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1 Introduction

The development of a functional auditory sensory system is essential for social
communication through spoken language and perception of our external environ-
ment. The vertebrate inner ear is a highly specialized structure that transduces
airborne sound vibrations into neural signals. The auditory pathway makes use of
the physical features of sound encoded by these signals—frequency, intensity, and
timing—to construct an auditory scene that includes information about distance,
direction, motion, identity, and content. With hearing loss, this information can
become severely degraded or absent altogether. The National Institute of Deafness
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and Other Communication Disorders estimates 36 million adults in the United States
will be affected by hearing loss by the year 2030 (Gordon-Salant et al., 2010),
making it the most common of sensory losses. It has become clear that simply
providing peripheral amplification is not the sole solution, as hearing loss can initiate
changes in brain organization. Understanding the nature of these changes is essential
to the successful implementation of reparative therapies.

Synaptic organization in the auditory system has been shown to be reactive and
malleable to experience. In this regard, deafness has important implications for all
components in the auditory pathway, from cochlea to cortex. Although the general
blueprint for the auditory pathway appears to be established before the onset of
hearing, reduced auditory stimulation to the system for a prolonged period after
birth has definable pathologic effects on the structural and functional organization
of synapses, cells, and pathways. Studying these effects can be accomplished in a
number of experimental models, but one of the most reliable is that of the deaf white
cat. The deaf white cat is a known model of a cochleosaccular degeneration resem-
bling the Scheibe deformity observed in humans. This defect presents an excellent
opportunity for the study of auditory development and structural abnormalities
precipitated by congenital deafness. This chapter reviews the current understanding
of synaptic organization in the central auditory system in deafness, highlighting
observations made in the deaf white cat model. Perhaps most significantly, the
restorative effects of electrical stimulation on the auditory system by way of cochlear
implantation are presented. The available data demonstrate that synaptic organization
in the auditory system is highly plastic to environmental influences.

2 Animal Models of Deafness: Advantages and Limitations

Deafness is a disorder with numerous causes (see the chapter by Brownstein,
Shivatzki, and Avraham). Several animal models of deafness have been developed
to characterize its consequences under controlled conditions and to reveal the molec-
ular mechanisms that produce these changes. Experimental models include the use
of cochlear ablation, chemical deafening, acoustic trauma, and genetic manipu-
lations. Other studies have examined naturally occurring models of deafness such
as the congenitally deaf white cat and various other genetic mutations that affect
hearing. Animal models of deafness represent the human condition for the study of
the effects of profound hearing loss on the central auditory system, consideration of
the mechanisms of pathophysiology, and exploration of potential therapies.

The differential consequences of congenital versus acquired deafness often
reveal important events involved in development (Parks et al., 2004; Shepherd
et al., 2006). Neural activity influences the refinement of the genetic template of
brain circuitry, including axonal distribution and synapse formation within the
auditory system (Leake et al., 2006; Baker et al., 2010). Depending on the scientific
question and goal of the experiment, different methods for inducing deafness
are used.
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2.1 Surgical Deafening: Cochlear Ablation

Cochlear ablations have been used to study the effects of total auditory deprivation
before the onset of hearing (Russell & Moore, 1995; Gabriele et al., 2000). Surgical
deafening is accomplished by either drilling away the cochlea to remove the organ
of Corti and spiral ganglion (SG; e.g., Illing et al., 1997; Hildebrandt et al., 2011) or
transecting the auditory nerve (Koerber et al., 1966). These highly invasive and
destructive procedures produce severe changes that extend into the central auditory
pathways. The loss and atrophy of neurons and shrinkage of the neuropil are more
severe in younger than in older animals (Trune, 1982; Hashisaki & Rubel, 1989).
The resultant abnormalities, however, cannot be attributed wholly to the loss of the
cochlea because there are other variables that must be considered, including
physical trauma to existing blood supply and tissue, inflammation and edema, as
well as anterograde degeneration of the auditory nerve fibers that terminate in the
cochlear nucleus and retrograde degeneration of auditory efferents originating from
the superior olivary complex (Illing et al., 1997). Transsynaptic changes have also
been observed following the blockade of auditory nerve activity via tetrodotoxin
(Sie & Rubel, 1992), suggesting milder forms of sensory intervention can be used to
manipulate brain development.

2.2 Chemical Deafening: Aminoglycoside Ototoxicity

Chemical deafening typically involves the administration of aminoglycosides,
causing toxic effects in the kidneys and to auditory and vestibular structures of
the inner ear. Aminoglycosides represent a class of more than 130 antibiotics that
are used to treat bacterial infections such as tuberculosis, but the prevalence of
their use is diminishing (Pakyz et al., 2008). When prescribed at high doses,
aminoglycosides damage the auditory receptor cells, resulting in hearing loss,
tinnitus, disequilibrium, or a combination of all three. Hearing loss as a result of
ototoxicity is gradual, and its extent can be variable due to individual and
species differences in susceptibility, efficacy of the particular drug, and mode
of administration (Hardie et al., 1998; Leake et al., 1999; McFadden et al., 2004;
Hartley et al., 2010).

Mammalian sensory receptor cells do not regenerate when subjected to ototoxic
damage, in sharp contrast to those of birds (Tucci & Rubel, 1990). Thus, ototoxic
poisoning typically causes irreversible sensorineural hearing loss. The administra-
tion of ototoxic drugs in neonatal animals can produce consequences that resemble
congenital hereditary deafness because destruction of the organ of Corti occurs
before the onset of hearing and causes the obliteration of spontaneous and driven
activity in the auditory nerve (Shepherd & Javel, 1997). The effects are not,
however, identical to congenital hereditary deafness (Ryugo et al., 2010).
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2.3 Noise Deafening: Acoustic Trauma

There are various paradigms for inducing deafness via acoustic trauma, which can
cause reorganization within the central auditory system as a result of peripheral
deafferentation. Acoustic trauma is produced by exposing animals to a continuous
loud sound (typically 100-130 dB SPL) for several minutes to hours in a sound
isolation booth (Illing et al., 2005; Mulders et al., 2011). Auditory brain stem
response (ABR) recordings to a range of frequencies can determine the approxi-
mate degree of impairment after exposure. This trauma can cause temporary and/or
permanent hearing loss, making it fundamentally different from the two previously
mentioned models.

Acoustic trauma is a complicated phenomenon wherein stereocilia, blood flow,
stria vascularis, fibrocytes, and hair cell synapses can be independently damaged.
If this damage contributes to receptor cell loss, there can be a subsequent gradual
loss of SG cells (Webster & Webster, 1981; Kujawa & Liberman, 2009). After
noise exposure, threshold shifts can occur temporarily, whereas after a few weeks
postexposure, permanent hearing loss can set in. It has yet to be identified which
aspects of inner ear damage are most responsible for which aspects of noise-
induced hearing loss. Nevertheless, acoustic trauma is used to study the natural
progression of hearing loss and serves as a model for damage prevention using
antioxidants and other reagents (Henderson et al., 2006).

2.4 Hereditary Deafness: Genes and Genetic Engineering

There are many naturally occurring models of congenital deafness, such as congen-
itally deaf white cats, Dalmatian dogs, blue-eyed white alpacas, waltzing guinea
pigs, and numerous strains of mice carrying deafness genes. In addition there are
knock-in and knock-out mouse models with genetically engineered defects. Among
these, the cat and mouse models are the most frequently used in the current
literature.

The effects of congenital deafness are not restricted to the auditory nerve and
cochlear nucleus (Saada et al., 1996; Shepherd & Hardie, 2001). Transneuronal
alterations in cell size and number, receptive field properties, and laminar organi-
zation are expressed at higher nuclei of the auditory system, including the superior
olivary complex (West & Harrison, 1973; Schwartz & Higa, 1982), inferior
colliculus (Snyder et al., 2000), and auditory cortex (Klinke et al., 2001; Kral
et al., 2001). Thus, the reactive but pathologic alterations that have been observed
in parts of the central auditory system are reflections of a wider range of possible
changes throughout the brain initiated by hearing loss and deafness.
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3 The Deaf White Cat

The deaf white cat has long held a fascination to humans (Fig. 1). The earliest
observations on the association between heritable deafness in the cat and a white
coat can be traced back to the 19th century. A brief correspondence from 1829 noted
that all deaf offspring of a deaf white female cat were invariably white (Bree, 1829),
an anecdote that merited a mention by Darwin in his landmark work (Darwin, 1859).
Over the following years, there was ongoing speculation regarding the relationship
between feline deafness, white fur, the preponderance of blue eyes, and gender (for
instance, see the back and forth between Darwin and Tait: Darwin, 1859, 1875; Tait,
1873, 1883). More rigorous analyses in the 20th century have since identified a
single autosomal dominant locus, White (W), as responsible for the pleiotropic
effects, including a white coat, blue eyes, and deafness. All three features can be
attributed to an absence or abnormality of melanocytes, although the correlation
between white coat color, blue irises, and deafness is imperfect. White cats exhibit
white fur of varying length but can be born with a colored spot that fades with age.
Moreover, they may be either unilaterally or bilaterally deaf, or simply hard-of-
hearing, demonstrating varying degrees of loss, from mild to profound (Bamber,
1933; Wilson & Kane, 1959; Bergsma & Brown, 1971; Mair, 1973).

The deaf white phenotype has been reported in multiple species, including the
mouse (Chabot et al., 1988; Ruan et al., 2005), dog (Hudson & Ruben, 1962; Clark
et al., 2006), mink (Hilding et al., 1967), horse (Haase et al., 2007, 2009), rat
(Tsujimura et al., 1991), Syrian hamster (Hodgkinson et al., 1998), alpaca (Gauly
et al., 2005), and human (Beighton et al., 1991). Such conditions are distinct from
albinism, though the absence of pigment can often pervade the whole body.

Fig. 1 Photograph of a congenitally deaf white cat outfitted with a cochlear implant (Clarion II;
donated by Advanced Bionics Corporation). The signal transmitter sits on top of the head and is
magnetically coupled to the receiver, which is surgically placed under the skin. A six-channel lead
extends from the receiver and is inserted into the cochlea. The external microphone and speech
processor are housed in a backpack custom fitted to the cat
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Investigations of the genetic basis for distinctive coat color phenotypes represent
some of the earliest mapped and characterized genetic mutations (Silvers, 1979).
Early in embryogenesis, melanoblasts, also known as pigment precursor cells,
migrate from the neural crest to the skin, eye, and inner ear. Mutations affecting
any step in this migration pathway—proliferation, survival, or distribution—are
often expressed as coat color variation. Genes identified in these early events
include Pax3, Mitf, Slug, Ednrb, Edn3, SoxI0, and Kit (Epstein et al., 1991;
Tachibana et al., 1992, 1994; Hodgkinson et al., 1993; Baynash et al., 1994; Attie
et al., 1995; Herbarth et al., 1998; Southard-Smith et al., 1998; Syrris et al., 1999;
Sanchez-Martin et al., 2002). A well-known example of this phenotype in human
literature is that of Waardenburg syndrome (Waardenburg, 1951). This condition
alone accounts for up to 5% of cases of congenital deafness worldwide (Nayak &
Isaacson, 2003), and shares some clear parallels with the deaf white cat:
heterochromia iridum, a white forelock, and congenital deafness. With such pheno-
typic similarities, studying the central effects of congenital hearing loss in the white
cat may contribute to our understanding of the developmental consequences of
deafness in humans.

3.1 Abnormal Cochlear Morphology

Degeneration in the inner ear of congenitally deaf white cats was first reported at
the turn of the 20th century (Rawitz, 1897; Alexander, 1900; Alexander & Tandler,
1905). Many subsequent observations have described this condition in detail, which
is characterized by a collapse of Reissner’s membrane onto the undifferentiated
organ of Corti, a thinning of the stria vascularis, and a malformation of the tectorial
membrane (Fig. 2; Wolff, 1942; Wilson & Kane, 1959; Bosher & Hallpike, 1965;

Congenitally Deaf

Fig. 2 Light micrographs of mid-modiolar, Nissl-stained cochlear sections showing the organ of
Corti from normal hearing (left) and congenitally deaf (right) cats. Note the collapsed Reissner’s
membrane and absent organ of Corti from the deaf cat. Scale bar = 50 pm. BM, basilar membrane;
RM, Reissner’s membrane; SL, spiral limbus; SP, spiral prominence; SV, stria vascularis; TM,
tectorial membrane. (Adapted from Ryugo et al., 2003)
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Mair, 1973; Rebillard et al., 1981a; Ryugo et al., 2003). This pattern of cochlear
deterioration is the predominant pathological finding in these animals (Ryugo et al.,
2003). Degradation is also present in the saccular partition (Mair, 1973), and the
combined cochleosaccular defects closely mirror that of the Scheibe deformity of
deaf-mutism reported in humans (Scheibe, 1892). Early observers of this coinci-
dence advocated for the use of animal models such as the deaf cat in research
programs studying congenital deafness (Fraser, 1924).

Several studies have described the early stages of cochlear degeneration (Bosher
& Hallpike, 1965; Mair, 1973; Mair & Elverland, 1977; Rebillard et al., 1981a;
Ryugo et al., 2003; Baker et al., 2010). At birth, the cochlear morphology of kittens
destined to become deaf is similar to that of pigmented kittens, with inner and outer
hair cells intact in both groups (Heid et al., 1998; Baker et al., 2010). At postnatal
day 3, ultrastructural abnormalities are apparent in strial cells (Mair & Elverland,
1977). Definite pathological signs begin to emerge by postnatal day 5 (Bosher &
Hallpike, 1965; Mair, 1973; Baker et al., 2010): the stria vascularis appears
abnormally thin and Reissner’s membrane begins to elongate, causing it to ruffie
irregularly along its length. In addition, the tectorial membrane begins to shrink,
curling upon itself and rolling against the spiral ligament. The expansion of
Reissner’s membrane continues in rapid fashion such that by the end of the second
postnatal week it has collapsed completely. At this point, the tectorial membrane is
also tightly bound to the spiral ligament. By the start of the third postnatal week the
pathology appears complete, with a total absence of the cochlear duct, organ of
Corti, and hair cells. The specific genetic and molecular cause(s) of this cochlear
degeneration in the white cat remain unknown (Geigy et al., 2007).

The congenital degeneration of the cochlea typically occurs bilaterally, but it is
also possible to find instances of unilateral and/or partial malformations
accompanied by a hearing impairment rather than a profound loss (Mair, 1973;
Rebillard et al., 1981a; Ryugo et al., 1998). Early reports suggested that cochlear
degeneration is an all-or-nothing phenomenon (Bosher & Hallpike, 1965; Bergsma
& Brown, 1971; Mair, 1973), but later research demonstrated that differing degrees
of pathological severity are possible, and that the degenerative process is not
necessarily continuous with age (Rebillard et al., 1981a; Ryugo et al., 2003).

A second, less common type of cochlear pathology has also been identified in
congenitally deaf white cats (Ryugo et al., 2003). This pattern takes the form of
excessive growth of epithelial cells on Reissner’s membrane and within the
membraneous labyrinth. This hypertrophic growth effectively smothers the organ
of Corti and stria vascularis, causing Reissner’s membrane to completely fill the
space of the cochlear duct. Unlike the degenerative collapse described previously,
this abnormal growth may manifest at or before birth (Baker et al., 2010). Less
frequently, a combination of both exuberant growth at the apex and collapse of
Reissner’s membrane at the base of the cochlea has been observed (Ryugo et al.,
2003). All aforementioned types of cochlear pathologies, however, result in senso-
rineural deafness.
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3.2 Physiological Determination of Hearing Status

The hearing status of deaf cats can be evaluated using various physiological
measures such as evoked potentials (i.e., ABRs) or cochlear microphonics. Behav-
ioral audiometry can also be used to test hearing (Bergsma & Brown, 1971; West &
Harrison, 1973), but such metrics are indirect indicators of brain activity. When
undertaking measurements, one must remain aware that the cochlea is functionally
immature at birth (Pujol & Marty, 1970) and continues to develop over the initial
postnatal days regardless of final hearing status (Mair, 1973). Further, the ear canals
of kittens are not fully open until the third or fourth postnatal week (Olmstead &
Villablanca, 1980; Ryugo et al., 2003). Behavioral responses elicited by sound have
been shown to take 4 weeks to fully develop in normal hearing kittens (Olmstead &
Villablanca, 1980).

The first physiological test for the presence of sound-evoked activity in the
cochleae of congenitally deaf cats was the cochlear microphonic, which was
measured by placing an electrode lead near the round window (Howe, 1935a;
Suga & Hattler, 1970). Immediately after birth, a small cochlear microphonic
may be observed (Mair & Elverland, 1977). Subsequent testing of white cats,
however, shows a complete absence of sound-evoked activity in some, suggesting
a nonfunctioning cochlea. Indeed, subsequent histological investigations showed
significant atrophy in the cochleae of all physiologically silent subjects. Accord-
ingly, measurements of the endocochlear potential failed to find a positive resting
potential in what remains of the cochlear duct in these subjects (Suga & Hattler,
1970). Similar findings have been shown when measuring evoked potentials of the
brain (Suga & Hattler, 1970; Elverland et al., 1975; Rebillard et al., 1981a,b; Heid
et al., 1998; Ryugo et al., 2003). ABR measures also indicate that some cats are not
completely deaf, but rather have elevated response thresholds. The cochlear ducts
of these cats appear relatively normal in histological sections, but sometimes
display an outward bulging of Reissner’s membrane and a thin tectorial membrane,
suggestive of a partial expression of the typical cochlear defect (Ryugo et al., 2003).

Studies of multiple age groups have demonstrated that hearing status does not
change appreciably with age (Rebillard et al., 1981b; Ryugo et al., 2003), echoing
histological evidence (Rebillard et al., 1981a; Ryugo et al., 2003). Repeated ABR
measures of cats from birth to adulthood showed that if an animal exhibits normal
hearing, there was virtually no change in threshold sensitivity over time (Ryugo
et al., 2003). The animals that were profoundly deaf failed to hear from the outset.
Lastly, animals that showed partial deafness had elevated ABR response thresholds
that did not change over the course of development. This observation suggests that
the overall hearing status of these cats does not change significantly after the initial
3 weeks of cochlear degeneration, and kittens that are profoundly deaf never
experience normal hearing.

The spontaneous activity of auditory nerve fibers can also be used to evaluate the
status of the cochlea. In normal hearing cats, spontaneous firing rates reflect
response thresholds of individual fibers, and single-unit recordings can be grouped
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into at least two classes: fibers with high spontaneous discharge rates (e.g., >18
spikes/s) have low thresholds to pure tones, whereas fibers with low spontaneous
discharge rates (e.g., <18 spikes/s) have high thresholds for evoked responses
(Kiang et al., 1965; Liberman & Kiang, 1978; Evans & Palmer, 1980; Fekete
et al., 1984). In cats with hair cell damage due to acoustic trauma, only a small
percentage of nerve fibers originating from the damaged region of the cochlea show
low spontaneous firing rates, with the remainder showing no spontaneous or evoked
activity whatsoever (Liberman & Kiang, 1978; Liberman & Dodds, 1984). Simi-
larly, in profoundly deaf cats little to no spontaneous activity has been recorded and
accordingly no evoked activity observed (Ryugo et al., 1998). Partially deaf cats,
however, sometimes exhibit elevated spontaneous discharge rates, occasionally
exceeding 100 spikes/s, despite evoked response thresholds of greater than 60 dB
SPL (Ryugo et al., 1998). These cats exhibited structural abnormalities in the
cochlea, as described previously, but retained a full complement of inner and
outer hair cells. These results indicate that all electrical activity entering the central
auditory system is significantly altered in congenitally deaf cats.

3.3 Reintroduction of Neural Activity via Cochlear Implants

Neural activity has been found to be extremely important for normal postnatal
development and maintenance of sensory systems (Wiesel & Hubel, 1963; Van der
Loos & Woolsey, 1973). Indeed, the process of hearing is necessary for refinement
of the genetic blueprint for auditory circuitry, including axonal distribution, prun-
ing, and synapse formation (Parks et al., 2004; Shepherd et al., 2006; Walmsley
et al., 2006; Ryugo & Limb, 2009; Sanes & Bao, 2009). Deprivation of auditory
experience can introduce a series of pathologic and atrophic changes that include
more widespread distributions of axonal projections (Leake et al., 2006), abnormal
projections (Nordeen et al., 1983a,b; Moore & Kitzes, 1985), delayed maturation
(Sanes, 1993; Kandler, 2004), and language impairments (Robbins, 2006).

When experiential deprivation can be traced to the malfunction of a sensory end
organ, it may be possible to reintroduce sensation via direct stimulation of the
remaining neural circuits, bypassing the impaired receptors. The cochlear implant
works on this principle by directly stimulating SG cells, thus restoring activity to
the auditory pathway (Rauschecker & Shannon, 2002). Not long after serious
development began on electrical auditory prostheses for human use, the potential
of the congenitally deaf cat was recognized as a model for examining the central
effects of cochlear implantation (Elverland et al., 1975). Various methods have
been used to reintroduce sound-evoked activity to genetically and neonatally
deafened cats (Matsushima et al., 1991; Lustig et al., 1994; Klinke et al., 1999),
including a miniaturized six-channel cochlear implant that utilizes a speech proces-
sor identical to that used with human patients (Kretzmer et al., 2004). With such
devices, cats have been trained with food rewards to respond to specific sounds,
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indicating that behaviorally relevant signals are being processed (Klinke et al.,
1999; Kretzmer et al., 2004; Ryugo et al., 2005; O’Neil et al., 2010). For instance,
animals were trained to approach their food bowls in response to a specific bugle
call, but not other bugle calls. Importantly, the bugle call required specific spectral
content, as monotonic calls with the same rhythmic structure failed to elicit a
behavioral response.

4 Synaptic Development and Organization:
Effects of Deafness and Electrical Stimulation

In the auditory system, structure and function have exhibited a mutually interactive
role in brain development and organization. The relatively homogeneous sound-
evoked activity of auditory nerve fibers (Kiang et al., 1965) is transformed into a
variety of response patterns by the different cell types found in the cochlear nucleus
(Young & Oertel, 2003). These reshaped signals are then conveyed to higher
auditory centers, each with their own resident cell types. The spectrum of responses
depends not only on the synaptic organization of axonal terminations, but also on
intrinsic neurons, descending influences, receptor distributions, types of ion
channels, and second messenger systems. Together, these features determine the
signaling capabilities for each cell class. To understand how sound is processed,
researchers must discern distinct cell populations, analyze their synaptic profiles,
and identify features of their signal processing capabilities.

To represent sound accurately, it is essential that neural activity be time locked
to acoustic events. Sound conveys meaning through the temporal fluctuations of
frequency and amplitude. As such, neural activity pertaining to sound must be
synchronized to specific features of the physical stimulus. Different sounds are
distinguished by the distinctive characteristics of their time-varying features
(e.g., the howl of a wolf vs. a train whistle). It is broadly accepted that different
physical features of sound are parsed and encoded along separate pathways in the
brain. Eventually, these separate streams of information must reconvene with
precise timing to produce an accurate conscious percept of the stimulus. Temporal
fidelity is clearly an important feature of the auditory system, and synapses play a
crucial role in maintaining this accuracy.

Synapses are defined by both presynaptic and postsynaptic characteristics.
Presynaptic factors of neural transmission include vesicle size, shape, and number;
types of neurotransmitters present; available neuromodulators; and transport
molecules. Postsynaptic influences include the type and distribution of transmitter
receptors, subunit composition of these receptors, shape and curvature of the
postsynaptic density (PSD), and associated second-messenger and retrograde
signaling systems. Moreover, the size and distribution of synaptic terminals, target
compartment (e.g., cell body, dendritic shaft, or spine), and origin of the projection
must also be considered. Proper transmission of acoustic signals thus depends on
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the precise composition and spatial arrangement of release sites on their cellular
targets. Abnormalities of synaptic structure or distribution, such as those resulting
from congenital deafness, will alter signal transmission, corrupting the neural
representation of the acoustic stimulus.

4.1 Spiral Ganglion Cells

SG cells are located within Rosenthal’s canal in the cochlea. Each ganglion cell
emits a peripheral process that contacts hair cells in the organ of Corti and a central
process that bundles together with other auditory nerve fibers to form the auditory
nerve. The auditory nerve conveys all known auditory information from the cochlea
to the brain (Nayagam et al., 2011). Some of the earliest histological investigations
of congenitally deaf white cats have observed SG cell loss in these subjects
(Alexander & Tandler, 1905; Howe, 1935b; Mair, 1973; West & Harrison, 1973;
Pujol et al., 1977). Ganglion cell survival was thought to depend on the health of the
organ of Corti, with losses occurring secondary to hair cell degeneration (Webster
& Webster, 1981; Spoendlin, 1984; Leake & Hradek, 1988; Hardie & Shepherd,
1999), but recent data suggest that the supporting cells are more crucial to ganglion
cell survival than hair cells (Zilberstein et al., 2012). Cell reductions are greatest in
the middle regions of the cochlea (Fig. 3; Elverland & Mair, 1980; Heid et al., 1998;
Chen et al., 2010), and the magnitude of loss increases with age (Mair, 1973; Heid
et al.,, 1998; Chen et al.,, 2010). Even before this effect becomes statistically
significant, there is a slow increase in unmyelinated cells, suggesting the degrada-
tion of the myelin sheath may be a harbinger of cell loss (Elverland & Mair, 1980).
However, any remaining SG cells, even after prolonged periods of deafness, retain
myelination of their central processes (Ylikoski & Savolainen, 1984; Shepherd &
Javel, 1997).

The presence of SG cells is obviously crucial to the success of cochlear implants,
as they directly stimulate ganglion neurons. Curiously, studies of human temporal
bones of deceased implant recipients show no correlation between SG cell loss and
performance on speech recognition tasks (Nadol et al., 1989, 2001; Khan et al.,
2005a,b; Fayad & Linthicum, 2006). The implication is that although there may be
a minimum threshold for ganglion cell survival and cochlear implant benefit, the
“heavy lifting” is performed by the brain.

Electrical stimulation has been postulated to have a positive effect on SG cell
survival, slowing the rate of degeneration (see the chapter by Leake, Stakhovskaya,
and Rebscher). Most studies on this topic have used ototoxically deafened cats, and
results have been mixed. Some report that electrical stimulation increases ganglion
cell density (Leake et al., 1991, 1999; Mitchell et al., 1997), whereas others find no
effect (Araki et al., 2000; Coco et al., 2007; Chen et al., 2010). Of note, a change in
cell density does not necessarily mean that there is a change in cell number because
tissue shrinkage can lead to an increase in density.
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Normal Hearing Cochlear Implant Congenitally Deaf
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Fig. 3 Photomicrographs of the Nissl-stained spiral ganglia of 6-month-old cats through the
middle of each cochlear turn illustrating cell size, density, and the effects of congenital deafness
and cochlear implantation. In general, deafness with or without electrical stimulation—via a
cochlear implant—results in a loss of size and number of primary neurons. There was no
significant difference between the implanted and un-implanted deaf cats, but there were significant
reductions of ganglion cell density when compared to normal hearing cats. Scale bars = 20 pm.
(Adapted from Chen et al., 2010)

Only one report to date has investigated the effects of implantation on SG cell
survival in congenitally deaf white cats (Chen et al., 2010). Quantitative analyses
showed no marked improvement in terms of SG cell counts, cell density, or cell size
when compared to deaf, unstimulated cats. Cell sizes from both groups were
smaller than that of normal-hearing cats. Under the conditions of hereditary deaf-
ness, chronic electrical stimulation provides no clear benefits to SG cells despite
unambiguous evidence of significant effects on synapses in the central auditory
system.

4.2 Cochlear Nucleus

The cochlear nucleus serves as the gateway to the central auditory system, receiving
all sensory input and giving rise to all ascending pathways (Lorente de N6, 1981).
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The manner in which this nucleus distributes information to the rest of the brain is
presumed to contain clues about stimulus coding, feature detection, and functional
circuits. Sound stimulation during early development is critical for the normal
organization of auditory structures (Rubel et al., 1984). Sensory deafferentation
results in severe alterations in the development of the cochlear nucleus (Trune,
1982; Lustig et al., 1994), most certainly impairing its processing capacity.

In congenitally deaf cats, cochlear nucleus volume is reduced by approximately
50%, accompanied by increases in cell density (Saada et al., 1996). In the
anteroventral cochlear nucleus, cell density increased by 40%, whereas a 10%
increase was observed in the dorsal cochlear nucleus. Similar changes were
observed with astrocyte density. These observations reveal a differential impact
on cells in the cochlear nucleus to congenital deafness, suggesting selective
processing impairments at this level. Such changes may impose significant limits
on the restorative potential of auditory prostheses.

4.2.1 Spherical Bushy Cells and the Endbulb of Held

Auditory nerve fibers are the primary source of excitation to cells of the ventral
cochlear nucleus (Koerber et al., 1966). In the anteroventral cochlear nucleus,
myelinated auditory nerve fibers give rise to large, axosomatic synaptic terminals
known as endbulbs of Held (Held, 1893; Ramoén y Cajal, 1909; Lorente de NGO,
1981). The structure of this giant synaptic terminal has been extensively studied as a
model for synapse formation, transmission, and reaction to deafness (Limb &
Ryugo, 2000; Oleskevich et al., 2004; Baker et al., 2010).

During postnatal development, the endbulb begins as a solid, spoon-shaped
growth cone having many filopodia and transforms into an intricate axosomatic
structure (Fig. 4, top; Ryugo & Fekete, 1982). The calyx-like appearance of the
mature endbulb is marked by the emergence of several thick, gnarled branches that
divide repeatedly to form an elaborate arborization of en passant and terminal
swellings that clasp the postsynaptic spherical bushy cell (SBC). The endbulb is one
of the largest synaptic endings in the brain (Lenn & Reese, 1966), and one to three
endbulbs selectively contact a single SBC (Brawer & Morest, 1975; Cant & Morest,
1979; Ryugo & Sento, 1991). They can contain up to 2000 release sites (Ryugo
et al., 1996), transmitting activity with high fidelity to the postsynaptic SBC
(Pfeiffer, 1966; Manis & Marx, 1991; Babalian et al., 2003). The size and evolu-
tionary conservation of endbulbs among terrestrial vertebrates emphasize its crucial
role in vertebrate hearing, ensuring that spike activity is temporally coupled to
acoustic events (Ryugo & Parks, 2003).

Auditory perception is sensitive to time differences in the range of 10-20 ps,
making it clear that precision in synaptic transmission is the norm (Grothe, 2000).
The endbulb of Held is important for processing timing cues used for sound
localization, as well as time-varying cues in speech such as voice onset, stressed
syllables, gaps, and amplitude modulation. Even minor perturbations in synaptic



96 M.A. Muniak et al.

0-Day — 10-Day — 20-Day — 30-Day —> Adult

——
4 >,

cisterna

1um

Normal Hearing

Congenitally Deaf

1um

Fig. 4 Development of the endbulb of Held in normal hearing (top) and congenitally deaf
(bottom) cats from birth to adulthood. At birth, the postnatal endbulb (black) in normal hearing
cats begins as a club-shaped ending with many filopodia and appendages. With maturation, the



Synaptic Organization and Plasticity in the Auditory System 97

transmission at the endbulb, such as jitter, delay, or failure, are predicted to disrupt
the accurate processing of time-varying features.

In normal hearing cats, individual endbulb arborizations have been shown to
systematically vary with respect to their average spike rates (Fig. 5; Sento & Ryugo,
1989). Endbulbs from auditory nerve fibers having high levels of spontaneous
discharge rates exhibit modest levels of branching with relatively large en passant
and terminal swellings. In contrast, endbulbs from fibers having relatively low
spontaneous rates exhibit highly elaborate branching with relatively small en
passant and many terminal swellings. These differences in branching complexity
were confirmed by statistically significant differences in fractal values. Moreover,
the larger swellings on highly active endbulbs resembled the swollen endings of
overactive terminals observed in other systems, likely caused by the cumulative
fusion of synaptic vesicles (Heuser & Reese, 1973; Boyne et al., 1975; Burwen &
Satir, 1977). An analogous relationship between spontaneous rate and endbulb
morphology has also been observed in guinea pigs (Tsuji & Liberman, 1997),
suggesting this trend reflects a fundamental organizational principle in mammals.

Electron microscopy was used to study the fine structure of endbulb terminals on
SBCs. At birth, terminals show a convoluted membrane abutment to SBCs, but over
the course of development this profile becomes less complex (Fig. 4, top; Baker
et al., 2010). Numerous PSDs are evident within each terminal, showing a charac-
teristic dome-shaped curvature. In addition, cisternae appear between endbulb
terminals and SBCs in more mature animals. It was observed that endbulbs arising
from fibers with relatively low levels of spike discharges were associated with
larger PSDs, whereas those from fibers with relatively high spike discharge rates
had smaller but more curved PSDs, larger mitochondria, and greater numbers of
associated synaptic vesicles (Fig. 5; Ryugo et al., 1996). These data are consistent
with observations from rats exposed to repetitive tones or silence (i.e., high vs. low
activity); stimulated animals possessed endbulbs with smaller PSDs compared to
animals exposed to silence (Rees et al., 1985). The interpretation of this phenome-
non is that small synapses facilitate the diffusion of transmitter away from the
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Fig. 4 (continued) club fenestrates and primary branches emerge. These primary branches con-
tinue to grow and branch, forming an elaborate nest around the postsynaptic SBC (gray). The
endbulb is composed of a network of fine branches that interconnect numerous swellings that
house synapses. Profiles of endbulb swellings (approximated on endbulb as a yellow/red stripe)
also show developmental trends (blue, hearing; pink, deaf). Endbulbs at birth have a convoluted
surface abutting the SBC, which becomes less complex into adulthood. Endbulbs of deaf animals
are generally smaller than normal. The number of PSDs (red) at birth in deaf animals is less than
half that of normal. Although mature endbulbs of both deaf and normal animals have the same
number of PSDs, the PSDs of deaf animals are longer and flatter than the normal convex PSDs.
Deaf endbulbs exhibit an increase in synaptic vesicle density near the PSDs. No remarkable
differences are seen with respect to mitochondria size or volume fraction between the two groups.
Endbulbs of normal cats begin to develop cisternae (yellow) around postnatal day 10, whereas deaf
endbulbs never develop them to any noticeable degree. (Adapted from Ryugo & Fekete, 1982;
Ryugo & Spirou, 2009; Baker et al., 2010)
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Fig. 5 Summary diagram illustrating endbulbs of Held and activity-related morphology.
Endbulbs arising from low spontaneous rate (SR), high-threshold auditory nerve fibers are more
highly branched and elaborate compared to those of high-SR, low-threshold auditory nerve fibers.
Such differences are observed even when endbulbs are from the same animal and matched in
frequency sensitivity, implying the differences are due to activity differences. Cross-sections
through endbulb terminals (middle) show intracellular features; lower figures are en face views
of terminal appositions (bold outline) reconstructed from ultrathin sections (horizontal lines),
showing synaptic area (dark-gray regions). Low-SR fibers produce larger but fewer synapses and
have smaller mitochondria. In contrast, endings of high-SR fibers express smaller but more
numerous synapses, exhibit greater curvature of their postsynaptic densities, contain more synaptic
vesicles, have larger mitochondria, and form more axodendritic (D) synapses. (Adapted from
Sento & Ryugo, 1989; Ryugo et al., 1996)

active zone, and so are more efficient for rapid and repetitive discharges. These
results demonstrate that the synapse structure of endbulbs is clearly plastic and
subject to activity-related influences.

Neural activity in SG cells and synaptic transmission at their terminal endings,
such as the endbulb, appear to be essential for the normal development of both
endings and target neurons (Rubel & Fritzsch, 2002). Given the transneuronal
degeneration of SG cells after hair cell loss, it is not surprising that cochlear nucleus
cells share a similar fate when ganglion cells degenerate; they either die or shrink in
size (Trune, 1982). As expected, in congenitally deaf white cats, numerous studies
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Fig. 6 Reconstructions of horseradish peroxidase-labeled endbulbs of Held for normal hearing
cats, hard-of-hearing cats, and congenitally deaf white cats. Note the branching complexity is
generally diminished as hearing sensitivity worsens. Normal cats have the most elaborate
branching, hard-of-hearing cats were less elaborate, and congenitally deaf cats had the least
complicated arborization. The complexity correlates inversely to hearing status, and not length
of deafness. (Adapted from Ryugo et al., 1997, 1998)

have reported atrophic changes in the size of SBCs with reductions ranging from
30% - 50% (West & Harrison, 1973; Larsen & Kirchhoff, 1992; Saada et al., 1996;
O’Neil et al., 2010). Such decreases were not found in neurons of nonauditory
nuclei in the brain stem, implying changes were specific to the auditory pathway
(Saada et al., 1996).

Given the distinctive form of the endbulb, and the influence of synaptic activity
on its morphology, it was predicted that congenital deafness—an extreme form of
auditory nerve inactivity—should result in obvious and definable abnormalities.
Indeed, the degree of complexity in the arborization of the endbulb appears to
be graded with respect to hearing threshold, as quantified by fractal analysis
(Ryugo et al., 1997, 1998). In profoundly deaf cats, the extent and complexity of
endbulb branching was significantly atrophic compared to normal hearing cats,
with thin branches and reduced numbers of associated swellings (Fig. 6, bottom).
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Fig. 7 Electron micrographs showing endbulbs of Held (yellow shading) in normal, congenitally
deaf, and implanted cats. PSDs (asterisks, delimited by arrows) are indicative of synaptic release
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Hard-of-hearing cats displayed endbulbs with intermediate levels of arbor com-
plexity; fractal values for these cats were statistically different from both
completely deaf and normal-hearing cats (Fig. 6, middle). Normal-hearing cats
possessed the most elaborate and complex endbulb arborizations (Fig. 6, top).

When endbulbs from each cohort were examined at greater resolution with an
electron microscope, additional abnormalities were found as a result from hearing
loss (Ryugo et al., 1997, 1998). In normal hearing cats, endbulbs gave rise to
numerous punctate, dome-shaped PSDs (Fig. 7, top). In sharp contrast, endbulbs
of congenitally deaf cats exhibited flattened and hypertrophied PSDs (Fig. 7,
middle). In addition, there was an increase in synaptic vesicle density in proximity
to the release site and a loss of intermembraneous cisternae (Baker et al., 2010).
Interestingly, other synaptic abnormalities, such as reduced number and size of
PSDs, could be observed at birth in some white kittens, well before pathological
symptoms are evident in the cochlea (Fig. 4, bottom; Baker et al., 2010). Endbulb
synapses from cats with a hearing loss, but that were not deaf, showed intermediate
PSD size and curvature between those of normal hearing and completely deaf cats
(Ryugo et al., 1998). These observations emphasize that neural activity has an
influence on structural properties down to the synaptic level. Further, the silencing
of neural activity may be perinatal in congenitally deaf animals, involving a loss of
spontaneous bursting activity from the cochlea before its destruction (Jones et al.,
2007; Tritsch et al., 2007).

In hard-of-hearing cats, synaptic abnormalities are also evident. Transmission
irregularities have been reported in the DBA/2J mouse, a strain that exhibits
adolescent-onset hearing loss (Wang & Manis, 2005, 2006). The presence of these
irregularities introduced jitter to, and even caused failure of, signal transmission
from the presynaptic endbulb to the postsynaptic SBC, normally an extremely secure
synapse (Pfeiffer, 1966). Such anomalies are predicted to corrupt the processing of
timing information, such that even moderate hearing loss might produce perceptual
difficulties in addition to problems involving elevated thresholds.

The synaptic changes observed in congenitally deaf white cats are likely due to
the loss of neural activity in the auditory nerve rather than a genetic syndrome
unrelated to spike activity. First, ototoxic deafening of normal cats produces a
similar flattening and hypertrophy of PSDs (Ryugo et al., 2010). Second, similar
pathologic changes in endbulb morphology have been observed in congenitally
deaf guinea pigs (Gulley et al., 1978) and congenitally deaf (shaker-2) mice (Limb
& Ryugo, 2000; Lee et al., 2003). Because these other animals are deaf by
completely independent hereditary processes, yet show similar synaptic anomalies,
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Fig. 7 (continued) sites and lie along the surface of the postsynaptic SBC, evident by their dense,
fuzzy appearance facing the synaptic cleft. Normal hearing cats show distinct dome-shaped PSDs.
In congenitally deaf cats, PSDs are abnormal, becoming flat and elongated. The endbulb of a
congenitally deaf cat that received electrical stimulation from a cochlear implant at a young age
exhibits synapses with normal morphology. Scale bars = 0.5 pm. (Adapted from Ryugo et al.,
2005; O’Neil et al., 2010)
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Fig. 8 Summary diagram illustrating endbulb of Held plasticity under conditions of normal
hearing, congenital deafness, and congenital deafness with cochlear implantation. Deafness results
in a reduction of terminal arborization and complexity. Endbulb synapses of deaf animals
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one can attribute the synaptic pathology to the lack of auditory nerve activity
caused by deafness. Third, the return of neural activity in the auditory nerve by
way of electrical stimulation restores synaptic morphology in the endbulb (Ryugo
et al., 2005).

Endbulbs were studied in congenitally deaf cats that were given implants at
3 and 6 months of age (Fig. 1; Ryugo et al., 2005; O’Neil et al., 2010). In young-
implanted animals, synapse restoration was evident in endbulbs ipsilateral to
stimulation (Fig. 7, bottom; Ryugo et al., 2005; O’Neil et al., 2010). PSDs returned
to their smaller size and were statistically identical to those of normal hearing cats.
The PSDs also regained their normal dome-shaped curvature. The endbulb itself
appears to regain some degree of its complexity; normal numbers of boutons are
observed, but they remain larger than those of normal cats (Fig. 8; O’Neil et al.,
2011). Modest improvements were also observed at synapses of the contralateral
auditory nerve, though the exact mechanism for this benefit remains unknown
(O’Neil et al., 2010). Synaptic recovery, however, was not observed in the late-
implanted, 6-month-old group (O’Neil et al., 2010). This result suggests that the
rescue of synapses may be possible only during the “critical” developmental period
preceding puberty, occurring around 6 months of age (Fig. 8), an observation with
clear clinical implications for implantation in children. The restoration of endbulb
synapses is hypothesized to represent the first link for the proper delivery of afferent
signals to the central auditory system in a timely, coherent, and synchronized way.

Curiously, electrical stimulation of auditory nerve fibers did not promote the
recovery of SBC soma size in deaf cats (O’Neil et al., 2010). This failure of
restoration by electrical stimulation mirrors observations made in the SG (Chen
et al., 2010). This has also been examined in ototoxic models of deafness (see
chapter by Leake, Stakhovskaya, and Rebscher), and as with observations on
peripheral benefits, the effects of electrical stimulation produced mixed results on
SBC size; some authors report small but positive benefits (Lustig et al., 1994;
Stakhovskaya et al., 2008), whereas others show no effect (Hultcrantz et al.,
1991; Ni et al., 1993; Ryugo et al., 2010). In addition, electrical stimulation appears
to largely restore the size of endbulb PSDs in ototoxically deafened cats, while
synaptic vesicle numbers remained reduced (Ryugo et al., 2010). Because SG
neurons die at a faster rate with ototoxic treatments compared to hereditary deaf-
ness (Anniko, 1985; Chen et al., 2010), it may be that ototoxic treatments not only
damage auditory receptors, but also SG neurons and central neurons, confounding
the benefits of stimulation. Hereditary deafness obviously represents a different
model than that of ototoxic deafness, so although the two models may provide
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Fig. 8 (continued) hypertrophy and lose their characteristic dome shape. Synaptic vesicle density
also increases. Electrical stimulation through a cochlear implant in young but not older cats
restores synaptic morphology. Synapses regain their dome shape and punctate distribution, and
synaptic vesicle density around the release site returns to normal. The endbulb itself partially
regains its highly branched arborization, but swellings do not return to the small size typical of
those in hearing cats. (Adapted from Redd et al., 2000; O’Neil et al., 2010, 2011)
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congruent data in many instances, it is not surprising that the separate animal
models sometimes yield different effects (Ryugo et al., 2010).

4.2.2 Other Cell Types

Though not as extensively studied as the endbulb, effects of congenital deafness
have also been observed in other cells of the cochlear nucleus. Pyramidal cells, one
of the principal cell types of the dorsal cochlear nucleus that gives rise to ascending
projections, were found to shrink by about 30% in silhouette area with deafness,
echoing observations with SBCs (Saada et al., 1996). This similarity comes despite
differences in sensory input: SBCs receive somatic endbulbs that cover up to 80%
of their surface (Lorente de N6, 1981), and spontaneous activity all but ceases with
deafness (Ryugo et al., 1998); pyramidal cells receive small endings from the
auditory nerve upon their basal dendrites (Ryugo & May, 1993), and spontaneous
activity continues unabated after nerve section (Koerber et al., 1966), likely due to
persistent input from other sources via granule cells (Mugnaini et al., 1980; Itoh
et al., 1987; Wright & Ryugo, 1996).

To explore whether other cell types that receive auditory nerve input are affected
by deafness the way that SBCs are affected by endbulb input, terminations on
globular bushy cells (GBCs) were examined (Fig. 9; Redd et al., 2000). GBCs are
the recipients of axosomatic terminals that are distributed in the vicinity of the
auditory nerve root. These complex but distinctly smaller endbulbs earned them the
nickname of “modified” endbulbs (Harrison & Irving, 1966; Lorente de No, 1981;
Rouiller et al., 1986). Modified endbulbs of congenitally deaf cats were 50%
smaller than those in normal hearing cats, but unchanged in structural complexity,
as measured by fractal analysis (Redd et al., 2000). GBC silhouette area was also
reduced by 13%. Electron microscopic analysis revealed synaptic changes similar
to observations in the endbulb of Held and spherical bushy cells: PSDs of modified
endbulbs were both hypertrophied and flattened and showed a complete loss of their
extracellular cisternae. Thus, similar yet distinct abnormalities are evident at two
primary axosomatic synapses of the auditory nerve in congenitally deaf white cats.

Primary bouton endings of the auditory nerve that synapse on type I and type 11
multipolar cells of the cochlear nucleus were also examined for deafness-related
changes (Fig. 10; Redd et al., 2002). As these endings were not as morphologically
distinct as endbulbs, it was necessary to classify them largely on the basis of the
upstream projections of their target neurons. Type I multipolar cells project to the
contralateral inferior colliculus and receive relatively few axosomatic terminals
(~15; Cant, 1982; Redd et al., 2002), whereas type II multipolar cells project to the
contralateral cochlear nucleus and receive more axosomatic terminals (~30;
Alibardi, 1998; Redd et al., 2002). Curiously, although multipolar cell bodies
were found to be smaller in congenitally deaf animals, no significant changes
were observed in obvious synaptic features (e.g., PSD size, synaptic vesicle density;
Redd et al., 2002). This observation is in stark contrast to the changes observed at
SBC and GBC synapses (Ryugo et al., 1997, 1998; Redd et al., 2000), indicating



Synaptic Organization and Plasticity in the Auditory System 105
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that different endings and target neurons show differential sensitivities to congeni-
tal deafness. The effects of electrical stimulation on non-SBC synapses of the
cochlear nucleus have yet to be fully examined.

4.3 Superior Olivary Complex

The superior olivary complex is home to a group of interrelated nuclei, including
the medial superior olive (MSO), lateral superior olive (LSO), and medial and
lateral nuclei of the trapezoid body (MNTB, LNTB), that are located on each
side of the ventral brain stem, medial to the cochlear nuclei (Schwartz, 1992).
Neurons in these structures are the first to receive and integrate information arising
from both ears. Binaural auditory pathways are important for processing sound
location, enhancing sound quality, and fostering better speech understanding.
The brain circuits that mediate these binaural functions for azimuthal localization
are initiated by two classes of auditory nerve endings, including the endbulb of
Held, that, in turn, establish two separate pathways in the brain stem. One circuit
mediates localization of lower frequency sounds by extracting interaural time
differences (ITDs) in the arrival of sound to each ear, whereas the other pathway
is specialized for higher frequency sounds using interaural level differences (ILDs).
The basic anatomical substrate for this duplex theory is elegant in its simplicity but
generally incorrect. Additional details have emerged regarding the fine structure of
synaptic connections and a prominent role for inhibition in this processing.
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Fig. 10 Summary diagram Type | Multipolar Cells
illustrating the effects of
deafness on type I and type II
multipolar cells in the
cochlear nucleus. Compared
to hearing cats, multipolar
cells are reduced in size and
there is a loss of cisternae. No
statistically significant
differences were found
between synapses of hearing
and deaf cats. (Adapted from
Redd et al., 2002)
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Although both pathways appear to be wired before hearing onset (Kandler & Friauf,
1993; Kil et al., 1995), studies of these circuits after unilateral cochlear ablations in
neonates also suggest a critical role of auditory experience for establishing mature
circuits (Kitzes et al., 1995; Russell & Moore, 1995; Kapfer et al., 2002).
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4.3.1 Maedial Superior Olive

The linkage of endbulbs and SBCs in the anteroventral cochlear nucleus has been
implicated in the ITD pathway. SBCs, in turn, send projections to the superior
olivary complex (Cant & Casseday, 1986), terminating on neurons of the ipsilateral
LSO and bilaterally on neurons of the MSO. In the MSO, the cell bodies of principal
neurons are arrayed as a vertical sheet with dendrites extending horizontally to each
side. Inputs from the ipsilateral cochlear nucleus terminate on lateral dendrites,
whereas inputs from the contralateral cochlear nucleus terminate on the medial
dendrites. This arrangement allows the principal cells of the MSO to process time-
locked synaptic input from both ears, with ipsilateral axonal delay lines systemati-
cally compensating for the extra travel time of the contralateral projection (Smith
et al., 1993). In this model, individual MSO cells serve as coincidence detectors for
different ITDs (Jeffress, 1948; Joris et al., 1998), creating a representation of the
azimuthal space.

It is becoming clear that glycinergic inhibition is also required for fine-tuning the
sensitivity of MSO cells (Grothe & Sanes, 1993; Magnusson et al., 2005; Zhou
et al., 2005; Chirila et al., 2007; Pecka et al., 2008). Inhibition arrives via
projections from the LNTB and MNTB that are driven by sounds arriving to the
ipsilateral and contralateral ears, respectively (Cant & Hyson, 1992; Kuwabara &
Zook, 1992). Sensitivity to ITDs is refined during early auditory experience (Seidl
& Grothe, 2005), as is the projection pattern of inhibitory inputs, which are initially
distributed on the somata and dendrites, but become largely confined to the somata
after experience and maturation (Kapfer et al., 2002). This pattern mirrors the
developmental change in the control of synaptic transmission of MSO inputs by
y-aminobutyric acid B (GABAg) receptors (Hassfurth et al., 2010). Before hearing
onset, GABAGg receptors have their largest effect on excitatory transmission, but in
mature animals these receptors control inhibition of MSO cells. As with inhibitory
inputs, the location of this control shifts from dendrites to the soma with auditory
experience (Hassfurth et al., 2010). Significantly, animals raised in an altered sound
environment that obfuscates I'TD cues, as well as species that do not utilize ITDs for
sound localization, fail to exhibit these refinements (Kapfer et al., 2002; Seidl &
Grothe, 2005; Werthat et al., 2008), highlighting the importance of normal sensory
experience for the proper maturation of circuits.

Studies on experience-dependent plasticity and development of the MSO have
largely utilized rodent models with cochlear ablations, although some observations
have also been made in congenitally deaf white cats. Early reports have identified a
reduction in the size of MSO cells in deaf animals (West & Harrison, 1973;
Schwartz & Higa, 1982), consistent with findings in the cochlear nucleus. Electron
microscopy has also been used to identify differences in synaptic excitation and/or
inhibition on MSO cells. As with rodents, MSO cells of the normal hearing cat
exhibit roughly equal proportions of excitatory and inhibitory terminals on the
soma, but receive mostly excitatory with few inhibitory terminals on the dendrites
(Fig. 11, top; Clark, 1969; Tirko & Ryugo, 2012). One study has suggested that in
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Fig. 11 Schematic summary of the distribution and size of input terminals to the principal cells of
the MSO. In normal hearing cats, there is an approximately even split of excitatory (+) and
inhibitory (—) terminals on the cell body, with mostly excitatory inputs to the dendrites. With
congenital deafness, the size of the MSO cell body and input terminals shrink. The relative number
of inhibitory terminals is reduced on the cell body and vanishes on the dendrites. The introduction
of activity to the auditory system via cochlear implants restores the distribution of inhibitory
terminals to the neurons and partially restores terminal size. (Adapted from Tirko & Ryugo, 2012)

congenitally deaf cats there is a decrease in the number and size of axosomatic
terminals on MSO cells (Schwartz & Higa, 1982), though the excitatory and/or
inhibitory nature of these projections was not examined.

More recently, observations were made on principal MSO cells of congenitally
deaf and electrically stimulated white cats (Tirko & Ryugo, 2012). Deafness results
in a stark disruption of inhibitory terminals on MSO cells (Fig. 11, middle); the
proportion of inhibitory axosomatic terminals was reduced to around 25%, and
virtually no inhibitory axodendritic terminals were observed. In addition, excitatory
axodendritic boutons were significantly reduced in size. Three months of electrical
stimulation of the auditory nerve, via cochlear implantation, rescued all of these
parameters (Fig. 11, bottom); inhibitory terminals were restored to their former
proportions, and excitatory boutons were statistically identical to those of normal
cats. Importantly, pathological symptoms in the MSO were already present in deaf
kittens at 3 months of age, the time at which implantation was performed. These
results demonstrate that deafness has a definite impact on the balance of excitation
and inhibition in the MSQO, a finding with implications for processing of ITD cues.
Moreover, electrical stimulation through cochlear implants exerts a powerful effect
on the restoration of this balance.
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4.3.2 Lateral Superior Olive

The LSO is involved in processing ILDs (Tollin, 2003). This circuit compares the
difference in sound intensity between the two ears, exploiting the “shadow” cast by
the head upon the sound arriving at the ear farther from the sound source. ILDs are
encoded by integrating both excitatory input from ipsilateral SBCs of the cochlear
nucleus and inhibitory glycinergic input from the MNTB. The MNTB receives
excitatory input from contralateral GBCs of the cochlear nucleus driven, in turn, by
modified endbulbs of the auditory nerve. These complementary inputs to LSO
neurons are tonotopically organized, allowing for bilateral intensity comparisons
to be made on a frequency-specific basis (Kandler et al., 2009).

As with the MSO, response properties of LSO neurons appear to mature after the
onset of hearing (Sanes & Rubel, 1988). During this developmental period there is
significant pruning of both the dendritic arborization of LSO cells (Sanes et al.,
1992a; Rietzel & Friauf, 1998), as well as the terminal fields of excitatory and
inhibitory inputs (Sanes & Siverls, 1991; Sanes, 1993; Kim & Kandler, 2003). This
refinement appears to take place along the tonotopic axis of the LSO, creating a
precise tonotopic representation of ILDs. Changes in synaptic response profiles
might contribute to this rearrangement, as glycinergic inputs to the LSO are initially
depolarizing in neonates before hearing onset (Kandler & Friauf, 1995). Unilateral
cochlear ablations have been shown to limit the refinement of both input arbors and
target dendrites in the LSO, further emphasizing the activity dependence of devel-
opment (Sanes et al., 1992b; Sanes & Takacs, 1993).

The effects of congenital deafness on LSO neurons of deaf white cats are
generally unknown other than an observation that cell sizes are reduced (West &
Harrison, 1973). A recent report, however, has investigated the LSO of the congeni-
tally deaf (dn/dn) mouse (Couchman et al., 2011). In these mice, there is a lack of the
tonotopic refinement of single- vs. multiple-firing neurons found in normal animals,
but other response properties appear to be unchanged. Curiously, it appears that
inhibitory glycinergic synapses develop normally in these mice—inferred by the
distribution and morphology of gephyrin clusters—despite the lack of sound-driven
activity. This result is unexpected, given changes in inhibition associated with
deafness in the MSO (Tirko & Ryugo, 2012). This disparity may reflect differences
in the way circuits are initially formed in the LSO and MSO after auditory experi-
ence. A potential confound in this comparison is the finding of spontaneous activity
in the ventral cochlear nucleus of these deaf mice (Youssoufian et al., 2008), an
unexpected finding given the classic view on the effects of silencing the auditory
nerve (Koerber et al., 1966). This spontaneous activity could suggest that some hair
cells might survive and that afferent circuits are not absolutely silent. The latent
spontaneous activity, even if abnormal, could initiate some normal synaptic devel-
opment. Further investigations are needed to explain these variations in the ILD
circuit of these different species.
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4.3.3 Medial Nucleus of the Trapezoid Body

The MNTB plays an important role in sound localization pathways by providing
temporally precise inhibition to neurons of the MSO and LSO. This nucleus is home
to the calyx of Held (Held, 1893), a giant presynaptic terminal that arises from
GBC:s of the contralateral cochlear nucleus. The calyx is considered to be the fastest
and most secure synapse in the brain (Forsythe & Barnes-Davies, 1993), activating
principal cells of the MNTB and facilitating the delivery of well-timed inhibition to
binaural nuclei for sound localization. The development and morphology of the
calyx (Kandler & Friauf, 1993) is remarkably similar to that of the endbulb of Held
in the cochlear nucleus (Ryugo & Fekete, 1982), although the developmental
fenestration of the calyx seems to occur sequentially along the tonotopic axis of
the MNTB (Ford et al., 2009).

With two separate synapses in the auditory pathway sharing morphological
similarities, it is tempting to speculate that the consequences of congenital deaf-
ness on endbulbs are propagated to the calyx as well. In the gerbil, sensory
deafferentation via cochlear ablation or ototoxic drugs appears to slightly alter
calyx development (Ford et al., 2009). Animals examined shortly after the age of
hearing onset reveal calyces with varying degrees of complexity or fenestration,
similar to normal hearing controls. However, the degree of fenestration is no
longer graded over the tonotopic axis, but is instead uniformly distributed
throughout the MNTB. Although suggestive, this finding does not exclude the
possibility that each calyx will continue to mature with age, despite the lack of
sensory input. Indeed, this situation occurs with congenitally deaf (dn/dn) mice
(Youssoufian et al., 2008). Immature mice, as with gerbils, show varying degrees
of complexity in calyx morphology. Slightly older but still immature deaf animals,
however, exhibit calyx fenestrations and volumes indistinguishable from those of
normal hearing mice, and also maintain a normal capacity for synaptic transmis-
sion (Oleskevich et al., 2004). For comparison, it is worth noting that endbulb
volume in the cochlear nucleus decreases with deafness in these animals
(Youssoufian et al., 2008), echoing results in the cat (Ryugo et al., 1997).
Interestingly, despite the apparent preservation of the calyx, the effects of
deafness on the MNTB are evident by the elimination of tonotopic gradients
of voltage-dependent channels, potentially interrupting intrinsic neuronal
mechanisms for generating time-delay gradients (Leao et al., 2006). As with
findings in the LSO of these congenitally deaf mice, a potential confound is the
appearance of some spontaneous activity in the ventral cochlear nucleus, which
suggests the survival of some sensory receptor cells may contribute to the matu-
ration of this circuit (Youssoufian et al., 2008).

These results from other animal models imply that, despite many similarities, the
consequences of deafness may differ at different synapses in the brain. The fate of
the calyx of Held in congenitally deaf white cats remains unknown, and synaptic
changes at the ultrastructural level have yet to be examined.
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4.4 Inferior Colliculus

The inferior colliculus is a large midbrain structure with three principal
subdivisions and a complex organization (Winer & Schreiner, 2005). The dorsal
and lateral cortices form a “rind” around a core central nucleus (Morest & Oliver,
1984; Winer, 2006). The central nucleus is tonotopically organized and receives
ascending auditory input from the cochlear nucleus, superior olivary complex, and
nuclei of the lateral lemniscus, as well as descending inputs from the auditory
cortex and superior colliculus (Roth et al., 1978; Adams, 1979; Andersen et al.,
1980). It is the synaptic station for nearly all auditory information ascending to or
descending from the forebrain.

The inferior colliculus retains a rudimentary cochleotopic organization in long-
term deafened animals (Snyder et al., 1990; Shepherd et al., 1999). The preserva-
tion of this organization may be due in part to the general retention of normal
ascending projections to the midbrain, despite the absence of auditory experience,
such as in deafened ferrets (Moore, 1990) or congenitally deaf cats (Heid et al.,
1997). The development and maintenance of projections to the midbrain in deafness
hint at the power of the genetic blueprint (Young & Rubel, 1986; Friauf & Kandler,
1990). Some circuits, however, fail to differentiate fully without sensory input, such
as inputs from the dorsal nucleus of the lateral lemniscus that no longer exhibit their
typical banded projection pattern in deafferented rats (Franklin et al., 2008).

Synaptic abnormalities are suggested by the functional deficits in neurons in the
central nucleus of inferior colliculus. Electrical stimulation of the auditory nerve in
cats that were ototoxically deafened from birth showed impaired temporal
responses such as longer latencies, increased jitter, and a poorer ability to follow
rapidly repeating stimuli (Snyder et al., 1995; Shepherd et al., 1999; Vollmer et al.,
2005). These results were clearly due to long-term deafness, rather than a conse-
quence of artificial electrical stimulation, as control subjects were deafened just
before experimentation and failed to show the same deficits. Given these results, it
is of little surprise that congenitally deaf white cats show a reduced sensitivity to
ITDs (Hancock et al., 2010). To simulate ITDs in these animals, temporally precise
current pulses were delivered to each ear using bilateral implants. Single-unit data
in the inferior colliculus of congenitally deaf cats showed that only 48% of units
were sensitive to ITDs compared to 84% of units from acutely deafened animals.
For neurons that did show ITD sensitivity, ITD tuning was less sharp and best
ITDs were variable, resulting in deficient coding within the natural range of
ITDs for a cat.

Can the processing deficits of the inferior colliculus be attributed to altered
synapse morphology? Do abnormalities occur in the inferior colliculus, or are they
manifestations of deafness-induced changes known to occur in lower structures?
Cochlear ablations in rats can cause changes in the gene expression of proteins
related to neurotransmission in the midbrain (Holt et al., 2005), and cell size and
synaptic density are found to be significantly reduced in the midbrain of
ototoxically deafened cats (Hardie et al., 1998; Nishiyama et al., 2000). Further
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morphological and functional details regarding any pathology in these midbrain
synapses, however, remain unknown. Additional studies are needed to understand
fully the consequences of deafness on the circuitry of the inferior colliculus.

4.5 Auditory Cortex

The auditory cortex marks the end of the ascending auditory pathway, though the
myriad of intracortical circuits make it difficult to distinguish exactly where the
ascending pathways stop and the descending pathways begin. Auditory cortex is
assumed to contribute heavily to the rise of sound perception and comprises many
subregions with various processing functions (Winer & Schreiner, 2011). Ascend-
ing auditory information arrives to the cortex by way of thalamocortical projections
(Winer, 2011), and many cortical areas exhibit some degree of tonotopic organiza-
tion (Schreiner & Winer, 2007). Cortical neurons exhibit extensive forebrain
connectivity (Winer, 2011), and also send descending projections of varying num-
ber to many subcortical auditory nuclei, as well as some non-auditory structures
(Malmierca & Ryugo, 2011). With the arguable exception of the cochlear nuclei, no
other central auditory structure has been as extensively studied in the congenitally
deaf white cat as the cortex (e.g., Hartmann et al., 1997; Klinke et al., 1999; Kral
et al., 2005). Reports have largely focused on cortical response properties, and
therefore synaptic consequences can only be inferred (Kral et al., 2001). Much of
this work is covered in the chapter by Kral, Baumhoff, and Shepherd and is briefly
summarized here.

Auditory cortex of the congenitally deaf cat retains aspects of ascending input
circuitry. Electrical stimulation of the auditory nerve produces clear cortical
activations, and has been used to reveal a rudimentary cochleotopic organization
(Hartmann et al., 1997) as well as a latent, albeit diminished, sensitivity to ITDs
(Tillein et al., 2010). Deafness also affects cortical spatiotemporal response dynam-
ics and contralateral dominance (Kral et al., 2009). Current source density analysis
of evoked local field potentials shows significant deficiencies in the layer-specific
activation patterns of deaf adults, especially in deeper layers (Kral et al., 2000), and
this activation pattern develops in an abnormal fashion over the first few postnatal
months (Kral et al., 2005). Cochlear implantation of young (Klinke et al., 1999), but
not older (Kral et al., 2001), cats results in cortical recruitment indicative of more
normal processing, including sound-evoked behaviors, and the amount of recruit-
ment correlates with age (Kral et al., 2002).

What are the relative contributions of synaptic aberrations in the forebrain and
subcortical structures that together manifest as altered cortical functionality in con-
genitally deaf cats? Are some of the observed effects the result of the propagation of
poorly encoded signals, beginning with the cochlear nucleus? This question remains
unanswered, and efforts are underway to investigate synaptic changes in the cortex of
experimentally deafened rodents (see the chapter by Sanes; Sanes & Kotak, 2011).
As with brain stem nuclei (Takesian et al., 2009), sensorineural hearing loss results in
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significant alterations of inhibitory cortical circuitry (Kotak et al., 2008; Sarro et al.,
2008). This circumstance can have severe consequences from the outset, as the
balance of excitation and inhibition is crucial during development for the formation
of normal cortical receptive fields and other response properties (Froemke & Jones,
2011). As with preceding structures in the auditory pathway, it is clear that the
establishment of normal cortical processing capabilities is experience dependent,
and the use of electrical stimulation in congenitally deaf subjects must be introduced
at an early age for maximum benefit.

5 Functional Outcomes

The concept of the critical period describes biological phenomena that occur or are
most severely affected within a limited time window of development. This has been
elegantly demonstrated by the imprinting experiments of Lorenz (1935) and applied
to observations such as cortical barrel plasticity (Van der Loos & Woolsey, 1973;
Weller & Johnson, 1975), the surgical repair of monocular amblyopia (Raviola &
Wiesel, 1985), birdsong acquisition (Konishi, 1985), and the functional maturation
of auditory cortex (Chang & Merzenich, 2003; de Villers-Sidani et al., 2007).
Clinical reports indicate that young children receiving cochlear implants gain
superior benefits when compared to older children and adults, drawing support
for the idea of a critical period for the proper maturation of hearing (Gantz et al.,
1994; Waltzman et al., 1994; Tyler & Summerfield, 1996; reviewed by Francis &
Niparko, 2003). Decades of research from animal models of deafness clearly
demonstrate a need for auditory experience from an early age for the initial
formation of precise synaptic structure, functional organization, and proper distri-
bution of terminals all along the ascending auditory pathways.

Timing cues are critical for recognizing speech in conditions where spectral
content is severely degraded (Shannon et al., 1995). In congenitally deaf cats,
temporal information is corrupted at the first synapse by malformations of the
endbulb (Ryugo et al., 1997, 1998) and presumably exacerbated further by the
inappropriate balance of excitation and inhibition in the MSO (Tirko & Ryugo,
2012). Electrical stimulation has revealed some of the consequences of these, and
likely other, synaptic deficits: impaired processing of ITD cues in the inferior
colliculus (Hancock et al., 2010) and reduced and smeared responses in the auditory
cortex (Kral et al., 2000). Implant-induced synaptic plasticity can restore some of
these morphological and physiological impairments, but, at least in deaf white cats,
only if performed within the developmental period preceding puberty (Kral et al.,
2001; O’Neil et al., 2010), echoing clinical observations with children (Francis &
Niparko, 2003; Kral & Sharma, 2012).

Implantation, however, does not yet restore all functionality in hearing. In
implanted cats, electrically evoked ABR waveforms are somewhat delayed and
flattened relative to normal hearing cats (Kretzmer et al., 2004). This pathologic
waveform suggests diminished synchrony in the evoked responses, perhaps caused
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by an increase in transmission jitter failure. It is possible, however, that stimulation
for a longer period would have resulted in more normal responses. Clinical evi-
dence shows that patients with bilateral implants regain some benefits of binaural
hearing, such as sound localization and improved speech perception in noisy
environments, but are still largely unable to use ITD cues, instead relying dispro-
portionately on ILD signals (van Hoesel, 2004; Seeber & Fastl, 2008). Further, this
inability is graded with the age at onset of deafness: Patients who lost their hearing
later in life showed some sensitivity to [TDs, whereas those who became deaf early
were largely insensitive to ITDs (Litovsky et al., 2010). Measures of ABR
responses in young children also show prolonged latencies in the responses between
the two ears when the second implant is received more than two years after the first
(Gordon et al., 2008). These results support the idea that the proper maturation of
binaural pathways is dependent on auditory experience from both ears.

6 Summary

Decades of research have uncovered remarkable reorganization and synaptic plas-
ticity in the auditory system. From the high-fidelity synapses of the endbulbs of
Held, to the coincidence detecting neurons of the medial superior olive, the auditory
pathway has developed uniquely specialized neural connections that allow
organisms to efficiently understand the auditory landscape. These synaptic
connections are exceptionally receptive to auditory deprivation and stimulation.
The congenitally deaf white cat has proven to be an excellent model for studying
the consequences of sensorineural deafness from birth, particularly given the vast
amount of literature available for comparison dedicated to the normal hearing cat.
Hearing loss results not only in peripheral damage, but also in abnormal develop-
ment throughout the auditory system, beginning with the first synapse in the
brain stem. This aberrant circuitry produces substantial functional deficits,
such as impairments in temporal processing in the midbrain and cortex. The cat
is also amenable to cochlear implantation, facilitating investigations into the restor-
ative effects of reintroducing electrical activity to the auditory system. Electrical
stimulation shows benefits in synaptic plasticity, leading to more normal synaptic
morphology in key structures such as the endbulb of Held and improvements in
cortical responses. Most importantly, implantation has positive effects on sound-
evoked behavior. These benefits, however, are susceptible to age-dependent plas-
ticity. Implantation after a critical period of development leads to limited benefits,
as the abnormal circuitry has largely matured. Experimental results in congenitally
deaf white cats both inform and reflect observations in the clinic, demonstrating a
link from bench to bedside. Many questions, however, remain to be answered: What
are the morphological consequences of deafness throughout the central auditory
system? What are the effects of implantation on other synapses of the cochlear
nucleus? The LSO? The midbrain and forebrain? Does deafness alter descending
circuitry in the auditory system? Is a complete restoration of auditory function even
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possible, given that some aspects of degeneration appear to begin in the womb? To
what degree are the benefits of implantation observed at higher auditory centers due
solely to the restoration of brain stem synapses? Can revised stimulation and/or
training protocols improve the benefits of implantation? How might we address
current limitations with cochlear implant devices, such as speech comprehension in
noise and the ability to enjoy music? The fact that we can even pose these questions
reveals how far we have come in addressing deafness and its rehabilitation. At the
same time, it exposes how much further we have yet to go. Young researchers
entering the field should be encouraged by the wide-open nature of the research that
lies waiting. Anatomy and physiology must be melded with investigations utilizing
molecular biology, bioinformatics, and genetics. No single discipline can expect to
solve the myriad of issues involved in communication and its disorders.
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