
1998; Budinger et al. 2000). In rats, terminations target areas
near the NLL, in a paralemniscal area medial to the ventral
nucleus of the lateral lemniscus (VNLL), in the horizontal
cell group between the VNLL and dorsal nucleus of the lat-
eral lemniscus (DNLL), and in the sagulum. The projections
are ipsilateral and originate in AI. In gerbils, terminations
in the DNLL and adjacent areas, including the cuneiform
nucleus (Fig. 9.1), arise from the anterior auditory field (but
not from AI) and from other nonprimary areas (Budinger
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et al. 2000). The laminar identity and morphology of the cells
of origin are unknown in either species.

3.2 Auditory Cortex Projections to Superior
Olivary Complex

A direct projection from auditory cortex to the SOC has
been suggested by numerous authors (Kuypers and Lawrence
1967; Feliciano et al. 1995; Coomes and Schofield 2004;
Doucet et al. 2002, 2003). This pathway was demonstrated
from AI in rats to several SOC termination zones (Feliciano
et al. 1995) and in cats and guinea pigs (Kuypers and
Lawrence 1967; Coomes and Schofield 2004). The AC axons
end bilaterally in several SOC regions (Figs. 9.1, 9.5 and 9.6),
including the VNTB, LSO, the periolivary region above the
LSO, and the superior paraolivary nucleus (SPO) (Feliciano
et al. 1995). Most terminations occur in the ipsilateral VNTB,
where the terminals have a topographic pattern that pre-
sumably reflects VNTB tonotopic organization. It is unclear
whether AC projections to other SOC regions are organized
tonotopically.

The principal neurons of origin to SOC neurons are layer
V pyramidal cells (Fig. 9.9) (Doucet et al. 2002, 2003).
Corticoolivary axons and boutons are more numerous ipsi-
laterally. The majority of boutons were located in the VNTB
and the SPO, bilaterally. Boutons are present in LSO and in
the other periolivary nuclei.

AC projections to the SOC may contact cells with many
targets including the ipsilateral MOC cells which project
to the opposite cochlea as well as bilateral SOC cells that
project to the CNC ipsi-, contra- or bilaterally (Mulders
and Robertson 2000; Schofield et al. 2006), or ipsilater-
ally or contralaterally to the IC (Schofield and Coomes
2005; Schofield and Coomes 2006; Coomes-Peterson and
Schofield 2007).

3.3 Auditory Cortex Projections to Cochlear
Nuclear Complex

Cortical projections to the CNC originate primarily in the
ipsilateral AI (Weedman and Ryugo 1996; Feliciano et al.,
1995; Meltzer and Ryugo 2006), but studies in guinea pig
have also found nonprimary AC projections (Jacomme et al.
2003; Schofield and Coomes 2005; Schofield and Coomes
2006). The principal neurons of origin are pyramidal cells
from layer V (Figs. 9.8 and 9.9). The guinea pig AC projects
bilaterally and symmetrically to the CN. Axons end in the
DCN and the granule cell area. Electron microscopic tracing

studies in rat and mouse found boutons with round synaptic
vesicles and forming asymmetric junctions typical of excita-
tory synapses on granule cell dendrites (Fig. 9.7) (Weedman
and Ryugo 1996; Meltzer and Ryugo 2006). These boutons
converge on the mossy fiber-dendritic complex and accen-
tuate the complexity of the granule cell synaptic neuropil
region (Meltzer and Ryugo 2006).

Projections to the DCN fusiform cell layer, and to much
of the VCN including the small cell cap, have been found in
guinea pig. AC boutons outside the granule cell areas, how-
ever, are closely apposed to giant DCN fusiform neurons,
and to VCN multipolar neurons. The multipolar cells project
mostly contralaterally and also ipsilaterally or bilaterally to
the IC (Schofield and Coomes 2005). Species differences
raise important questions about a global plan for descend-
ing auditory pathways, since behavioral specialization and
ecologic niche must play roles in brain organization.

4 Auditory Corticopontine System

Several studies find a neocortical input to PN (Brodal 1972;
Schuller et al. 1991; Kawamura and Chiba 1979; Schofield
and Coomes; 2005; Perales et al. 2006) from AI and sec-
ondary AC. As in AC projections to the IC and brain
stem, these are topographically and tonotopically organized,
although the corticopontine projection is topographically but
not tonotopically organized (Perales et al. 2006). The PN
terminal plexuses differ from those targeting the cochlear
nucleus as many axon terminal fields are widespread and
diffuse, with sparse ramifications extending in several axes.
PN neurons target the cerebellum and the cochlear nucleus
granule cell domain (Ohlrogge et al. 2001). The pontine pro-
jection is primarily to the contralateral granule cell domain,
on granule cell distal dendrites, as are endings of AC origin.
Both terminal types contain round synaptic vesicles making
asymmetric contacts (Weedman and Ryugo 1996; Ohlrogge
et al. 2001).

5 Neuronal Source of the Descending
Connections to the Midbrain and Brain
Stem: Collateral Projections

We have described the corticothalamic, corticocollicular, cor-
ticobulbar, and corticopontine systems. The corticothalamic
projections arise mostly from layer VI and a few from layer
V pyramidal neurons (Figs. 9.8 and 9.9), whereas cortico-
collicular and corticobulbar projections arise from layer V
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pyramidal neurons located save for a few layer VI non-
pyramidal neurons. Thus, the main corticocollicular and
corticobulbar projection cell in AI is the layer V pyrami-
dal neuron. Since these neurons represent different classes on
grounds of cell size and dendritic morphology in rat and cat
(Games and Winer 1988; Winer and Prieto 2001), we pro-
pose that different pyramidal cell classes are distinguished
by their projection target. Layer V in cats has been parti-
tioned into three sublaminae (Va, Vb, and Vc) on the basis
of cytoarchitecture and connectional data (Winer and Prieto
2001). A similar scheme was used to summarize the pyrami-
dal cell distribution of s projecting to the rat IC and brain
stem (Doucet et al. 2003). Superficial layer V (Va) cells
project to contralateral AC, and a few neurons project to the
IC (Games and Winer 1988). Most corticocollicular projec-
tions are from middle (Vb) and deep (Vc) layer V neurons.
Layer Vc has corticobulbar projections to both the CNC and
SOC, but differences in their distributions suggest even finer
distinctions within layer V. The laminar distribution of cor-
ticostriatal and corticopontine pyramidal cells has not been
described.

A general important issue is the extent of collateral pro-
jections. Given the many auditory targets in the descending
system, there may be many such opportunities. Such a study
found a surprisingly small population of cells that project
to the thalamus and to the IC (Wong and Kelly 1981).
Subsequent studies of AC projections to the IC, SOC, and
CNC are in accord with these results (Doucet et al. 2002,
2003) and the most common pattern of projection is for a
pyramidal cell to have one midbrain or brain stem target
(Figs. 9.8 and 9.9). Differences in these projection patterns
are seen in guinea pigs (Coomes et al. 2005; Schofield and
Coomes 2005; Schofield et al. 2006). About 5% of layer V
corticocollicular cells project to both ICs suggesting that a
small but significant population projects bilaterally (Coomes
et al. 2005).

Corticofugal projections to the ipsilateral IC and one or
the other parts of the CNC are seen in guinea pigs (Coomes
et al. 2005; Schofield et al. 2006). Fewer neurons projected to
the CNC than to the IC, supporting the conclusion that neu-
rons with collateral projections were rare. A neuron might
have axon collaterals to three targets: both ICs and one CNC.
The IC projections to the ipsi- and contralateral CNC arise
from different cell groups, i.e., without collaterals (Schofield
2002). It was proposed that layer V projections have two pat-
terns: projections to one target (most common), and rarer
projections to more targets. A minority of cells with col-
lateral (divergent) projections may exert broader effects and
serve a different function than cells with single projection
targets.

Some of the principles governing the organization of cor-
ticofugal auditory pathways structures are emerging. The set
of AC cells projecting to proximal targets is larger and the

more distal-projecting neurons are more evenly distributed
between the two hemispheres and centered in deeper layer
V. Most layer V pyramidal neurons project to one brain stem
target.

6 Functional Significance of the Descending
Connections to the Midbrain and Brain
Stem

The large and diverse sets of descending projections to sub-
cortical auditory nuclei imply variable functional roles in
auditory signal processing. The data suggest that the effects
of the corticofugal system must be an important function of
the AC.

Despite early physiological experiments showing
inhibitory and facilitatory actions (Watanabe et al. 1966;
Ryugo and Weinberger 1976; Mitani et al. 1983), the role
of these loops and chain of descending connections in
audition is not well understood, and most functional studies
on the descending auditory pathway have focused on the
corticothalamic projection (Watanabe et al. 1966; Ryugo
and Weinberger 1976; Zhang and Suga 1997; Zhang et al.
1997; He et al. 2002; He 2003a, b).

The roles of the corticocollicular pathway and of the cor-
ticobulbar pathway have been explored in most detail in
echolocating bats. Descending projections with excitatory
and/or inhibitory effects on IC neurons can sharpen and
amplify ascending inputs at the same best frequency as the
AC activation site (Zhang et al. 1997; Gao and Suga 1998,
2000; Suga et al. 2000, 2002; Zhang and Suga 1997, 2000,
2005; Suga 2008). Thus, AC influences IC spectral process-
ing (Figs. 9.10 and 9.11). IC neuronal activity was recorded
before and after AC inactivation with lidocaine, or stimula-
tion with acoustic or electrical stimuli, or both experimental
manipulations (Fig. 9.11). The results of these inactivation
and stimulation experiments were complementary and show
that the IC BF sharpened its tuning when it is matched in
frequency with that of the stimulated AC site but does not
shift the IC response curve in frequency. When a recorded
cell BF is matched to that of the stimulated AC cell, the
response of the former is augmented at its BF and is inhib-
ited at frequencies above and below, enhancing its frequency
tuning. AC activation shifts IC tuning curves when the AC
and IC BFs are mismatched (Fig. 9.11). This dual effect
is defined as egocentric selection (Zhang and Suga 1997)
and it is seen in gerbil (Sakai and Suga 2001, 2002) and
mouse (Yan and Ehret 2002; Yan and Zhang 2005; Yan
et al. 2005). While the shape of frequency response areas
or tuning curves is not altered in the bat experiments, they
do change in mice (Yan et al. 2005). Thus, some changes
associated with egocentric selection may be species specific
(Fig. 9.10).
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Fig. 9.10 Top panel, Best frequency (BF) of IC neurons recorded in
two separate CNIC penetrations. IC BF increases systematically with
depth (circles and triangles). When the AC is stimulated electrically,
the BF shifts to that of the AC site (open arrows and opened circles and
triangles, 3 h after cortical stimulation). At 8 h poststimulation (dashed
lines) the responses recovers to the original value. Reproduced from
the original source (Yan and Ehret 2001). Bottom panels, A single fre-
quency response area (FRA) of a well-isolated CNIC neuron from the
before (a) and after AC stimulation (b, 180 min after; c, 480 min after).

In the mustached bat, AC neurons mediate a highly
focused positive feedback associated with widespread bilat-
eral (symmetric) inhibition (Zhang et al. 1997). Compared
to control conditions, AC inactivation shifts these curves
towards the BF of the AC cell, suggesting that, in control con-
ditions, AC neurons enhance the neural contrast of auditory
information. By contrast, egocentric selection is asymmet-
ric in the big brown bat (Yan and Suga 1998) so that BF
shifts of IC cells away from the AC BF are seen only in those
IC cells with BFs below the AC BF. For neurons above BF,
the IC cells shift BF towards the AC BF. In mice, IC tuning
shifts are always towards the AC BF (Yan and Ehret 2001).
Comparisons with psychophysical measures suggested that
the mouse corticofugal adjustments were related to critical
bandwidths in the frequency resolution domain (Yan et al.
2005). These BF shifts alter the IC frequency or tonotopic
map (Yan and Ehret 2001) and can be induced by repeated
moderate intensity sound bursts.

A study in the guinea pig showed that the corticocollic-
ular pathway also plays a critical role in the processing of
sound localization cues. Using the cryoloop technique allow-
ing non-focal IC deactivation by cooling the AC radically
altered sensitivity to interaural level differences. Interaural
level differences are created by the head shadow such that the
ear nearer to the sound source receives a louder signal than
the opposite ear. This observation is important because, as
described above, experimentally induced frequency shifts are
seen after AC focal inactivation or stimulation (Nakamoto
et al. 2008). When the entire cortex was inactivated or
strongly electrically stimulated, however, no IC frequency
shifts were found (Suga et al. 2000). These data show that
global cortical inactivation has a profound effect on other
response features in IC neurons.

Because the major descending projection to subcortical
nuclei is ispsilateral, it is not surprising that the contralat-
eral BF shift is somewhat smaller but otherwise similar
to the ipsilateral BF shift (Ma and Suga 2004). However,
differences between ipsi- and contralateral corticofugal mod-
ulation are seen and contralateral BF shift differs from the
ipsilateral when the electrical stimulation is made in the
mustached bat Doppler-shifted constant frequency (DSCF)
area, which is implicated in fine frequency analysis and echo
processing. Here, the BF shift depends on the stimulation
site (Xiao and Suga 2005). Thus, the corticofugal system
may adjust subcortical sensory maps in response to sensory

Fig. 9.10 (continued) The IC BF was 10 kHz and threshold was ∼25
dB SPL. After 12.5 kHz AC stimulation (dots), the IC BF and threshold
shifted (B), and recovers 8 h later (c). The unit spike waveform was
unchanged over 8 h. The excitatory FRA was significantly changed after
AC stimulation. Reproduced from the original source (Yan et al. 2005)
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Fig. 9.11 Model of the
facilitation of matched neurons
and centripetal or centrifugal BF
shift of unmatched IC or MGB
neurons after electrical AC
stimulation. Facilitation of
matched neurons and centripetal
or centrifugal best
frequency-shifts of unmatched
neurons evoked by electrical
stimulation of cortical neurons. a
Arrays of neurons in the AC, IC
and MGB tuned to different
frequencies. Electrical
stimulation of an AC neuron
(upper filled circle) evokes
different changes in matched
(lower filled circle) and
unmatched (lower open circles)
cells. Electrical stimulation of AC
neurons evokes facilitation,
inhibition, and best frequency
(BF) shifts in the AC and
subcortical auditory nuclei. There
are two types of BF shifts:
centripetal (b) and centrifugal (c).
The discontinuous and
continuous triangular curves
represent the FRA in the control
and shifted conditions,
respectively. Reproduced from
the original source (Suga 2008)

experience, and the nature of the modification may depend
on the functional system (Yan and Suga 1998).

7 Interpretative Constraints and the
Corticofugal System

Several limitations affect interpretation of the anatomical and
physiological data. Most physiological studies on the mod-
ulatory effect of the corticocollicular pathway have been
carried out in bats; we are not aware of any anatomical study
of AC-to-IC projections in this specialized animal model.
Furthermore, most studies after cortical inactivation or

stimulation have recorded the changes observed in the neu-
ronal activity of units from the IC central nucleus, where the
AC projections are weakest.

8 Possible Functional Significance

Human speech and animal communication sounds are com-
plex time-varying stimuli whose parameters include fre-
quency, amplitude, duration, interval between sounds, etc.
Corticofugal modulation is multiparametric and occurs in
different types of subcortical neurons (Suga and Ma 2003).
The behavioral changes related to the changes evoked by
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the corticofugal system, however, remain to be explored. AC
focal electrical stimulation evokes highly specific changes in
subcortical neurons in the frequency, amplitude, and time
domains (Yan and Suga 1996; Ma and Suga 2001, 2007;
Yan and Ehret 2002). Auditory learning or conditioning also
evokes changes in cortical and subcortical neurons that are
specific to the parameters of the conditioned sound (Bakin
and Weinberger 1990; Recanzone et al. 1993; Gao and Suga
1998; Bao et al. 2004; Polley et al. 2004).

The nucleus basalis (NB) of the cholinergic basal fore-
brain is proposed as an essential neural substrate for learning-
induced auditory plasticity (Weinberger 1998; Suga and Ma
2003). A tone paired with NB electrical stimulation (tone-
ESNB) shifts the frequency tuning of cortical (Bakin and
Weinberger 1996; Kilgard and Merzenich 1998; Ma and
Suga 2003; Yan and Zhang 2005) and subcortical (Ma and
Suga 2003) neurons towards the frequency of the paired tone.
Since there is no evidence that the NB projects to the auditory
midbrain, these findings suggest that corticofugal projections
may influence experience-dependent neural plasticity of sub-
cortical auditory neurons (Gao and Suga 1998, 2000; Suga
and Ma 2003; Yan and Zhang 2005). IC plasticity elicited by
auditory fear conditioning may reflect corticofugal feedback
because application of the GABAA receptor agonist musci-
mol to AC blocked IC plasticity (Ma and Suga 2004). Similar
conclusions were reached using electrical stimulation of the
cholinergic basal forebrain to evoke IC plasticity (Ma and
Suga 2003; Zhang and Suga 2005).

9 Physiological Effects of Auditory Cortex
Stimulation on the Brain Stem

Electrical stimulation of the AC at high rates evokes a
short-term centrifugal BF shift of the contralateral cochlear
microphonic receptor potential, indicating a shift in hair cell
frequency tuning (Xiao and Suga 2002). Anatomical results
suggest that the AC influences the cochlea via the medial
olivocochlear system (MOC) (Mulders and Robertson 2000).
The MOC projects to the contralateral cochlea and synapses
on the outer hair cells (OHCs). The somatic electromotil-
ity (Mulders and Robertson 2000; Zheng et al. 2000) of
OHCs may be the anatomical substrate for the active cochlear
micromechanics supporting fine frequency selectivity of the
normal ear (Brownell et al. 1985). The AC influence on the
SOC modulates OHC electromotility through the MOC to
adjust afferent signals early in peripheral auditory processing
(Xiao and Suga 2002; Perrot et al. 2006).

Gentamicin abolishes efferent cochlear effects (Mulders
and Robertson 2006) and efferent effects in the IC
(Seluakumaran et al. 2008), suggesting that MOC-induced
changes in monaural responses primarily reflect the actions
of efferent terminals in the cochlea. In addition to
learning-based plasticity (described above) that clearly

utilizes descending pathways as its substrate, a form of
lesion-based plasticity is seen after damage in a restricted
part of the cochlea eliminates a range of frequencies (Irvine
et al. 2001, 2003; Irvine and Wright 2005; Kamke et al.
2003, 2005). When AI was examined weeks later, the AC
region deprived of input was not silent but was now occupied
by frequencies at the perimeter of the cochlear lesion. The
exaggerated frequency expansion and changes in thresholds
and other response characteristics suggest that the changes
were not a passive consequence of the lesion but true plastic
alterations. Equivalent changes were observed in the ventral
division of the MGB, but not in the inferior colliculus, nor
was there plasticity in the DCN frequency map, emphasizing
that such plasticity was a forebrain phenomenon (Rajan and
Irvine 1998a, b).

10 Summary and General Principles
Governing Auditory Corticofugal
Projections

The ascending sensory pathways carry topographic infor-
mation that underlies various aspects of sensory processing
and map construction. However, the descending systems may
be ten times larger at the thalamus (Deschênes et al. 1998;
Jones 2002) and corticofugal projections are significant at
lower levels (Towe and Jabbur 1961; Dewson 1968). These
descending paths involving sight, touch and hearing appear
to have a core projection with a light halo (Winer et al.
2001). This pattern suggests a facilitative effect for inter-
connected topographic regions (matched) (Monconduit et al.
2006), while the halo of projections would represent a mis-
matched substrate of lateral inhibition for possible response
enhancement (Malmierca and Núñez 1998). These descend-
ing pathways, however, are more complex since some targets
are specific relay structures, whereas others are nonspecific
(Veinante et al. 2000). These widespread descending connec-
tions link brain structures via direct and indirect connections
to AC. These pathways might mediate specific sensory fea-
tures in the topographic maps that can be modified by injury,
sensory deprivation, and experience. We have reviewed data
that suggest different roles for corticofugal feedback in mod-
ulating these changes in subcortical structures to adjust and
enhance the extraction of biologically significant signals
from noise.
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