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Abstract

Cochlear implants have helped many profoundly deaf individuals regain auditory

communication.  However, the extent to which hearing is restored is variable, and may

depend on fundamental changes to the auditory pathways following deafness.  In the

present study, I used the congenitally deaf white cat to explore cochlear and auditory

nerve structures following cochlear implant use.  Many white cats are congenitally deaf

from birth, and this was confirmed using auditory brainstem potentials in cats used for

this study.  These congenitally deaf cats exhibit a lack of spike activity in the auditory

nerve, and abnormalities in a specialized auditory nerve ending called the endbulb of

Held (Ryugo et al 1996, Ryugo et al 1998).  Cochlear implants (Clarion 1.2 or II,

Advanced Bionics) were placed in six congenitally deaf cats, and auditory nerve endings

and spiral ganglion neurons were examined using light and electron microscopy.

Auditory nerve endings originating in the stimulated cochlea appeared similar to those

from normal hearing cats.  This result suggests that auditory nerve activity early in life

can restore normal synaptic function in the congenitally deaf animal.  Surprisingly,

auditory nerve endings originating in the contralateral cochlea, which were not directly

stimulated, exhibited an intermediate phenotype, similar to that found in cats with

elevated hearing thresholds.  This intermediate phenotype was not found in a cat who

received a non-functional implant.  This result suggests widespread, top-down, bilateral

effects of the cochlear implant, perhaps lengthening the efficacy window for a second

implant.  The spiral ganglion neurons of the cochlea did not show an effect of

stimulation in terms of total neuron number or neuron size.  This is consistent with the
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finding that degree of spiral ganglion neuron survival is not closely related to clinical

benefit from a cochlear implant.  Taken together, these results demonstrate that positive

effects of cochlear implantation occur at the earliest auditory synapse in the central

nervous system.  The implication for clinicians is that a single cochlear implant is an

intervention which prevents abnormal central development.  The bilateral effects imply

that a single implant primes the contralateral nerve for a second implant.

Read by the thesis committee:  Paul Fuchs, chair; David K. Ryugo, advisor; Howard

Francis, reader; and Brad May.
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Preface

The results described in Chapters 2 and 3 were published in a different form

(Kretzmer et al., 2004 and Ryugo, Kretzmer and Niparko, 2005).  The findings

described in Chapters 4 and 5 are being prepared for publication.
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Chapter 1: Introduction

1.1 The problem

Historically, deafness was considered a permanent handicap, and deaf

individuals faced communication barriers and discrimination.  American Sign Language

and its predecessors allowed the formation of communities of deaf individuals.

Although many deaf people led rich and satisfying lives, communication with non-

signing individuals remained a major challenge (Northern and Downs, 1991).  A growth

in the understanding of the central auditory nervous system coupled with a desire to

“cure deafness” led to the development of the cochlear implant (Niparkoet al., 2000).

During the 1960s and 70s, a single channel electrode was implanted in more than 1000

deaf adults.  During this same period, a multichannel electrode was being developed in

Australia.  Through the 1990s, basic and clinical science advanced implant technology

and speech processors so that quite high performance levels have been achieved.

Today, cochlear implantation is an important treatment option for profound

deafness.  Children who receive a cochlear implant at an early age are often able to learn

auditory language.  However, variability in cochlear implant outcomes remains a

challenge.  Success with a cochlear implant correlates negatively with duration of

deafness (Blamey et al., 1996) and age at implantation (Sharma et al., 2005).

Furthermore, a subset of recipients is unable to obtain significant benefit from their

implant.  Some change must occur during deafness to prevent effective use of electrical

stimulation of the cochlea in these individuals.
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1.2 Neural plasticity following cochlear implant

Several potential substrates of auditory system plasticity have been examined.

The structures examined included areas known to be pathologically affected by

deafness, such as the spiral ganglion, inferior colliculus, and auditory cortex.  These

studies have provided a background for understanding the limits of auditory system

plasticity in young and adult animals.

Cerebral cortex is widely believed to be critical for cognitive functions such as

speech.  Klinke's group measured cortical activity with electrodes in deaf cats during

acute electrical intracochlear stimulation of the auditory nerve.  They described

decreased activity in deaf cats compared to acutely deafened controls.  Specifically,

auditory association areas peripheral to primary auditory cortex were not active in

congenitally deaf cats, suggesting decreased cortico-cortical connectivity in the long-

term deaf animal.  They also found an increase in cortical area activated by electrical

stimulation in cats that wore cochlear implants and processors for several months

(Klinke et al., 1999).  This observation suggests that auditory cortex is recruited for

auditory processing after experience with the cochlear implant.

The cortex receives input from lower levels of the auditory pathway.  Changes at

these levels are likely to be propagated to the cortex.  In the deaf animal, structural

abnormalities are found at lower levels of the auditory system, including the brain stem.

These loci have also been examined for their plasticity following cochlear implant.

Neurons in the cochlea and cochlear nucleus have been examined for gross

effects following cochlear implants.  Cochlear implants reverse deafness by electrically

stimulating the auditory nerve.  The auditory nerve conducts information from the spiral
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ganglion neurons of the cochlea to the first central auditory relay, the cochlear nucleus.

The cell bodies of spiral ganglion cells are directly stimulated by the implant (Cartee et

al., 2000).

Whether the health of spiral ganglion neurons is improved by cochlear

stimulation has been the subject of some controversy.  In the deaf cat, two groups

showed reduced rate of ganglion cell loss with electrical stimulation (Leake et al., 1999;

Hartshorn et al., 1991).  Another group showed no change in the rate of ganglion cell

loss, or even a reduction in neuron number (Araki et al., 1998).  In neonatally deafened,

adult-implanted cats, there was reduced cell survival in the implanted ear (Vollmer et

al., 2005).  Thus, there is no accepted consensus regarding the effects of stimulation on

ganglion cell survival.

The auditory nerve ramifies extensively and exclusively in the ipsilateral

cochlear nucleus.  Several groups have examined the effects of cochlear implantation on

cells of the cochlear nucleus (Matsushima et al., 1991; Chao et al., 2002; Lustig et al.,

1994).  Deafness causes a reduction in cochlear nucleus volume due to neuronal atrophy

between deaf and hearing animals.  Most groups found no difference between the

cochlear nucleus ipsilateral and contralateral to the cochlear implant, as well as in the

cochlear nucleus of untreated deaf animals (e.g., Matsushima et al., 1991).  Similarly,

nucleus volume and cell size did not change in adult patients treated with cochlear

implant for adult onset deafness (Chao et al., 2002).  In contrast, some animal models

have shown increased neuron size in the anteroventral cochlear nucleus (AVCN)

ipsilateral to a cochlear implant (Lustig et al., 1994; Kawano et al., 1996, 1997).  There
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is no general consensus regarding the trophic effects of electrical stimulation on second

order neuronal size.

In the cochlear nucleus, spherical bushy cells play an important role in

transmitting and refining fine details of the temporal structure of auditory inputs.  The

primary input to the spherical cell is a large axosomatic terminal, the endbulb of Held,

arising from the anterior branch of auditory nerve fibers.  The endbulb is a large claw-

like axon terminal that clasps the spherical cell (Lenn and Reese, 1966; Ryugo and

Fekete, 1982).  A single endbulb makes thousands of synaptic contacts (Ryugo et al.,

1996).  Because of the large number of synaptic contacts, a spike in the endbulb almost

always leads to a post-synaptic spike in the bushy cell.  Several endbulbs converge onto

a single spherical cell.  In the normal cat, spikes in auditory nerve fibers are correlated

with the phase of sound stimuli.  As a result, phase locking of spherical cells to sound

stimuli is better than that of single auditory nerve fibers (Babalian et al., 2003).

The unique shape of the endbulb and its location with respect to the postsynaptic

cell suggest special functional importance.  It is hypothesized that these endings ensure

that neural activity is tightly coupled in time to acoustic events.  Circuits that use

endbulbs are thought to preserve rapid transients used in communication signals (Kiang

et al., 1965) and are thought to play a critical role in temporal processing, sound

localization, and perception of pitch.  The ability to perceive small differences in timing

has been demonstrated to be correlated with speech perception (Tallal et al., 1996),

although the precise mechanisms of speech perception are unclear.

The endbulb contains significant defects in deaf animals.  Anatomic defects

include reduced branching across the bushy cell surface, which implies that less of the
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somatic surface is contacted by each endbulb.  Smaller contact area may result in a more

localized effect of neurotransmitter and less effective neurotransmission.

Ultrastructurally, endbulbs in deaf animals are marked by an increase in post-synaptic

density area and a lack of synaptic vesicles (Gulley et al., 1978; Ryugo et al., 1997; Lee

et al., 2003).  These changes are likely to impair fast and repetitive synaptic

transmission and to distort the fine temporal features of sound at downstream auditory

centers.

1.3 Post-synaptic densities reflect activity at the synapse

Beyond its significance for cochlear implant research, the congenitally deaf cat

provides a unique model to study the effects of spike activity on synapse maturation.

Auditory nerve fibers typically exhibit a range of spontaneous activity from 0 to 100

spikes per second, and most fibers exhibit some spontaneous activity (Kiang et al.,

1965).  In contrast, most auditory nerve fibers in the deaf cat exhibit no spontaneous

activity (Ryugo et al., 1998).  Despite this lack of activity, the topography of the

projection of individual auditory nerve fibers is preserved (Leake et al., 2002).

The size and shape of post-synaptic densities (PSDs) have been related to the

strength of the synapse.  The PSD contains neurotransmitter receptors and associated

signaling molecules, and is one locus of synaptic plasticity at a variety of synapses (e.g.

Kennedy, 2000).  Increased PSD area is correlated with changes in synaptic strength at a

glutamatergic synapse in the hippocampus (Murthy et al., 2001).

In conjunction with increased PSD size, congenitally deaf mice exhibit

abnormally large post-synaptic potentials and increased paired-pulse depression (dn/dn,
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Oleskevich et al., 2002; 2004).  Thus, the anatomic abnormalities can be related to

impairment of synaptic transmission in the active synapse.  Because these abnormalities

occur at an early stage of auditory processing, they are likely to be reflected at higher

auditory centers.

1.4 Overview of experiments

In these experiments, I investigated the degree to which spike activity in the

auditory nerve can maintain normal anatomy of spiral ganglion neurons and their

synapses in the cochlear nucleus.  First, I worked with a team of surgeons and

audiologists to develop a cochlear implantation and stimulation protocol for deaf white

cats that resembles the stimulation received by human infants (Chapter 2).  Then, I

examined synapses of the auditory nerve ipsilateral to stimulation with a cochlear

implant, and compared them to those from deaf and hearing cats (Chapter 3).  Next I

examined endings contralateral to the stimulation.  Strikingly, effects were observed in

these endings, which were not stimulated directly.  To control for effects of surgical

manipulation and environment, synapses in a cat who received a non-functional implant

were observed.  Synapses in the implanted but unstimulated cat appeared similar to

those from deaf cats (Chapter 4).  Finally, I observed the number and size of the

originating spiral ganglion neurons in the cochlea.  The spiral ganglion population was

highly variable in the cochleae examined, and stimulated cochleae did not always show

greater spiral ganglion neuron survival (Chapter 5).  These results demonstrate that early

cochlear implantation can have restorative effects at the earliest synapses in the auditory
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pathway, and that descending or commissural pathways mediate bilateral changes with a

unilateral cochlear implant.
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Chapter 2: Cochlear implant in the deaf white cat

2.1 Introduction

It has long been known that sensory deprivation in the developing animal has a

profound effect on the maturation of brain structure and function.  For example,

covering one eye of a kitten causes the cortical projections of the uncovered eye to

expand into the covered eye's territory (Wiesel 1982).  When the eye is uncovered,

visual cortex remains unresponsive, and the animal is functionally blind in the deprived

eye.  These results resemble amblyopia caused by pathologic monocular occlusion in

human infants, and these observations led to early intervention to prevent permanent

amblyopia in these infants (e.g., von Noorden, 1973).  These and similar kinds of

observations have generated the idea that there is a critical period during development

when the central nervous system needs environmental stimulation.

Studies of auditory deprivation have been difficult because complete deafening

procedures are irreversible and simple occlusion does not eliminate spontaneous activity

in the auditory nerve.  However, a crude form of activity can be restored in the

completely silent auditory system with a cochlear implant.  Clinical experience with

cochlear implants suggests that there is a sensitive period for auditory development.

Postlingually deafened adults have the best outcomes after cochlear implantation,

presumably because their deafness occurred after the critical developmental period for

spoken language.  Prelingually deafened adults have great difficulty achieving

acceptable aural communication skills.  Among children, success is negatively

correlated with age at implantation and length of deafness.  These observations imply
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that childhood deafness introduces developmental abnormalities in the central nervous

system that are expressed as an inability to process auditory stimuli as an adult (NIH,

1995; Francis and Niparko, 2003).  Our research has been directed at understanding the

changes that occur in the auditory system during the critical period for auditory

development.

Animal models of congenital sensorineural deafness are an important

experimental tool to elucidate the central auditory consequences of deafness and

cochlear implantation.  Congenitally deaf white cats are one such model.  Deaf white

cats exhibit abnormal inner ear structure, resulting in complete sensorineural deafness

from birth.  The genetic cause of this deafness is unknown.  At birth, cochlear structure

is typical.  Hair cells are present, although the organ of Corti is not yet developed

enough to transmit sound.  Progressive degeneration of hair cells in the deaf white cat

cochlea occurs over the first few days of life, prior to the onset of hearing.  The white

cat is a good model of congenital deafness because the animals never gain auditory

function, because there are no co-morbidities, and because cats are the right size and

temperament for behavioral and physiologic studies, including cochlear implants.

Although hair cells degenerate, spiral ganglion cells are generally present in

young deaf white cats.  Progressive degeneration of spiral ganglion cells occurs over the

first few years of life (Mair, 1973).  In these deaf cats, there is no detectible spontaneous

activity in the auditory nerve (Ryugo et al., 1997).  Along with the lack of spontaneous

electrical activity, changes develop in a unique presynaptic specialization, the endbulb

of Held, which marks the termination of auditory nerve fibers in the cochlear nucleus

(Lorente de Nó, 1981; Ryugo and Parks 2003).  The unique shape of the endbulb and its
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location with respect to the postsynaptic cell suggest special functional importance.  It is

hypothesized that these endings ensure that neural activity is tightly coupled in time to

acoustic events.  Circuits that use endbulbs are thought to preserve rapid transients used

in communication signals (Kiang et al., 1965) and are thought to play a critical role in

temporal processing, sound localization, and perception of pitch.

Deafness has a prominent effect on the morphology of the endbulbs of Held.  It

appears that branching complexity in endbulbs is associated with hearing sensitivity.

Endbulbs of normal hearing cats are highly branched, whereas those cats with

progressively poorer hearing are smaller and less branched (Ryugo et al., 1998).

Electron microscopy revealed that the endbulbs of deaf cats contain far fewer synaptic

vesicles, and a slightly increased mitochondrial volume fraction.  Furthermore, the

synapses of deaf cats are significantly longer and flatter than those of hearing cats, and

the postsynaptic material appears thicker (Ryugo et al., 1998; Figure 2.1).  The

postsynaptic cell seems to compensate for lack of activity by an upregulation of synaptic

area and an increase in material on the postsynaptic side.  Such a response might ensure

that the postsynaptic cell will not miss any transmitter released by the presynaptic

ending.  On the other hand, abnormalities such as reduced synaptic vesicle density

suggest that silent endbulbs become ineffective at reproducing rapid signals from the

auditory nerve.

An examination of the endbulbs in another congenitally deaf animal, the

shaker-2 mouse, suggests that the synaptic phenotype results from deafness and not the

deaf white cat syndrome.  The shaker-2 mouse is deaf due to a point mutation that

affects myosin-15, a protein expressed primarily in stereocilia of the cochlear hair cell
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(Friedman et al., 1999).  The endbulbs of heterozygous (hearing) shaker-2 mice

resemble those of normal hearing mice, cats and other mammals.  In contrast,

homozygous (deaf) shaker-2 mice exhibit sparsely branched endbulbs, resembling those

of the deaf white cat.  At the electron microscope level, clear differences in synaptic

structure are apparent in affected mice.  The hearing mice have distinct, punctate

synapses, whereas the mutant deaf mice have larger synapses.  Comparing the size and

distribution of the postsynaptic densities, deaf animals have hypertrophied synapses

(Limb and Ryugo, 2000).  Because cats and mice are not closely related, and because

the underlying cause of deafness appears different, it has been proposed that these

abnormalities are due to deafness.

The effects of congenital sensorineural hearing loss on neural structure were

explored in this study using miniaturized cochlear implants manufactured (and donated)

by Advanced Bionics Corporation to restore hearing in 3 and 6 month old congenitally

deaf white kittens.  All but one of the implanted devices were Clarion II high-focus

implants, manufactured with a smaller 6-electrode array for use in cats.  This device can

be controlled using a speech processor identical to that used with human patients, or

through a programmable interface for specialized applications.  Features of this implant

include simultaneous stimulation and recording from the implant electrodes, biphasic

pulse width of 21.6 microseconds, and use of the smaller “behind the ear” processor

whose weight could be carried by small kittens.
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2.2 Identification of deafness in white kittens

All animal protocols were approved by the Animal Care and Use Committee of

Johns Hopkins University.  The Department of Comparative Medicine provided advice

and support for our surgical efforts.

Because not all white cats are deaf, the hearing of each kitten was assessed at 30

days of age using click-evoked auditory brainstem responses (ABRs).  30-day-old

kittens were anesthetized with 0.5 mg/kg xylazine and 0.1-0.24 mg/kg ketamine

hydrochloride.  Subcutaneous recording electrodes were inserted caudal and rostral to

the pinna on both sides.  A grounding electrode was inserted in the neck.  Differential

potentials were measured across each pinna, with reference to the ground.  ABRs were

measured using standard protocols (e.g. Melcher et al., 1996; Ryugo et al., 2003),

implemented in Matlab (MathWorks, Natick, Massachusetts) on Tucker-Davis hardware

(Alachua, Florida).  The free-field speaker’s maximal output was approximately 120 dB

SPL (relative to 0.0002 dynes/cm2) at 16 kHz, as measured by a calibrating microphone

placed in the headrest.  Clicks were presented at a rate of 10/second at increasing levels

through a free-field speaker (Radio Shack, Fort Worth, Texas) with both ears open, and

the responses averaged after 1000 presentations.  Profound deafness was defined as the

lack of evoked potentials to any tone or click we could generate.  A developmental

study of this strain of white cats which compared cochlear histology to ABR response at

30, 60, 90, 120, 150, and 180 days of age found no evidence of progressive hearing loss

(Ryugo et al., 2003).  We inferred that kittens identified as profoundly deaf at 30 days of

age were deaf from birth.
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At the end of the study, cochleae from the cats were harvested (Chapter 5).

Degeneration of the organ of Corti in all turns from each cat was observed.  This

confirmed the results from the ABR.

2.3 Placement of cochlear implants in kittens

The surgical technique used in cats was modeled after that used in human

patients.  Modifications were made to the placement of the receiver on the skull and the

surgical approach to the round window to accommodate the anatomy of the cat.  The

first surgical approach was to fix the receiver on the skull with sutures anchored through

holes drilled in the orbital ridge.  The last surgery used sutures anchored on the

zygomatic arch.  The sutures were reinforced by a fibrous capsule of tissue that formed

following surgery.  One animal became infected around the receiver and the experiment

had to be terminated after only two months of stimulation, perhaps in part due to

violation of the frontal sinus during receiver fixation.

An important consideration in cochlear implant surgery is avoiding the facial

nerve in the approach to the cochlea.  The facial nerve exits the temporal bone through

the stylomastoid foramen, which in the cat is a small fenestration in the bulla a few

millimeters posterior to the external auditory canal (McClure et al., 1973).  Injury to the

facial nerve, quantified by impaired outer eyelid functioning, was observed in one

animal.  Morbidity caused by this damage was insignificant because the cat’s nictitating

membrane, which receives motor and sensory innervation from trigeminal nerve,

moistens and protects the cornea in the absence of outer eyelid movement.
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Electrode array position was confirmed with plain film radiography after surgery

(Figure 2.2).  Typically, 5-6 electrodes were placed within the cochlea, estimated to a

depth of 6 mm from the round window opening.  The cats were allowed to heal for two

weeks prior to processor activation.

2.4 Programming of the speech processor for cats

Programming of the implant was conducted in a fashion similar to that used at

The Listening Center at Johns Hopkins Hospital for prelingual human infants.  The goal

of an initial programming session was to define the parameters of the CIS program

strategy – active electrodes and corresponding maximum comfortable current levels (M-

levels) – that would be used in the speech processor for the individual kitten.  Because

verbal communication was impossible, I used behavioral cues such as pupil dilation,

pinna movements, tail flicks, pinna flattening, and escape maneuvers to determine

threshold and maximum levels for each functional electrode.  Responses generally

occurred in the above sequence in response to increased current levels, although pupil

dilation could only be observed in naïve kittens on their first day of stimulation.

Electrodes which did not elicit these behaviors, or which resulted in involuntary muscle

movements as the first response, were turned off.  Frequently, electrodes with very high

impedance could not be driven to produce effective stimuli.  A series of electrically

evoked cochlear action potentials (ECAPs, Frijns et al.; 2002; Kretzmer et al., 2004)

was recorded for each electrode using the Clarion II devices.  Most functioning

electrodes displayed a neural response following the stimulus artifact in this measure

(Figure 2.3).  Four to six monopolar electrodes were activated for each cat.
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The goal of this programming method was to set stimulation at a level that was

comfortable for each cat, and that could be used by the cat to hear.  Other studies have

used ECAP or EABR levels to set a constant level of stimulation (e.g. Leake et al.,

1998; Shepherd et al., 1997).  These nominally objective measures suffer from the

dependence of these physiologic measures on electrode position, tissue growth around

the electrode, and other factors not relevant to the stimulus.  Furthermore, these methods

are unreliable to set stimulation parameters in adult human subjects (ref).  The

behavioral method was used because it is similar to the method used in the clinic, and

because it provided comfortable hearing to all of the cats.  A post hoc analysis showed

no relationship between cochlear (Chapter 5) or synaptic (Chapter 3, 4) morphology and

program levels.

After speech processor activation, the cats spent an average of 8 hours per

weekday in the lab wearing the magnetic headpiece transmitter and processor backpack

(Figure 2.4).  Significantly, cats tolerated the magnetic headpiece when the implant was

functioning.  Restraining devices, such as large collars, were needed for some animals.

Implanted cats were housed together while wearing the processor without difficulty.

They were observed to shake the headpiece off when the batteries were depleted or the

device was disconnected.

Many patterns of stimulation were used in early cochlear implants.  The two

most successful are sinusoid amplitude stimulation (SAS) and continuous interleaved

sampling (CIS).  SAS presents sinusoidal potentials simultaneously across every

electrode in the array.  The frequency of the sinusoid varies between electrodes.  In

contrast, CIS presents biphasic rectangular potentials interleaved across electrodes.
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Decreasing the pulse width and increasing the frequency of sweeps across all electrodes

significantly improved the success of the CIS strategy.  Many users of the CII cochlear

implant were provided with both strategies, so that they could choose the best one for

their particular situation.

It would be difficult to poll kittens regarding their preferred method of cochlear

stimulation.  Instead, we chose a single programming strategy for all kittens in the study.

According to Advanced Bionics, high-frequency CIS is preferred by a majority of users

on the CII implant.  Furthermore, high carrier rates have been shown to cause brainstem

and cortical responses which resemble those evoked in hearing animals and humans

(Wilson et al.,1997; Rubinstein et al.,1999).  Therefore, we assigned the high-frequency

CIS strategy to all of the cats in this study.

The particular CIS configuration in these cats used >3000 Hz carrier rate,

biphasic pulses amplitude-modulated by bandpass-filtered speaker output and

distributed across the active electrodes (Advanced Bionics, HiRes).  Stimulation was

driven by a microphone that detected environmental and speech sounds in the

laboratory. The processor translated those sounds into biphasic electrical impulses at

each electrode in the cochlea.  Electrodes were activated in a monopolar configuration.

Cats wore the processor approximately 5 days a week, 7 hours a day.  In addition to

passive listening, cats were trained to respond to a sound for a food reward (Kretzmer et

al., 2004).  The cats interacted with lab personnel during the stimulation period where

they were handled and exposed to a variety of environmental sounds.

After a brief training period, the cats responded to a complex sound that was

followed by a nibble of fresh roast beef, a stimulus particularly memorable to cats.  The
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conditioned response included arousal from sleep, pinna movements, vocalization,

movement to the door of the cage, and attention to humans in the room.  Such behaviors

were not reliably observed following other sounds.  Similar behavior can be elicited in

deaf cats using a hand signal in place of a sound.  We excluded the possibility that the

cat was responding to a visual cue by recording the sound and playing it from a laptop

computer hidden from the cat’s cage.  This and other sounds were played by an

unfamiliar experimenter (JKN) and by visitors to the laboratory.  Only the trained sound

could elicit these behaviors in the cats.  This sound was used daily to confirm that the

cats were receiving stimulation.

Finally, we recorded electrically evoked auditory brainstem responses (EABR)

from some of the animals.  EABR waveforms recorded from our implanted cats had the

same number of peaks as those recorded in acutely implanted normal hearing cats

(Stypulkowski and van den Honert, 1984), and the peaks occurred at roughly the same

time (Figure 2.5).  This measure was an additional verification that the central auditory

system was stimulated in these cats.  One important difference emerged, however, when

the latency to each peak was analyzed.  Compared to the EABR peaks evoked from

normal cats, those of our subjects were delayed by approximately a quarter of a

millisecond.  These delays are similar to those recorded by other groups in congenitally

deaf, electrically stimulated cats (Hardie and Shepherd, 1999)

2.5 Discussion

In summary, we have used an off-the-shelf cochlear implant to restore hearing in

congenitally deaf cats.  Cats received behaviorally relevant auditory stimulation which
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they used to gain information about their environment.  The stimulation of these cats

was comparable to that received by human Clarion II implant users who choose the

high-resolution CIS programming strategy.

Several groups have examined the effects of cochlear implantation on the central

nervous system (Matsushima et al., 1991; Chao et al., 2002; Lustig et al., 1994).

Deafness causes a reduction in CN volume due to neuronal atrophy between deaf and

hearing animals.  Most groups found no difference between the CN ipsilateral and

contralateral to the cochlear implant, as well as in the CN of untreated deaf animals

(e.g., Matsushima et al., 1991).  Similarly, nucleus volume and cell size did not change

in adult patients treated with cochlear implant for adult onset deafness (Chao et al.,

2002).  However, some animal models have shown increased neuron size in the

anteroventral cochlear nucleus (AVCN) ipsilateral to a cochlear implant (Lustig et al.,

1994).

The abnormalities observed in the endbulbs of Held in murine and feline models

of profound congenital sensorineural deafness are likely to affect higher auditory

structure and function.  If the synaptic abnormalities observed in deaf animals persist in

implanted cats, they may represent the structural substrate that accounts for suboptimal

outcomes observed in some cochlear implant users.

The present study examined the endbulb of Held, and the spiral ganglion neurons

from which the auditory nerve axons originate, to answer these questions regarding the

effects of electrical stimulation on the deaf auditory system.  Ultimately, these data

could provide insight into cellular mechanisms that underlie the variable outcomes that

have been observed in people with cochlear implants.  Understanding synaptic plasticity
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in the auditory pathway is particularly important because it might reveal how

information provided by a multichannel cochlear implant is organized to yield the

effective use of spoken language.
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2.7 Figures and legends

Figure 2.1  Electron micrographs reveal ultrastructural differences between

endbulbs from cats with different levels of hearing.  All endbulbs exhibit a

complement of mitochondria, synaptic vesicles, and synaptic structures within the

cytosol.  Note the presynaptic vesicles and asymmetric membrane thickenings

characterized by the postsynaptic densities (arrowheads) of the spherical bushy cell

(SBC).  Normal hearing and hard-of-hearing cats exhibit endbulbs (EB) that are similar

in appearance, marked especially by the pronounced curvature of the postsynaptic

density.  Deaf cats, however, have endbulbs with decreased numbers of synaptic

vesicles and associated hypertrophied postsynaptic densities.  Adapted from Figure 11

of Ryugo et al., 1998, Wiley-Liss, Inc.
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Figure 2.2  Radiograph of implanted cat in a modified horizontal view.  This

radiograph was taken in a horizontal view with rostral toward the top.  The radiograph

shows the six electrode contacts (electrode 1 at white arrowhead) within the left cochlea.

The 6th electrode lies just inside the round window.
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Figure 2.3  Electrically evoked cochlear action potentials from implanted cat.

Intracochlear evoked potentials were recorded from the Clarion II device.  A 32

millisecond biphasic current was applied and the changes in electrical potential at

another contact on the array were averaged over several dozen repetitions.  In this

figure, a graded series of potentials evoked with increasing stimulus magnitude are

shown.  Note that the clipped stimulus artifact remains constant, while the peaks

corresponding to neural activity in the cochlea between 200 and 800 microseconds after

stimulus onset grow with the size of the stimulus.
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Figure 2.4.  Photograph of a deaf white cat wearing the cochlear implant

transmitter and backpack.  This cat was implanted with a Clarion II device and given

auditory stimulation for 7 hour s a day, 5 days a week for 3 months.  After a few training

sessions, it responded to a whistle that signaled a food reward.  These cats tolerated the

implant headpiece remarkably well.
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Figure 2.5.  Electrically evoked auditory brainstem response (EABR) of implanted

cat compared to that of a normal cat.  Electrically evoked surface potentials reveal

that the five positive peaks in the waveform of DWCs correspond to those found with

acoustically and electrically evoked potentials in normal hearing cats20.  A 32

millisecond biphasic current pulse was applied, and the potential difference between

scalp electrodes was averaged over 1000 repetitions.  When the first peaks, attributed to

the auditory nerve response, are aligned (*), delays in the later peaks are revealed that

might be due to synaptic abnormalities in the central auditory pathways.
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Chapter 3: Restoration of synaptic structure in auditory nerve endings

ipsilateral to a cochlear implant.

3.1 Introduction

In deaf humans, cochlear implants have restored hearing for many but not all

recipients.  The clinical consensus is that language development prior to deafness leads

to the best outcomes.  Among congenitally deaf children, the younger the age of implant

activation, the better the aural language results (Francis et al., 2003).  These clinical

experiences imply that uncorrected congenital deafness introduces irreversible

abnormalities in the developing central nervous system.  In mammalian models of

congenital deafness, the synaptic structure of auditory nerve endings is abnormal

(Gulley et al., 1978; Ryugo et al., 1997; Lee et al., 2003).  Could the status of auditory

nerve synapses represent an important link to the success or failure of cochlear

implants?

One defect in the auditory nerve of congenitally deaf animals occurs at a large

axosomatic ending of myelinated auditory nerve fibers called the endbulb of Held

(Ryugo et al., 1997; 1998; Lee et al., 2003).  Endbulbs have a calyx-like appearance that

is formed from the main axon as several gnarled branches that arborize repeatedly to

enclose the postsynaptic cell in a nest of en passant swellings and terminal boutons

(Ryugo and Fekete, 1982).  They transmit signals from the auditory nerve fiber to the

postsynaptic cell with a high degree of fidelity (Pfeiffer, 1966; Baballian et al., 2003)

and are implicated in the pathways that process the temporal features of sound (Carr,

1993; Trussell, 2002).  Congenitally deaf animals exhibit endbulbs with marked
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reduction in their branching (Ryugo et al, 1998; Limb and Ryugo, 2000).  Moreover,

they contain fewer synaptic vesicles and postsynaptic densities (PSDs) are longer and

straighter (Ryugo et al., 1997; 1998; Figure 2.1).  These structural abnormalities have

been associated with transmission irregularities at the synapse of endbulbs (Oleskevich

and Walmsley, 2002; Oleskevich et al., 2004) that may underlie loss of temporal

resolution of midbrain (Shepherd et al., 1999) and cortical (Kral et al., 2005) neurons in

neonatally deafened cats.

Electrical stimulation in deaf cats improves temporal processing at the level of

the auditory cortex (Klinke et al., 1999) and inferior colliculus (Vollmer et al., 2005).

Using the method of cochlear implantation in the deaf white cat, I examined whether

such benefits might be mediated through “rescue” of endbulb synapses.  I sought to

determine what happened to these synapses when spike activity was reintroduced to the

auditory nerve.  The synaptic status in implanted deaf animals may yield insights into

the beneficial intervention effects reported for children who undergo implantation at a

young age (Cheng and Niparko, 1999; Busby and Niparko, 1999; Taitelbaum-Swead et

al., 2005).

3.2 Electron microscopy

The method of placement of a clinical cochlear implant in congenitally deaf

white cats was discussed in Chapter 2.  Briefly, congenitally deaf kittens were identified

in the white cat colony by the absence of acoustically evoked brainstem responses.

Congenitally deaf cats were implanted at 2.5, 3 and 5 months of age (Table 3.11).

Following a 2-3 week recovery, implant hardware was programmed and the cats



36

received stimulation for an average of 8 hours per day, 5 days per week.  Electrically

evoked cochlear action potentials (ECAPs, Figure 2.3) and behavioral responses were

monitored monthly to verify continued function of each electrode and to ensure that

signals were being delivered to the nerve (Frijns et al., 2002).  We were confident that

environmental sounds had biological significance to the animals because we could

routinely “call” implanted cats for a food reward.

At the end of the stimulation period, the cats were euthanized by an overdose of

sodium pentobarbital.  When fully anesthetized, cats were administered the anti-

coagulant heparin and transcardially perfused through the heart with 0.1M phosphate

buffer containing 0.1% sodium nitrite, followed by standard fixative (2%

glutaraldehyde, 2% paraformaldehyde fixative in 0.1 M phosphate buffer, pH 7.4).

Cochleae and brain were harvested for light and electron microscopy as in previous

studies (e.g., Ryugo et al., 1997).

After removal of the implant processor, the cranium was opened and the brain

was allowed to post-fix in fresh fixative overnight.  The following day, the cochlear

nucleus was cut coronally on a Vibratome.  Every third section through the cochlear

nucleus was cut at 75 µm, osmicated (1% osmium tetroxide, 15 min) and block stained

with uranyl acetate (1%, overnight).  Sections were then rinsed, dehydrated, infiltrated

with Epon, and embedded in Epon between two sheets of Aclar.  Remaining sections

were cut at 50 µm and stained with cresyl violet for observation under the light

microscope.

Although six implanted cats were processed for electron microscopy, fixation

artifacts precluded electron microscopic analysis in two of the cats.  Table 3.1 lists key
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stimulation parameters for the cats available for study under the electron microscope.

Four congenitally deaf cats served as cochlear implant subjects in this study, as

summarized in Table 3.1.  Two congenitally deaf white cats and one normal hearing,

pigmented cat served as controls.  Cats were verified as deaf by inspection of the

cochlea (Figure 3.1, methods in Chapter 5).

For each cochlear nucleus, a section from the anteroventral cochlear nucleus was

selected for study by electron microscopy.  The adjacent sections were examined with a

light microscope and contained large (~20 µm) spherical cells with a pale, centrally

located nucleus.  A perinuclear cap of Nissl substance was present, as is characteristic of

spherical bushy cells (Osen, 1969).  This area was uniform in the appearance of the

constituent cell population.  The more dorsal part of the spherical cell region was chosen

because higher characteristic frequencies are found in its cells (Bourk et al., 1981) and

auditory nerve endings (Liberman, 1991).  This higher frequency region was selected in

order to match the equivalent location of the stimulating electrodes in the implanted ear.

The chosen section was drawn with the aid of a camera lucida, divided into two

or three sections, and embedded in a resin capsule.  The embedded location of interest

was drawn, trimmed, and re-drawn.  Silver-gold thin sections (~75 µm) were cut on an

ultramicrotome, collected on Formvar coated slot grids, and further stained with uranyl

acetate and lead citrate for electron microscopy.

Spherical cells were identified in the electron microscope by the relatively

smooth cell outline, the presence of a pale, round, central nucleus, and distinct stacks of

endoplasmic reticulum in the cytoplasm (Lenn and Reese, 1966; Cant and Morest, 1979;

Treeck and Pirsig, 1978).  Cells were chosen in which the nucleolus was plainly visible.
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Endbulbs were identified by their location on the cell body, large round synaptic

vesicles, clear cytoplasm, and distinct synaptic curvature.  The cells and endings that

met these criteria and were free of debris were selected for study.

Endbulbs were photographed at 14,000x (JEOL 100CX microscope, Pleasanton,

California) or 10,000x (H-7600 Hitachi microscope, Tokyo, Japan ).  Micrographs were

digitized from negatives (JEOL) or collected with a digital camera.  The scale for each

method of digitization was calibrated using a calibrated submicron grid (Electron

Microscopy Supply, Fort Washington, Pennsylvania).  This grid was photographed on

the microscope after each change of the microscope filament to ensure consistency

across time.  Two or three endings on 10 different spherical cells in each section were

photographed.  Two endings from two to four cells were followed through 10-30

sections.  Contrast was digitally enhanced by modification of grey levels in Photoshop.

Endbulb profiles and PSDs (post-synaptic densities) were identified in

consecutive serial electron micrographs.  One endbulb segment per bushy cell was

selected for study.  PSDs appear as asymmetric thickenings of the post-synaptic

membrane, often curved and associated with synaptic vesicles on the presynaptic side.

Only PSDs occurring in more than one section were traced.  Care was taken to maintain

consistency between the observers.

Endbulbs and postsynaptic densities were reconstructed and measured using

commercially available 3-D software (Amira, Berlin, Germany).  Sections were aligned

by eye, using mitochondria and the endbulb profile outline as fiducial marks.  The

endbulb profile and PSDs were traced in each section to give voxel-based

representations.  Drawings were rotated and outlined for 2D visualization.  In the
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illustrations of 3D reconstructions, profiles and PSDs are outlined.  Edges of the profile

appear as thicker lines.  Thinner lines within the profile indicate synaptic zones, while

parallel lines within the synaptic zones represent single serial section cuts.  Synaptic

zones appearing in only one micrograph were ignored.  The projected areas of the PSDs

were measured (ImageJ, Excel).  Typically, several PSDs were reconstructed from each

ending.

3.3 Statistics

The nature of the experiment constrained the number of animals and the number

of endings within each animal that could be examined.  Several assumptions are

important for interpreting the measurements taken from this limited sample.

Observations from separate endbulbs and animals were assumed to be equivalent, and

these were grouped together into three initial samples – normal hearing, deaf, and

ipsilateral PSDs.  An examination of the residuals did not show any indication that

particular endbulbs had consistently larger or smaller PSDs from the sample mean.  The

probability distribution of PSD areas in normal hearing cats approximates a normal

distribution, but the distribution of PSDs from deaf cats is skewed.  A minority of very

large PSDs characterize endings from deaf cats.  The Kruskal-Wallis test of variation,

which uses rank-ordering of observed data to avoid the requirement for normality, was

used to test hypothesis about differences between the samples.  Key paired samples

were compared using the Wilcoxon simplification of the KW test.
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3.4 Endbulb morphology in normal hearing and deaf cats

Endbulb synapses in 6-month-old normal hearing and deaf cats were examined

to confirm that the morphology seen in older cats (Lenn and Reese, 1966; Ryugo et al.,

1997) is present in younger cats.  In the anteroventral cochlear nucleus, auditory nerve

synapses have a readily identifiable ultrastructural appearance (Lenn and Reese, 1966;

Cant and Morest, 1979).  Endbulbs contain clear, round synaptic vesicles (50 nm in

diameter) and exhibit multiple asymmetric membrane thickenings with the somata of

spherical cells in the cochlear nucleus (Figure 3.2).  These membrane thickenings are

called postsynaptic densities, contain transmitter receptors, and are assumed to represent

the synaptic release sites.  They are punctate, marked by dense material in the

cytoplasm, and arched outward into the presynaptic endbulb.  When individual synapses

were followed through serial sections and reconstructed using computer software, their

discrete nature was revealed by observing the surface of the postsynaptic membrane

(Figure 3.3).

In the adult deaf cat, endbulbs retain some of the features found in the normal

hearing cat.  They form prominent contacts on the soma of spherical cells that contain

large round synaptic vesicles.  Distinctly abnormal features of endbulbs in deaf cats

include long flat PSDs, a lack of intercellular spaces, and reduced synaptic vesicle

number (Ryugo et al., 1997).  These features were also observed in the 6-month deaf cat

endbulb (Figure 3.4).  Many PSDs in the deaf cat spanned the entire series of sections,

although punctate PSDs of the same size as those found in hearing cats were also

observed.  A larger area and greater variability are characteristic of the PSDs from deaf

cats.
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3.5 Endings ipsilateral to electrical stimulation of the cochlea

In stimulated deaf cats, endbulb synapses resembled those from normal hearing

cats (Figure 3.2, 3.5).  The full complement of synaptic vesicles was present and the

curvature of the typical normal postsynaptic density had returned (Figure 3.5).  When

the postsynaptic densities from the implanted cats were reconstructed through serial

sections, they appeared similar to those from normal hearing cats.  They were small,

punctate, and evenly distributed along the edges of the endbulb (Figure 3.6).  Missing

were the extremely large PSDs seen in the deaf cats.

To illustrate the differences in PSD size across animal groups, a cumulative

probability function was plotted for each of the samples (Figure 3.7).  This function

plots the range of PSD areas against the proportion of the population which are larger.

Curves are shown for all three groups.  All of the PSDs from normal hearing cats were

smaller than 0.2 µm2.  In contrast, 37% of PSDs from deaf cats were larger.  However,

these large PSDs were considerably larger, suggesting that two or more typically sized

PSDs might merge to form a larger unit in the deaf animals.  In the implanted cat, just

7% of the PSDs were larger than 0.2 µm2.  Returning again to Figure 3.6, these large

PSDs can be seen in three of the the top four endings.  Several PSDs have an irregular

shape, almost as though they were composed of several punctate PSDs that have grown

and merged.

The majority of endings observed in the stimulated nerve did not contain large

PSDs.  The cumulative distribution function shows that the normal and stimulated

endings are similar for the majority of the population.  A comparison of the stimulated

and deaf endings using a rank-order analysis of variance showed that these two
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populations were significantly different (P < 0.001).  If these cats had not received such

treatment, their synapses would have remained pathologic (Ryugo et al., 1997).

3.6 Discussion

The importance of neural activity for normal development and function of

sensory systems is well documented (Wiesel and Hubel, 1963; Van der Loos and

Woolsey, 1973; Meisami et al., 1978; Rubel and Fritzsch, 2002; Katz and Shatz, 1996).

There is growing evidence to suggest that prosthetic stimulation serves as an adequate

substitution.  Induced neural activity by electrical stimulation in deaf cats has been

shown to restore cell size in the region of the cochlear nucleus innervated by endbulbs

(Matsushima et al., 1991; Lustig et al., 1994; Kawano et al., 1997).  We propose that

this effect of electrical stimulation was mediated by the restored synapses.  These data

establish that the morphology of central auditory synapses is malleable not only to

deprivation but also to stimulation.

An implication of these morphologic changes is that temporal processing was

improved in the chronically stimulated cats.  Preservation of the “timing pathway”

through the endbulb-bushy cell circuit would support the precise transmission of

temporal cues within the auditory signal.  Because the cochlear nucleus gives rise to all

ascending auditory pathways, the normalization of synapses is hypothesized to enable

the faithful transmission of auditory signals throughout the system.  Temporal resolution

of neurons in the inferior colliculus demonstrated impaired frequency following of

neurons in neonatally deafened cats.  This impaired frequency following improved after

electrical stimulation of the cochlea (Vollmer et al., 2005).  The critical nature of
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temporal resolution in facilitating speech recognition is underscored by studies that

show preservation of speech recognition while spectral content is systematically

degraded (Shannon et al., 1995).  From the cochlear nucleus, high fidelity temporal

features of sound can be used to mediate more complex functions occurring in auditory

cortex (Klinke et al., 1999; Naito et al., 1997; Kral et al., 2002).  It is logical to infer that

deafness results in synaptic abnormalities in auditory nerve fibers of congenitally deaf

humans, similar to those found in other mammals.  We hypothesize that the changes

observed after cochlear implantation at this crucial synapse enable the development of

integrative and cognitive brain functions reflected in the aural and oral communication

skills in children with cochlear implants (Taitelbaum-Swead et al., 1999;  McConkey

Robbins et al., 2004; Svirsky et al., 2004).
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3.7 Figures, legends, and tables

Figure 3.1  Missing hair cells in the deaf and implanted cats.

Cochlear histology from typical pigmented (A, B), deaf white (C, D), and implanted (E,

F) cats.  Basal (A, C, E) and middle (B, D, F) turns are shown.  The hearing cat (A, B)

exhibits an intact Reissner’s membrane and a normal organ of Corti and tectorial

membrane.  The deaf cats (C-F) have a collapsed Reissner’s membrane, no organ of

Corti, and a clearly abnormal tectorial membrane.  Moreover, the basal turn of the

implanted cochlea was disrupted by the electrode lead in the scala vestibuli (E, far lower

left).
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Figure 3.2.  Endbulbs in hearing, deaf, and implanted cats.

Electron micrographs of endbulb (EB) synapses from (A) a normal hearing cat, (B) a

congenitally deaf cat that was untreated; and (C) a congenitally deaf cat that received 3

months of electrical stimulation from a cochlear implant.  All micrographs were

collected from cats that were 6 months of age.  Note that the hearing and treated cats

exhibit synapses that are punctate, curved and accompanied by nearby synaptic vesicles

(asterisks).  In contrast, the synapses from untreated deaf cats were large, flattened, and

mostly void of synaptic vesicles (arrowheads).  Scale bar equals 0.5 µm.
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Figure 3.3  Endbulb ultrastructure in the normal cat.

At top, an electron micrograph illustrates the appearance of an endbulb profile cut in

cross-section (EB) in the normal hearing cat.  PSDs (asterisks) in the normal cat are

asymmetric, curved toward the axon, and associated with many synaptic vesicles.  At

bottom, PSDs, indicative of release sites, were reconstructed through serial sections and

rotated out of the plane to present a surface view of the bushy cell membrane that lies

under the auditory nerve ending.  The lined regions represent the reconstructed

synapses.  Each horizontal line indicates a single ultrathin section.  Spacing between

adjacent sections was estimated to be 75 nm.  Micrograph and drawing are printed at the

same scale.  Dots indicate the level at which the micrograph in (A) appeared in this

reconstruction.  6-month cats contained punctate PSDs which extended across 2 to 4

serial sections, similar to those previously seen in adult cats (Ryugo et al. 1997).
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Figure 3.4  Endbulb ultrastructure in the deaf cat.

At top, an electron micrograph from a 6-month deaf cat shows an endbulb profile

associated with a long, flat  PSD typical of the deaf cat (arrows).  Shorter flanking PSDs

were connected in adjacent sections.  Below, a reconstruction of an endbulb profile and

PSDs in a deaf cat illustrates a very large synapse of the type exclusively found in deaf

cats.  The reconstruction is illustrated in the manner described for Figure 3.4.  Spacing

between adjacent sections was estimated to be 75 nm.  Micrograph and drawing are

printed at the same scale.
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Figure 3.5  Endbulb appearance ipsilateral to stimulation.

Numerous curved, punctate PSDs  are evident (A, B, C), although larger and flatter ones

are also observed (C, D).  Asterisks indicate PSDs.  On average, synapse morphology

ipsilateral to the cochlear implant was indistinguishable from that of normal hearing

cats.
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Figure 3.6. Serial section reconstructions of PSDs ipsilateral to stimulation.

Reconstructed synapses ipsilateral to the stimulation were generally similar in size and

distribution to that seen in normal hearing cats.  A few larger synapses are evident, but

there were none as large as those seen in deaf cats.



57

Figure 3.7  PSD area cumulative probability.  For each treatment group, PSD area is

plotted against the proportion of the group which is larger.  This function is equivalent

to the integral of the probability density function from x to infinity, and therefore the

inverse slope of this function is proportional to the height of the probability density

function.  As discussed in the text, this plot shows that for the extreme cases, PSDs from

deaf cats are much larger than those from normal and stimulated endings.  However, the

majority of PSDs from all three groups are within the same size range.
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Table 3.1:  Stimulation parameters for each subject.

Amount of stimulation is the total number of hours that the cat wore the processor.

CIK-1 and CIK-5 could not be used for the ultrastructural study due to poor membrane

fixation; their dates are not shown here.
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Chapter 4: Synaptic Plasticity in the Auditory Nerve: Direct and Indirect Effects of

Cochlear Stimulation

4.1 Introduction

Patterns of neural activity shape the developing sensory system.  The influence

of activity on development has been inferred by the observation of abnormal

development in the absence of sensory stimuli.  In contrast, neural prostheses restore

neural activity centrally, despite the absence of peripheral sensory structures.  It is

important to determine whether this artificial stimulation can mimic the influence of

sensory activity during development.

The auditory nerve contains fibers of varying spontaneous activity, up to 100

spikes per second (Kiang et al., 1965).  However, in deaf animals little or no

spontaneous activity is present (Koerber et al., 1966; Ryugo et al., 1998).  This

condition is accompanied by pronounced structural and functional abnormalities in the

auditory nerve terminals (Gulley et al., 1978; Ryugo et al., 1997).  Distinct

abnormalities occur in a specialized large terminal of the auditory nerve, the endbulb of

Held, whose fail-safe nature contributes to the propagation of temporal information to

higher auditory centers (Carr, 1993).

Each endbulb is a highly branched arborization composed of many fine terminal

processes that surround approximately half the cell body of the postsynaptic bushy cell

(Ryugo and Fekete, 1982).  On each endbulb, there are between 400 and 1500 synaptic

specializations.  Endbulb synapses are characterized by localized accumulations of small

(~50nm) synaptic vesicles opposing arched, punctate membrane thickenings in the
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presynaptic cell or dendrite.  In primary endings of the auditory nerve, synapses are

curved outward toward the presynaptic axon (Lenn and Reese, 1966).  In congenitally

deaf animals, endbulbs have fewer branches, contain fewer synaptic vesicles, and are

associated with larger post-synaptic densities (PSDs).  Such changes in endbulb

morphology have been reported after congenital deafness in the guinea pig (Guilley et

al., 1978), cat (Ryugo et al., 1997; 1998) and mouse (Limb et al., 2000; Lee et al.,

2003).

Post-synaptic density (PSD) size and shape are related to the function of many

different kinds of synapse.  The PSD contains neurotransmitter receptors and associated

signaling molecules, and is one locus of synaptic plasticity in the brain (e.g. Kennedy,

2001).  Increased PSD area is correlated with changes in synaptic strength at a

glutamatergic synapse in the hippocampus (Murthy et al., 2001).  Abnormalities in

glutamate receptor composition have been described in another strain of deaf mouse

(dn/dn, Oleskevich et al., 2002; 2004), consistent with changes in PSD shape in shaker

mice and deaf white cats.

Cochlear prostheses rely on the auditory nerve to transmit information to higher

auditory centers.  Congenitally deaf cats exhibit abnormalities in neural function such as

reduced frequency following in the inferior colliculus (Vollmer et al., 1999; 2005), and

reduced spread of excitation in the auditory cortex (Klinke et al., 1999).  It is possible

that these abnormalities are the cumulative result of changes at lower levels of the

auditory pathway.  Several studies have looked at the influence of cochlear implantation

on the developing auditory system.  Simple stimulation with single electrodes has been

reported to promote ganglion cell survival in the cochlea (Leake et al., 1999), reduce the
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difference in size between implanted and hearing brainstem nuclei (Miller, 2001), and

increase activity in the auditory cortex (Klinke et al., 1999).  These studies suggest that

cochlear implantation has a general trophic effect similar to that of normal auditory

stimulation.  The cochlear implant has proven to be an effective means of reversing

deafness in both humans and animals, and is a useful experimental tool for trying to

understand at a cellular level how reintroducing spike activity into the auditory system

restores structure and function.

The present study examined whether re-introduction of spike activity in the

auditory nerve of deaf cats by cochlear implants could prevent or reverse the synaptic

changes seen in the cochlear nucleus.  We hypothesized that synaptic changes would be

produced ipsilaterally by cochlear implant stimulation and we predicted that

contralateral endings would be unaffected.  These effects were observed, and are

described in Chapter 3.  (See also Figure 4.1.)  When a small effect on contralateral

endings was observed, it was hypothesized that commissural or descending auditory

pathways were involved.  A final experiment compared endings in an implanted but

unstimulated cat to endings both ipsilateral and contralateral to functioning implants.

4.2 Subjects

Seven cats were used in this study (Table 3.1).  Implants were placed in four

profoundly deaf white cats.  One of these implants was determined to be non-functional

during programming of the implant because it failed to elicit typical behavioral

responses and ECAPs from the cat.  Radiographs indicated that this electrode was

located within the cochlea.  The cat wearing this implant was used as an unstimulated
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control.  Two congenitally deaf white cats, and one normal hearing, pigmented cat also

served as controls.  The methods of tissue processing and endbulb reconstruction were

similar to those described in Chapter 3.

4.3 Endings contralateral to electrical stimulation of the cochlea

Endbulbs in the contralateral, unstimulated, cochlear nucleus were expected to

serve as a within-animal control.  Previous studies have used histological data from the

contralateral side for control purposes to standardize general effects of the experiment

such as environmental enrichment and surgical trauma (e.g., Leake et al., 1999).

Nevertheless, when we examined auditory nerve endings contralateral to electrical

stimulation, we found that they were not identical to those from untreated deaf cats.

Endbulb profiles contralateral to cochlear implants contained features found both in deaf

and in normal hearing cats.  Some endbulb profiles contained plentiful synaptic vesicles

and intercellular spaces, not normally seen in adult deaf cats.  In the single sections,

punctate, curved synapses typical of hearing cats were plentiful (Figure 4.2), although

long flat PSDs typical of deaf cats were also apparent.

Serial section reconstructions and en face measurements of PSD area provided

an measure of PSD size.  Reconstruction of PSDs through serial sections revealed that

many of these PSDs in contralateral endbulbs were larger than those seen in normal

hearing cats but smaller than those seen in congenitally deaf cats (Figure 4.3).  The

PSDs tended to have irregular borders resembling those of deaf cats.  Overall, the size of

PSDs on the contralateral side was intermediate between that of deaf and hearing cats,

with larger variability despite a larger sample size.  Plotted on the cumulative density
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function against hearing, deaf, and stimulated groups, it is evident that contralateral

endings contained more large PSDs than those from the stimulated or hearing group

(Figure 4.4).

4.4 Endings from an unstimulated cat

One cat received a cochlear implant that did not evoke any typical auditory

responses on the day of activation.  Electrically-evoked cochlear responses were absent,

and the cat did not have the pinna movements associated with typical implant activation.

Therefore, after the initial attempt at activation, this implant was not stimulated.  After a

3-month survival period, endings were observed in this cat to control for the effects of

surgery and environment.

When reconstructed through serial sections, endbulbs from the unstimulated cat

resembled those from deaf cats (Figure 4.5).  The majority of these endings contained

the large PSDs that are characteristic of deaf cats.  The cumulative density function

shows PSDs from unstimulated and deaf cats can both be excessively large (Figure 4.6).

However, there is no statistically significant difference between the contralateral and

unstimulated groups (rank-order ANOVA).  Perhaps a more subtle method of

quantifying synaptic morphology would illustrate a clearer difference, or argue for the

similarity of these groups.

4.5 Discussion

These results suggest that electrical stimulation with a cochlear implant can have

an effect at the first stage of the auditory pathway.  Artificial stimulation prevented the
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occurrence of abnormal synaptic structure in stimulated endbulbs of Held.  The

appearance of synaptic structures in the stimulated nerve endings was similar to that

produced by acoustic stimulation.  One implant was activated in a 6-month cat, at the

time when pathologies in the auditory nerve are apparent.  In this cat, the stimulation

likely reversed pathologies at the synaptic level.  Moderate effects on synaptic structure

were also seen in the contralateral nerve, which was not directly stimulated by the

implant, indicating downstream effects.

The endings from the ipsilateral side were chosen because they were likely to

receive stimulation from the implant.  The input from the cochlea to the spherical cell

region is organized in a cochleotopic manner.  Axons from the basal turn of the cochlea

synapse on the most dorsal and caudal spherical cells (Liberman 1991).  Endbulbs in the

low frequency region were not examined, because their stimulation history is

ambiguous.  All of these stimulated endings exhibited an appearance similar to that of

normal hearing cats.

Endings in more ventral and rostral regions of the cochlear nucleus were not

studied because the total extent of stimulation in the cochlea was not measured.  More

rostral and ventral endings originate from cells in more apical regions of the cochlea,

farther from the electrodes of the implant.  However, the axons of these apical cells pass

just behind the basal cell bodies in the modiolous, and it is possible that they were also

stimulated by the implant.  Kawano and colleagues used 2-deoxyglucose to localize

activity within the cochlear nucleus following a cochlear implant.  They found

differential effects of stimulation on the size of spherical cells (Kawano et al., 1996;

1997).  Because activity was not directly assessed in this study, it was unclear whether
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these endings had received stimulation.  It would be useful to examine the extent of

stimulation in the cochlear nucleus following stimulation with this type of cochlear

implant.

In partially deaf cats, PSDs were enlarged, although not as large as those in deaf

cats (Ryugo et al., 1998).  Unlike the partially deaf cats, the implanted cats were

profoundly deaf bilaterally.  Thus, prior to implant it can reasonably be assumed that

there was no spike activity in either auditory nerve.  It is more likely that these synaptic

changes were mediated by contralateral connections from the stimulated nucleus (Cant

and Gaston, 1982; Wenthold, 1987) or descending projections (Schofield and Cant,

1999, SOC; Schofield, 1994 MNTB; Weedman and Ryugo, 1996, auditory cortex;

Winer, 2005, review).

A simple mechanism for the contralateral effect could be the projection from the

stimulated neurons to the contralateral nucleus.  Some multipolar neurons synapse onto

a variety of cell types in the contralateral cochlear nucleus, including bushy cells.  A

commissural projection could affect bushy cells directly, or through a network of

interneurons, to alter synapse morphology.

Several descending projections from higher auditory centers could also mediate

the contralateral effect.  The cochlear nucleus receives projects from the superior olive

and auditory cortex.  These structures have bilateral input, and are known to respond to

unilateral cochlear stimulation bilaterally.  Descending projections have not been

observed to directly synapse onto bushy cells.  A system of interneurons within the

cochlear nucleus would have to mediate this effect.
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In addition to “projections from higher centers to the brainstem”, perhaps there is

an effect directly on the spiral ganglion neurons of the contralateral cochlea.  In the

hearing cochlea, efferents synapse on spiral cell dendrites underneath inner hair cells.

The presence of efferent endings in the deaf cochlea has not been examined.  Although

efferent synapses could not exist on hair cells, perhaps they remain on the intact spiral

ganglion neurons.  Efferent synapses are inhibitory in the intact cochlea.  By

suppressing responses in loud environments, they increase the dynamic range of the

auditory system.  Such a system would not cause greater activity in the contralateral

spiral cells directly, but could cause an increase in activity when the stimulation ended.

Efferent projections to the cochlea are a third possible mechanism for the contralateral

effect.

One purpose for a bilateral circuit in the auditory system would be to balance the

input from opposite ears.  If the animal experiences a unilateral conductive hearing loss,

such as that caused by inflammation in one ear, binaurally driven neurons would receive

more input from the intact ear.  In order to have a correct representation of the outside

world, input from the impaired ear should be increased.  Such an adaptation would

allow the animal to adapt to changes in acoustic input over time.

The possibility that surgical trauma or the caging environment caused changes in

the contralateral cochlear nucleus was addressed by a control in which a cat received an

implant that was not activated.  This implant failed to elicit any auditory response at the

first fitting, and thereafter the cat was housed with the implanted cats but did not receive

any stimulation.  Auditory nerve endings from this cat were indistinguishable from other

congenitally deaf cats.  This control lends further support to the hypothesis that
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commissural or descending connections mediated the effects in the contralateral

cochlear nucleus.

Increases in PSD area are a common response to inactivity in the endbulb.  In

deaf cats, there is very little spontaneous activity in the auditory nerve (Ryugo et al.,

1998), and an increase in PSD area (Ryugo et al., 1997).  Housing rats in silence, a more

moderate manipulation of auditory activity, also increases PSD size (Rees et al., 1985).

Taken together, these findings suggest that historic activity levels at the synapse can

influence synaptic ultrastructure.

Other synapses have shown changes in PSD area as a function of prior synaptic

activity.  Synaptic strength and plasticity have been extensively studied in the rat

hippocampal CA1 synapse.  It was shown that PSD areas in this synapse increase in area

in response to pharmacological blockade of spike activity.  Furthermore, a correlation

between PSD size and strength was demonstrated (Murthy et al., 2001).

Consistent with this correlation, an increase in synaptic strength is seen in the

AVCN of the deaf mouse (Oleskevich et al., 2002).  One might speculate that this

increase is related to the increase in PSD area consistently seen across congenitally deaf

animals, although that hypothesis was not specifically tested.  It is further tempting to

speculate that the changes ipsilateral to electrical stimulation in this experiment also had

an effect on synaptic strength.

Several abnormalities have been demonstrated in the early stages of the auditory

system following deafness.  These include reduced spiral ganglion neuron number

(Rebillard et al., 1976), alterations in synaptic structure in the cochlear nucleus (Ryugo
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et al., 1997), and degraded temporal characteristics of units in the inferior colliculus

(Vollmer et al., 2005).

Some aspects of temporal processing are impaired in the deafened cat (Vollmer

et al., 2005; Kretzmer et al., 2004).  Impaired frequency following and delayed first-

spike latency are found in the deaf cat, but improved after as little as 7 weeks of

electrical stimulation.  Endbulbs are implicated in the pathways mediating the temporal

processing of sound (Molnar and Pfeiffer, 1968; Carr, 1993; Oertel, 1997) and are

known to transmit from auditory nerve to postsynaptic cell with a high degree of fidelity

(Balbalian et al., 2003).

Introduced electrical stimulation can result in significant changes in the nervous

system.  The present finding underscores the contribution of electrical activity to

synaptic ultrastructure, and demonstrates that electrical stimulation with a cochlear

implant can reverse some abnormalities in the auditory pathway when stimulation is

started early (Klinke et al., 1999; 2001).  Furthermore, effects are observed bilaterally

even at the earliest stage in the auditory pathway, demonstrating that stimulation has a

widespread trophic effect.

In Europe, bilateral cochlear implants are being inserted in children (Vermeire

2003; Arnolder et al., 2005).  This treatment strategy is based in part on the reports that

deaf and/or profoundly hard of hearing individuals prefer both ears to be stimulated,

even if one ear is stimulated by an implant and the other by a hearing aid (Ching et al.,

2001).  In the US, physicians have adopted a more conservative approach, implanting

the worst ear and saving the better ear for later.  The hope was that the better ear would

not degenerate from disuse but would be ready for the next generation of cochlear
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implant technology.  Our results suggest that a unilateral cochlear implant might

contribute to the preservation of the contralateral synapses of the auditory nerve.  Future

experiments can explore the contralateral effects of cochlear implantation as well as

assess the impact of the age of the animal.
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4.7 Figures, tables, and legends

Figure 4.1  Serial section reconstructions through endbulbs from normal, deaf, and

implanted cats.  Postsynaptic densities from endbulbs of Held, indicative of release

sites, were reconstructed through serial sections in three dimensions using computer

software (Amira) and then rotated, as previously described.  These views present the

surface of the bushy cell membrane that lies under the auditory nerve ending.  The

shaded and lined regions represent the reconstructed synapses.  Each horizontal line

indicates a single ultrathin section.  The congenitally deaf cats exhibited hypertrophied

synapses, whereas the stimulated deaf cats exhibited synapses having normal shapes and

distributions.
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Figure 4.2.  Electron micrographs of endbulbs contralateral to stimulation by a

cochlear implant.  Contralateral to the stimulation, some normal PSDs were observed

(A,B).  Some endbulbs contralateral to stimulation enclosed spines, which are

characteristically found in younger cats (A).  Some PSDs appeared to be merged or

closely spaced (D).  Large flat PSDs were also observed contralateral to stimulation (C,

astrisks).  In summary, there was a wide range of PSD size in the contralateral cochlear

nucleus and on average, the reconstructed PSDs were intermediate in size between those

of deaf cats and those of normal hearing cats.
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Figure 4.2  Electron micrographs of endbulbs contralateral to stimulation by a

cochlear implant.  (Caption previous page.)
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Figure 4.3.  Serial section reconstructions of PSDs contralateral to stimulation.

PSDs contralateral to the stimulation were larger than those seen in normal hearing cats

but smaller than those typically seen in congenitally deaf cats.   The reconstructions

confirmed the intermediate status of the contralateral synapses.



79

Figure 4.4 Contralateral PSDs intermediate in area.  For hearing, deaf, stimulated

and contralateral groups, PSD area is plotted against the proportion of the group which

is larger.  In this plot, the contralateral distribution falls between that of deaf and

stimulated cats.
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Figure 4.5.  Serial section reconstructions of PSDs in an implanted, unstimulated

cat.  PSDs from the unstimulated cat resembled those typically seen in congenitally deaf

cats. (a) Ipsilateral to the electrode insertion.  (b) Contralateral to the electrode insertion.
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Figure 4.6 Comparison of unstimulated, deaf, and contralateral PSDs.  For deaf,

unstimulated and contralateral groups, PSD area is plotted against the proportion of the

group which is larger.  In this plot, the contralateral distribution is smaller than the

unstimulated and deaf groups.
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Chapter 5:  The cochlea after electrical stimulation

5.1 Introduction

The spiral ganglion neurons of the cochlea are directly stimulated by a cochlear

implant.  A potential obstacle for cochlear implant users is that the health of spiral

ganglion neurons is affected by deafness.  Their soma size is reduced, and over time

they degenerate (Pujol et al., 1977; Elverland and Mair, 1980).  Because of their critical

role in transmitting auditory input to the brain, preventing the complete degeneration of

spiral ganglion neurons would be of great benefit for cochlear implant users.

It has been proposed that electrical stimulation alone is sufficient to increase

soma size and prevent degeneration in deaf animals (Leake et al., 1999; Hartshorn et al.,

1991).  These authors suggest that use of a cochlear implant is itself sufficient to sustain

the spiral ganglion population.  However, several groups showed no change in the rate

of ganglion cell loss, or even a reduction in neuron number (Shepherd 1983, Araki et al.,

1998).  In neonatally deafened, adult-implanted cats, there was reduced cell survival in

the implanted ear (Vollmer et al., 2005).  Thus, there is no accepted consensus regarding

the effects of stimulation on ganglion cell survival.

These studies, however, differed in their method of deafening, method of

stimulation, and animal model.  The groups who used chronic intramuscular neomycin

to deafen kittens showed improved ganglion cell survival following electrical

stimulation beginning earlier than 1 year.  This protocol was shown to induce ganglion

cell toxicity independent of hair cell loss (Leake et al., 1988).  Thus one possible

explanation is that electrical stimulation prevents the toxicity associated with this
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deafening paradigm.  No improved ganglion cell survival after deafening was showed

by the groups who used kanamycin and ethacrynic acid to deafen kittens.  This group

did see improved survival with the infusion of brain-derived neurotrophic factor

(BDNF), and even greater survival with BDNF together with electrical stimulation

(Shepherd et al., 2005).  Finally, in a study where stimulation was begun several years

after neomycin insult, reduced cell survival was seen in implanted ears (Vollmer et al.,

2005).  Taken together, these results suggest that there are many factors influencing the

single outcome of ganglion cell survival.

In the present study, we address the question of ganglion cell survival following

cochlear implant using a cochlear implant stimulation paradigm similar to that used by

human implant recipients.  Our animal model was the deaf white cat, which exhibits a

constellation of abnormalities including white coat, blue eyes, and deafness.  Ganglion

cell survival in congenitally deaf white cats less than one year is high but not perfect,

suggesting that many of the factors required for ganglion cell survival are in place.

However, ganglion cell in the deaf cat do not exhibit spike activity (Ryugo et al., 1997).

In this study, we used a cochlear implant to restore spike activity to the ganglion cell in

congenitally deaf cats, and examined the number and size of surviving ganglion cell.

The impact of damage to the spiral lamina and scarring around the electrode was

considered.

5.2 Subjects

Implants were placed in five profoundly deaf white cats, as described in Chapter

2.  Cochleae of five implanted cats were available for use in this study.  Their
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stimulation parameters are listed in Table 5.1.  One congenitally deaf white cat, and one

normal hearing, pigmented cat served as controls.  The contralateral cochlea from both

CIK-3 and CIK-4 were damaged by cutting artifacts and a strong affinity of the tissue

for the toluidine blue stain.  These cutting artifacts resembled those caused by

incomplete decalcification.  In these cochleae, it was not possible to distinguish

ganglion cell from background staining in Rosenthal’s canal.

5.3 Cochlear preparation

At the end of the stimulation period, cats were euthanized and perfused

transcardially with standard fixative in buffer (2% glutaraldehyde, 2%

paraformaldehyde fixative in 0.1M phosphate buffer, pH 7.4).  Bullae were opened

immediately after vascular perfusion.  The electrode was then pulled from the left round

window.  The stapes footplate was removed bilaterally, and the cochleae were perfused

with fresh standard fixative.  The next day, the vestibulocochlear nerve was cut, and the

otic capsules were removed.  The cochleae were then perfused through the round

window with 1% osmium tetroxide.  After the visible soft tissues became dark, the

cochleae were again perfused with fresh standard fixative and submerged in fixative.

Several days later, the otic capsule was trimmed by rongeurs and drilling.  The cochleae

were decalcified with 0.1M EDTA over a period of several months.

Decalcified cochleae were embedded in Araldite, and cut in the modiolar plane

on a rotary microtome at 10 µm thickness.  Every 5th section was saved and stained with

toluidine blue.
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All cochleae were reconstructed in three dimensions using Neurolucida

(Microbrightfield, Williston, Vermont).  The cochleae were sampled at approximately

300 µm intervals.  The starting position within the first 300 µm was randomized.

Cochlear sections were aligned using the block edge as fiducial marks.  In each section,

the block edge, trimmed otic capsule outline, and the main chamber of Rosenthal’s canal

were outlined.  All neurons containing a nucleolus were counted to obtain an observed

neuron density in the selected Rosenthal’s canal.

The total neuron number was estimated by the product of observed neuron

density and the total reference volume.  Observed neuron density is the total number of

neurons observed divided by the measured volume.  Measured volume and total volume

were estimated by the Cavalieri method, where the measured volume is the product of

the area of the object in a single section and the thickness of that section (Howard and

Reed, 1998; Mouton, 2002).

To estimate cell area, a steriologic fractionator was used to select ganglion cells

for cell body measurement with a nucleator (Howard and Reed, 1998).  A fractionator is

a series of evenly-spaced squares, containing two hard and two attractive boundaries to

prevent double-counting.  If an object lies on the attractive boundary, it is counted, but if

it lies on the hard boundary it is not counted.  In the present case, if a cell body touched

the hard boundary, the whole cell was not counted.  A nucleator is a set of lines

radiating from a single point within the object, on which object boundaries are marked.

The length of the rays is used to estimate the area of the object, averaging area over the

lengths:

Area = " * length2  (Howard and Reed, 1998).
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A further complication of estimating cell area was non-uniform tissue shrinkage

between cochleae.  To correct for differential shrinkage, ten red blood cells were

outlined from each cochlea.  A correction factor was calculated as the ratio of the mean

maximum diameter of the measured red blood cells to the nominal diameter of a normal

red blood cell, 7 µm.  All cell areas were multiplied by this correction factor.  This

correction factor was not applied to the estimate of neuron number because variable

shrinkage affected both the measured volume and the total reference volume

proportionally.  Because these volumes are taken as a ratio to compute total neuron

number, shrinkage did not affect this estimate.

The growth of the ECAP in response to increased stimulus current was modeled

as a linear function for each cat implanted with a functional CII device (CIK-1, 2,3, and

4).  ECAP functions from the last recording session and the most apical recorded

electrode were used to make this estimate.  The ECAP response was defined as the

distance from the first negative peak to the second positive peak of the ECAP.  The

ECAP responses were measured for several stimulus levels and defined a growth

function for each electrode.  A line was fitted to these points using a least-squares

methods (linest, Microsoft Excel).  The slope and of this growth function was compared

to ganglion cell size and number.  The threshold below which ECAPs would not be

elicited, was calculated at the point where the ECAP response was 0 along the fitted

line.
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5.4 Organ of Corti

All of the implanted cats displayed bilateral degeneration in the organ of Corti

through all turns.  The orderly rows of hair cells were missing, and Reissner’s

membrane was displaced (Figure 5.1).  In one cat, the organ of Corti and Reissner’s

membrane were overgrown.  This “spongiform” phenotype has previously been

described in this colony of deaf cats (Ryugo et al., 2003).  This lack of hair cells in the

“spongiform” organ of Corti suggested complete deafness, similar to other forms of

cochlear pathology.  The lack of hair cells and histologic disorganization of the organ of

Corti confirmed the physiologic classification of these implanted cats as profoundly

deaf.

Hereditary deafness in the white cat has been described as a cochlear-saccular

degeneration.  However, many deaf white cats exhibit balance and motor coordination

that are not consistent with the loss of vestibular function.  The vestibular epithelia are

frequently destroyed during histologic processing of the cochlea, because saving these

structures increases the bone mass which must be decalcified and thus increases

processing time.  In the implanted cats, an effort was made to retain the vestibular

structures, because the question of the balance and motor coordination of the white cat

remains unexplained.  In one cochlea, a portion of the saccular epithelium was

preserved.  At a high magnification, this epithelium contains orderly hair cells, visible

hair bundles, and remnants of otoconia (Figure 5.2)
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5.5 Spiral ganglion cell survival

Rosenthal’s canal in deaf white cats contains many spiral ganglion neurons.  The

implanted and unimplanted cochleae appeared to contain ganglion cell at a similar

density to other white cats of similar ages (Figure 5.3).  The surviving ganglion cells

provide a substrate for future cochlear implants.

Neuron count in normal hearing cat cochleae is roughly 50,000.  In the deaf cat,

this number is only slightly reduced at young ages.  In our 6-month-old deaf cats, counts

of 44,000 and 36,000 were calculated.  On the unstimulated side of treated cats, two cats

had smaller neuron counts and one had a larger neuron count.  On the stimulated side,

one cat had a neuron count within the range of the deaf cats, whereas four cats had

neuron counts that were smaller than those from deaf or contralateral ears.  (Figure 5.4)

Statistical analysis was precluded by the small sample size (n<3 in some groups).

Two of the cochleae (CIK-3 and CIK-5) contained distinct damage to the spiral

lamina (Figure 5.5).  In CIK-3, the spiral lamina was clearly split and bent at an acute

angle by the electrode insertion.  Near this defect, the ganglion cell population was

reduced.  This finding is consistent with many other studies of trauma to the cochlea.  In

CIK-5, the spiral lamina between the electrode canal and the spiral ganglion was

missing, and the intervening space filled with small granular cells.  This corresponded

with a less severe loss of ganglion cells.  No displaced bone fragments were found in the

cochlear duct, although these could have been removed during the processing.  It is

unclear what caused the loss of the spiral lamina in this case.
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5.6 Spiral ganglion cell size

Cell size was estimated and compared to hearing status, speech processor

parameters, and features of the intracochlear recordings (Table 5.2).  Cells from the

normal normal hearing cochclea had larger mean cell size (462 µm2) than those from the

deaf cat (294 +/- 26 µm2).  Cells from implanted cats were larger in size (unstimulated,

351 +/- 40 µm2; stimulated, 319 +/- 80 µm2) than those from deaf cats.  The stimulated

cochleae had cells that were only slightly larger than those from deaf cats.

The correlation between cell size and speech processor parameters was

examined by estimating a linear relationship using a least-squares method (LINEST,

Microsoft Excel for Windows).  One of the parameters, threshold of the ECAP response,

had a positive linear relationship with cell size (R2= 0.94).  Other parameters were less

consistently related to cell size and number.

5.7 Appearance of the electrode scar

Appearance of the scar tissue surrounding the electrode varied between cases.

Some scar tissue had the open, regular appearance of cochlear bone (Figures 5.6a, b),

whereas other scar tissue contained packed fibrous layers (Figure 5.5.a, b, c, d) or small

granular cells (Figure 5.6e).  In one cochlea, two layers of different tissue types

surrounded the location occupied by the electrode (Figure 5.6a).  These different cellular

reactions were elicited by a standard electrode array.
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5.8 Discussion

The present study provides a description of ganglion cell morphology within five

cochleae fitted with a cochlear implant.  Despite the consistency seen at the level of the

synapses of the auditory nerve terminal, there was enormous histologic variability

observed in the cochlea.  Cell number and size were not significantly different between

the groups.  Surprisingly, the contralateral cochlea often had more and larger cells than

the stimulated one.  A larger number of implanted cochlea would improve the reliability

of these observations

Similar results were obtained in a postmortem study of human temporal bones

(Khan et al., 2005).  The population of neurons was not significantly different between

stimulated and unstimulated cochlea in the basal turn of the cochlea, and the total

population of neurons was smaller on the stimulated side.  In the clinical setting, there is

no evidence that electrical stimulation plays a significant role in maintaining spiral

ganglion neurons.  These results are consistent with the present finding using a clinical

processor in cats.

In humans, cell count and size also appears unrelated to speech performance

(Nadol, 2001).  Despite the histologic variability in the cochlea, each cat was able to

distinguish a call cue from other sounds.  In even the most degenerated cochlea

observed, ganglion cell population in the deaf cochlea is thousands of times greater than

the number of stimulating electrodes.  Other factors, such as central auditory plasticity,

likely play a larger role in influencing language performance.

In the normal cat cochlea, the ratio of auditory receptors to ganglion cells is

about 1 to 17.  Several ganglion cell dendrites receive input from a single hair cell.
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Nevertheless, ganglion cells receiving input from the same receptor are not identical in

their response to sound.  In the intact cochlea, single hair cells distribute different

information to several ganglion cells (Liberman, 1980).  In contrast, the electric shocks

delivered by a cochlear implant contribute a largely similar depolarizing stimulus to

many ganglion cells.  In this case, far fewer ganglion cells are needed to convey

information from the cochlear implant to the brain.  In the future, more sophisticated

cochlear implants will likely provide a finer-grained input to the spiral ganglion.  With

advances in cochlear implant technology, the total surviving ganglion cell population

may become more important.

Finally, an unexpected finding of this examination of deaf cochleae was the

presence of hair cells in a vestibular epithelium.  The organ of Corti in this case was

degenerate, suggesting that vestibular and cochlear hair cell loss may be independent in

the white cat.  The deaf cat has previously been described as a model of cochleo-

saccular degeneration (Bosher and Hallpike, 1965; Brown et al., 1971), and a study of

vestibular function in a different strain of white cat found functional defects and lack of

vestibular hair cells (Mhoon et al., 1997).  However, deafness in the white cat has

previously been described as heterogeneous in terms of vestibular dysfunction (Waldorf

et al., 1977), and organ of Corti degeneration (e.g. Ryugo et al., 2003).  Heterogeneity

within and between white cat colonies implies that deafness in the white cat is a

polygenic disease.
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5.10 Figures, tables, and legends.

Figure 5.1.  Organ of Corti in normal and deaf white cats.

(a) A cut through a typical cat cochlea shows three inner and one outer hair cells

beneath a pale-staining tectoral membrane and a taut Reissner’s membrane. (b) In

contrast, the typical deaf white cat organ of Corti lacks hair cells and contains a

collapsed Reissner’s membrane.  (c) In this colony of deaf white cats, a “spongiform”

phenotype occurs in some cochleae of cats observed to be profoundly deaf in life.  The

“spongiform” phenotype is characterized by a proliferation of cells in the organ of Corti,

including a highly corrugated Reissner’s membrane.  Hair cells are not present.
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Figure 5.2.  Vestibular hair cells in the deaf white cat

(a) Gross view of the cochlea showing scala vestibule (SV), scala tympani (ST),

Rosenthal’s canal (RC), and a segment of vestibular epithelium (arrow) found in a white

cat exhibiting cochlear hair cell loss.  Bar, 1mm.  (b) Higher magnification view of a

vestibular epithelium, marked with an arrow in a.  An orderly row of vestibular hair

cells is evident within the epithelium.  Prior to fixation, their wispy long hairs would

have supported otoconia.  Axons of varying diameter are darkly stained with osmium

and apparent in the supporting membrane.  Bar, 100 µm.
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Figure 5.3.  Spiral ganglion cell survival in corresponding turns

Photomicrograph of stimulated and unstimulated cochleae showing gross ganglion cell

survival in the second (of 5) turn.  The quantity most easily observed from these

photographs is density within the spiral ganglion.  The unstimulated cochleae do not

exhibit massive cell loss at this age, consistent with previous reports of the deaf white

cat.  (a) CIK-1  (b) CIK-2  (c) CIK-5
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Figure 5.4.  Estimated total neuron number

Neuron number was estimated for eleven cochleae.  The cochleae stimulated with a

cochlear implant had fewer ganglion cells than the deaf cochleae of the same age.  Three

pairs of cochleae from implanted cats were recovered and measured.  In two of these

pairs, there were more cells on the contralateral (unstimulated) side than on the

stimulated side.
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Figure 5.5.  Damage to spiral lamina and nearby spiral ganglion cells

Damage to the osseous spiral lamina in the implanted cochleae was accompanied by

proximal ganglion cell loss.  (a) In the implanted cochlea from cat CIK-3, the spiral

lamina was cracked.  Neuron loss near this damage was strikingly severe.  (b)  In the

implanted cochlea from cat CIK-5, the bone of the spiral lamina adjacent to the

electrode scar was missing and no longer remained as a barrier between the stimulating

electrodes and the ganglion cells.  In this case, moderate cell loss was observed.  Signs

of cracking of the spiral lamina are absent in this case.  Scale bar, 100 µm.
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Figure 5.6.  Scar tissue surrounding the electrode

Photomicrographs of the cochlea where there were obvious signs of scarring and tissue

growth surrounding the implanted electrode.  The segment of scar tissue between the

electrode and the stimulated ganglion cells is shown for each of the 5 implanted

cochleae.  (a) CIK-1 (b) CIK-2 (c) CIK-3 (d) CIK-4 (e) CIK-5
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Chapter 6: Discussion

Taken together, these findings demonstrate that electrical activity plays an

important role in influencing synaptic structure.  Auditory nerve stimulation has a direct

effect on the stimulated synapses.  Effects in contralateral auditory nerve endings

implicate commissural or descending auditory projections in affecting primary synapses

of the auditory nerve.  Despite these changes at the synapse, variable levels of neuron

survival in the spiral ganglion suggest that several factors influence neural survival in

the cochlea.

6.1 The deaf white cat as a model for cochlear implant

The first finding from this investigation was that it is possible to restore hearing

in deaf white cats using a clinical implant and processor.  The surgical technique is

possible to implement in kittens as young as 12 weeks.  The processor headpiece is

tolerated by freely moving kittens, and these cats responded to sound cues in their

environment.

The congenitally deaf white cat has several advantages as a model system for

studying auditory nerve plasticity following congenital deafness.  Deafness occurs

before the onset of hearing and in many animals is complete (Heid et al., 1998, Ryugo et

al., 2003).  Profound deafness appears to be caused by a disorder of the stria vascularis,

scala media, or hair cells, and as a result spiral ganglion neurons are initially spared

(Bosher and Hallpike, 1965).  These spiral ganglion neurons lack the spontaneous spike
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activity found in normal hearing cats.  Application of ototoxic chemicals, which may

have other systemic or painful effects, is not required.

A drawback of the deaf white cat model is that the genetic defect or defects

which cause deafness in the white cat remains unknown.  Variability among and within

deaf cat strains has been described in the Hopkins colony and elsewhere.  This

variability includes different organ of Corti phenotypes, incomplete or unilateral

deafness, variable vestibular deficits (Waldorf 1977), and variable degeneration of the

cochlear and saccular hair cells (Chapter 5).  The efficiency of a breeding colony would

be improved by a more detailed knowledge of the underlying cause of deafness in these

cats.

Despite the great variability in white cat phenotype, profoundly deaf cats can be

reliably selected at one month of age by a minimally invasive audiometric test, the

ABR.

One younger kitten, implanted at 10 weeks, did not fully recover from the

surgery, and had to be euthanized after 8 weeks of stimulation.  This kitten showed signs

of infection over the implant processor, which worsened after wearing the compressive

headpiece.  Kittens younger than 8 weeks are difficult candidates for any surgery

because they lack a fully developed immune system.  Kittens loose the ability to

passively absorb antibodies from milk during the first 16 hours after birth (Casal et al.,

1996), and their innate production system of antibodies does not fully develop for

several weeks.  A longer healing time, nonmagnetic headpiece fixation, more aggressive

prophylactic antibiotics, or different surgical approach might allow surgery in younger

kittens.
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The present study used a single programming strategy emerging as the dominant

program in the cochlear implant clinic at the time of experimental design.  Results with

other programming strategies may differ.  Earlier studies used slower, unmodulated

electrical stimulation (e.g. Leake et al., 1999) or a single-electrode speech processor

(Klinke et al., 1999).  Results using an environmentally salient sound processing

strategy on multiple electrodes are more directly relevant to human cochlear implant

recipients.

6.2 Changes in the auditory nerve caused by electrical stimulation

A second finding from this study is that electrical stimulation can affect auditory

nerve synapses directly.  Auditory nerve fibers typically exhibit a range of spontaneous

activity from 0 to 100 spikes per second, and most fibers exhibit some spontaneous

activity (Kiang et al., 1965).  In contrast, most auditory nerve fibers in the deaf cat

exhibit no spontaneous activity (Ryugo et al., 1998).  In the present study, driven

activity was introduced to the auditory nerve for 8 hours per day in congenitally deaf

cats.  This limited stimulation was adequate to effect change in the synapse.

Dramatic changes were observed in the post-synaptic density (PSD) in

stimulated auditory nerve fibers.  The PSD is thought to compose neurotransmitter

receptors and scaffolding proteins involved in the post-synaptic response to

neurotransmitter.  These proteins are likely to change over time, and simple

ultrastructural measures do not perfectly reflect the protein content and physiologic

properties of the synapse.  The composition of glutamate receptors is likely to change

following re-introduction of spike activity.
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One mechanism for the reorganization of the PSD involves recycling of

membrane and proteins through the endosome.  Such mechanisms are important for

changes in synaptic strength such as LTP and LTD.  Reuptake and replacement of

receptors in clathrin-coated pits change synaptic strength in other glutamatergic

synapses (Luscher et al., 1999; Cooney et al., 2002)

During the course of the investigation, omega figures were observed in the

endbulb in the post-synaptic membrane (Figure 6.1).  Post-synaptic vesicles containing a

fuzzy, dense membrane were also observed (Figure 6.2).  The vesicle pictured in Figure

6.2 had a diameter of 0.0673 µm2.  Assuming a spherical vesicle, the total surface area

would be 0.0142 µm2.  This area is 7 times the size of a PSD in a normal hearing cat,

and 12 times the size of the difference in mean PSD area between normal and deaf cats.

The endocytosis of PSD following activation of the implant is one possible mechanism

for the reduction in PSD area in the stimulated cats.  Both division of single PSDs, are

reduction of the gross area, could occur by endocytosis.  Thus, the electron micrographs

suggest a specific mechanism for PSD remodeling, despite the inability to observe PSD

dynamics directly.

A method for visualizing PSDs in vivo has been applied in the calyx of Held.

The calyx is a synaptic structure formed by axons of globular cells in the ventral

cochlear nucleus which project to the contralateral medial nucleus of the trapezoid body.

Wimmer and colleagues injected a variety of virus types into the ventral cochlear

nucleus (VCN; Wimmer et al., 2004).  Injection with virus particles modified to express

GFP distinctly labeled a handful of calyces.  One type of virus, known as alpha viruses,



111

were particularly efficient at infecting many cells in the VCN with a survival time of

two days.

Alpha viruses were then modified to express synaptotagmin or synaptophysin

with other flourophones.  Synaptotagmin and synaptophysin are both important

components of presynaptic vesicle docking and fusion.  The constructs localized to

synapses and labeled them at a gross level in the confocal microscope.  This

visualization allowed a description of a change in synaptic organization in the calyx

during the onset of hearing (Wimmer et al., 2006).  This method might be modified to

label auditory nerve fibers by injection of viral vector into the cochlea.  In the future, it

may be possible to observe a larger sample of synapses, or perhaps even to observe

synaptic reorganization in real time.

Another important question is the degree to which synaptic reorganization takes

place in long-term deafened animals.  A critical period for the sensitivity of cochlear

nucleus neurons to cell size changes has been described (Webster 1983; 1988).  Changes

in cell size likely reflect a reduction in the underlying cellular machinery, including the

machinery involved in receptor trafficking.  One might argue that cellular machinery in

older animals could be inadequate to effect these dramatic changes at the synapse.

However, one cat in this study began stimulation at the age of 6 months.  At this age, the

differences between normal and deaf cats are apparent.  In this cat, synapses were

similar to those of the other stimulated and hearing cats.  In this individual, stimulation

reversed the abnormal effects of deafness.  This finding suggests that even large PSDs

retain the capacity for reorganization.
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6.3 Changes in the auditory nerve not directly stimulated

Electrical stimulation can further effect change indirectly in contralateral

auditory nerve fibers.  Because these axons were not directly stimulated, commissural or

centrifugal projections must have mediated these changes.  It is important to note that in

the intact cochlea, acoustic stimulation of one cochlea may cause inhibition in the

contralateral cochlea.  Otoacoustic emissions are dampened in response to contralateral

sounds (Berlin et al., 1993).  Furthermore, acoustic stimulation can reduce the

magnitude of cochlear compound action potentials contralaterally (Pirsig and Pfalz,

1967).  Efferent projections to the cochlea mediate this contralateral effect.

Some multipolar cells in the cochlear nucleus project to the contralateral ventral

cochlear nucleus.  There, they synapse on all cell types, including spherical cells

(Schofield and Cant, 1996).  These projections are assumed to be inhibitory, and

contralateral electrical or acoustic stimulation typically causes inhibition of spontaneous

activity in the intact cat.  However, one recent study of conductive hearing loss showed

that, on the hard-of-hearing side, cochlear nucleus neurons increased their firing rate in

response to acoustic stimulation on the intact side (Sumner et al., 2005).

The most direct centrifugal pathway between the cochlear nuclei travels through

the superior olive.  Spherical cells of the cochlear nucleus project to cells in the

contralateral medial superior olive (MSO), which in turn project to the lateral superior

olive (LSO) (Glendenning et al., 1985).  The LSO projects centrifugally to the ipsilateral

cochlear nucleus.  There are many such bilateral loops in the central auditory system.

Other structures in the auditory pathway are more distinctly binaural.  For

example, the principal neurons of the medial superior olive receive contralateral and
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ipsilateral inputs on opposing dendrites.  In the deaf cat, these neurons are atrophied

(Schwartz and Higa, 1982).  One wonders whether there are pronounced effects at these

distinctly bilateral auditory structures in implanted animals.

6.4 Spiral ganglion neuron survival in the stimulated cochlea

Despite these improvements in synaptic appearance, spiral ganglion neurons

were not significantly healthier in the stimulated ear, as compared to the contralateral

ear and to intact congenitally deaf cats.  Spiral ganglion neurons were often fewer in

number on the stimulated side.  Neuronal health did not appear to be improved by

electrical stimulation in this small sample of stimulated cochleae.

Several other groups have failed to find a positive effect of electrical stimulation

on spiral ganglion neuron health (Araki et al., 1998; Vollmer et al., 2005).  The SGC of

deaf white cats often experiences only moderate degeneration during the first year of

life.  This suggests that electrical stimulation or activity is not sufficient for SGC

survival.

SGC dendrites and supporting cells of the organ of Corti provide neurotrophic

factors that are required for SGC survival (Stankovic et al., 2004).  Endogenous

application of these factors can promote SGC survival, particularly when paired with

electrical stimulation (McGuinness and Shepherd, 2005; Shepherd et al., 2005).  The

destruction of the supporting cells and subsequent loss of neurotrophic factors is likely

to explain the SGC loss exhibited near cochlear damage.  In some of the cases, the spiral

lamina separating the electrode-filled scala tympani was cracked or eroded, leading to

local loss of SGC.  This effect of spiral lamina damage on neuron health is well-known
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(e.g. Schuknecht and Neff, 1952).  Negative effects of implantation on cochlear health

were apparent.  Because of the degeneration in the deaf cat cochlea,

immunohistochemical staining would be required to identify these supporting cells.

Despite variable effects in the cochlea, synaptic effects of electrical stimulation

were more consistent.  Electrical stimulation plays an important role in the structure and

maintenance of normal synaptic contacts.  However, it may be only one of many factors

required for neuronal survival.  Surprisingly, the effect of unilateral cochlear

implantation can be observed throughout the auditory system, including at the synapses

of the contralateral auditory nerve.  Taken together, these findings suggest that cochlear

implantation supports normal development of auditory synapses in the auditory nerve.

Secondly, given the variable effects of stimulation on ganglion cell survival, central

factors may be more important than total SGC population for auditory perception with a

cochlear implant.  It remains to be seen whether CNS synapses retain their plasticity

throughout life, and whether there are differences between unilateral and bilateral

stimulation in the auditory pathways.
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6.6 Figures

Figure 6.1  A postsynaptic omega figure within a PSD.  Two PSDs between an

endbulb (PRE) and a spherical cell (POST).  Boundaries of the PSDs are marked with

arrows.  The PSD containing an “omega figure” is marked with an asterisk.  This omega

figure likely represents membrane and associated proteins moving between the synapse

and the subsynaptic cisternum (ER).  Bar, 200 nm.
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Figure 6.2  A postsynaptic vesicle proximal to a PSD.  This synapse is adjacent to a

post-synaptic vesicle covered in a faint electron-dense haze.  This haze is typical of

clathrin-coated endocytotic vesicle.  Boundaries of the PSDs are marked with arrows.

The PSD containing an “omega figure” is marked with an asterisk.  This omega figure

likely represents membrane and associated proteins moving between the synapse and the

subsynaptic cisternum (ER).  Bar, 200 nm.
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