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I. Introduction and Background 

Temporary deafness is a clinically significant condition representing 

potential hazard to the patient. High levels of noise in the workplace or in the 

everyday environment may result in repeated episodes of short-lived, reduced 

auditory acuity. Repeated incidents of temporary hearing loss may subsequently 

result in permanent damage t9 the auditory organ. Over 24 million Americans 

are hearing impaired and over 2 million are profoundly deaf (Annual Report of 

the Deafness Research Foundation, 1988). Loud noise is the most important 

cause of acquired hearing loss in adults (lgarashi, 1972). 

Temporary thre~hold stijft (TIS.) is a reversible elevation of the sensory 

threshold to sound. When TIS is induced by moderately loud noise, the 

auditory system is temporarily less sensitive to acoustic stimulation and 

subsequently recovers to the pre-stimulatory sensitivity. TIS can be assessed 

by behavioral hearing tests and electrophysiological recordings of cochlear 

potentials, single auditory nerve fibers, or brainstem auditory evoked responses. 

The auditory receptor cell is a highly specialized mechanoreceptor that 

detects, transduces and transmits information about sound stimuli. This 

information is relayed to the CNS by auditory nerve fibers. The basal or output 

end of the hair cell possesses the usual ultrastructural specializations 

associated with chemically transmitting synapses. Several sites in or closely 

1 



associated with the auditory hair cell have been implicated in both permanent 

and temporary noise-induced hearing losses. 

The stimulus necessary to induce permanent threshold shift (PTS} can 

induce profound changes including destruction of the hair cells and associated 

nerves, and irreversible deformation of hair cell associated stereocilia (Hunter

Duvar, 1977; Saunders .et al., 1985). Pathological changes in the sensory 

neural components of the cochlea have also been reported with PTS (Spoendlin, 

1975; Lenoir and Pujol, 1980). Several intracellular sites within auditory hair 

cells have been suggested as sites of failure during noise induced hearing loss, 

including the stereocilia and cuticular plates, the cell membrane-incorporated ion 

channels, and the vesicular transport system. For reviews, see Saunders et al. 

(1985), and Lim (1986). Along with pathological changes in hair cells, swelling 

of afferent nerve terminals of mammalian inner hair cells has been associated 

with PTS (Lenoir and Pujol, 1980). 

Compared with PTS, the changes noticed during TIS are reversible and 

are less dramatic. There are several anatomical sites that may be involved in 

TIS. In species with middle ear mechanisms to dampen the effects of loud 

sound, paralysis of the middle ear muscles would eliminate these protective 

mechanisms and predispose to TIS (Zakrisson, 1974; Zakrisson et al., 1975). 

Vasoconstriction of mammalian cochlear arteries, veins and capillaries has been 

noted after loud noise exposure (Nakai et al., 1988), and the diminished blood 

supply may impedei restoration cif normal sound threshold by a reduction in 
• 
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cochlear pO2 and increased pCO2. Post-synaptic changes at the bases of hair · 

cells suggest the auditory nerve fiber as a possible site of failure during TTS 

(swelling and vacuolization of afferent nerve terminals at the bases of hair cells 

as reported by Spoendlin, 1971, Liberman and Mulroy, 1982, and Robertson, 

1983). 

In TTS, the loss of actin and cross-bridging-proteins has been observed in 

stereocilia and stereocilia rootlets (Liberman and Dodds, 1987; Tilney et al., 

1982) - this suggests a weakening of the stereoci1l · ultrastructure and 

pathological changes in stereociliary mechanical properties. Dew et al. (1993) 

reported a relaxing of the apical circumferential belt of actin in auditory hair cells. 

The relaxed apical actin belt would allow greater movement of the cuticular plate 

(where the stereocilia are anchored) and would reduce the bending of the 

stereocilia in response to sound pressure waves. Clumping has occurred in the 

stereocilia during TTS (Mulroy, 1986a), Lenoir and Pujol (1980) speculated that 

noise induced TTS might be due to temporary swelling of afferent nerve 

terminals, and that TTS may be partly due to nerve failure. One study (Omata 

and-Schatzle, 1984) demonstrated a reduction in the number of small vesicles at 

the mammalian outer hair cell efferent synaptic terminals after high intensity 

noise exposure. The studies done in this thesis deal with noting and quantifying 

newly recognized TIS-related and noise-induced changes in hair cells during 

TTS. 
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The aims of my research were to investigate the failure of the afferent 

synapse during TTS and to do a preliminary investigation on one of the following 

topics: (1) noise-induced auditory hair cell wounding - i.e. mechanically induced 

membrane microlesions - or (2) changes in protein phosphorylations during 

TTS. The results on cell wounding were promising, so that topic was pursued in 

a preliminary fashion. 

A) Auditory Afferent' Synaptic Fatigue During TTS 

For years researchers have suspected that TTS in the mammalian 

cochlea might be due to fatigue of the afferent synapse between hair cells and 
: . , ' 

afferent nerve endings. Prolonged tetanic stimulation of motor neurons 

innervating skeletal muscle in cold blooded animals caused a reduction in the 

amplitude of post-synaptic potentials and a decrease in the number of 

presynaptic small vesicles (Model et al., 1975). A marked accumulation of 

membrane as relatively, large, clear vacuoles were seen in the presynaptic 

cytoplasm of motor. neurons (Zamora et al., 1984). Two studies involving cone 

cells in the turtle retina (Schaeffer and Raviola, 1978) and TTS auditory hair 

cells (Mulroy et al., 1990) indicated that the accumulation of large vacuoles in 

the neural poles of these cells represented buildup of recycled membrane due to 

overstimulation. The result of the lag in membrane recycling was hypothesized, 

in the aforementioned studies, to result in the inability to reconstitute functional 

synaptic vesicles at a rate consistent with continual accurate neural encoding of 
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a stimulus. Presumably, the number of presynaptic small vesicles reconstituted 

from recycling cell membrane decreases and neurotransmitter resupply to the 

afferent synapse lags. 

My results support the hypothesis. that the afferent synapse is one of the 
I • 

. . 
auditory hair cell's intracellular sites of failure during TIS. The data presented 

in this study shows that auditory hair cells undergoing noise-induced TIS have 

decreased numbers of afferent synapses, decreased numbers of synaptic 

vesicles, and decreased sizes of presynaptic struc~ures when compared to 

matched control hair cells. 

B) Noise-Induced Hair Cell Membrane Wounding 

Cells subject to mechanical stress, such as intestinal cells, epidermal 

cells, and skeletal myocytes, undergo transient membrane disruptions. Cellular 

membrane disruption has unambiguously been demonstrated as a normal 

physiological phenomenon in intestinal epithelial cells, arterial endothelial cells 

and striated muscle cells (McNeil et al., 1989; McNeil and Ito, 1990; McNeil and 

Khakee, 1992). Membrane disruption has been shown to occur to a greater 

extent in striated muscle cells driven to physical limits by forced exercise (McNeil 

andKhakee, 1992). 

Clearly, cellular membrane disruption can unbalance the carefully 

controlled internal environment of the cell. As of this time, no published works 

have considered the possibility that membrane disruption occurs in auditory hair 
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cells during overstimulation. Hair cells routinely undergo mechanical stress to 

elicit function. The nature of auditory hair cells is that pressure changes within 

the cochlear duct cause bending of the stereocilia at their bases. These 

pressure changes may also stress the cytoskeletal components of hair cells and 

supporting cells that maintain the mechanical properties of the auditory organ. 

' 
Several characteristics of the cochlear hair cell suggest that membrane 

wounding is likely during TTS. Cochlear hair cells undergo volume decrease 

during TTS (Dew et al., 1993), and it has been proposed that cytoskeletal 

contractile mechanisms involving calcium are involved in the rapid membrane 

reconstitution necessary to maintain cellular integrity after membrane wounding 

(Gingell, 1970; McNeil, 1991 ). Calcium is probably as abundant in the hair cell's 

extracellular medium as it is in the extracellular medium of the striated muscle 

cell (Peterson et al., 1978). It seems possible that the "cellular shrinkage" noted 

during TTS may be assisted by cellular contractile mechanisms. Since cellular 

shrinkage does occur in TTS, and contractile mechanisms are proposed to play 

a role in cell wounding, there may be a link between membrane disruption and 

noise exposure sufficient to induce TTS. This study provides evidence that 

cochlear hair cells, exposed to loud noise known to induce TTS in the same 

animal model in other situations, exhibit a higher degree of cell membrane 

wounding than control hair cells. 
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C) Noise Induced Vacuole Accumulation 

Over .the past years, our lab has made many attempts to find a tracer 

molecule that would diffuse through the scala tympani into the spaces around 

the bases of the auditory hair cells in a living animal. The intention of these 

experiments was to verify that increased numbers of large clear vacuoles in the 

bases of hair cells (Mulroy et al. 1990) were due to increased endocytosis during 

TTS. This was to be demonstrated by uptake of these tracers into vacuoles 

during noise exposure. Horseradish peroxidase and at least three types of 

dextrans (MWs of 10,000 - 300,000) had been diffused into the scala tympani 

without evidence _of further diffusion into the region of the hair cell extracellular 

spaces (unpublished results from this lab). In contrast, we recently found that 

Lucifer yellow most certainly diffused into the auditory hair cell extracellular 

spaces. Taking adyantage of the accessibility of this tracer to the compartment 

containing the lateral and basal aspects of the auditory hair cells, we have been 

able to examine accumulated vacuoles in noise-exposed hair cells in the 
' 

' ' 

presence of Lucifer yellow. We found that hair cells in the noise-exposed basilar 

papillas contained, on the average,· more vacuoles labeled with Lucifer yellow 

than did hair cells in control papillas. 
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II. Materials and Methods 

Animal Model 

The basilar papilla of the alligator lizard (Gerrhonotus multicarinatus) -

homologous to the mammalian organ of Corti - was chosen as the experimental 

. model for several reasons. The alligator lizard is an animal that has been very 

useful in studying the basic mechanisms of mechanoelectric transduction and 

neural encoding in the vertebrate auditbry system. Much is known about the 

structure (Mulroy, 1974 and 1986; Nadol et.al., 1976; Tilney et al., 1980; Csukas 

. et al., 1987; Mulroy and Williams, 1987), physiology (Mulroy et al., 1974; Weiss 

. et al., 1974, 1976 and 1978), mechanics (Peake et al., 1980) and biochemistry 

(Peterson et al., 1978; Freeman et al., 1993) of this hearing organ. The basilar 

papilla has also been used to study the underlying cellular mechanisms of noise

induced temporary (Mulroy and Whaley, 1984; Mulroy et al., 1990; Dew et al., 

' 
1993) and permanent (Mulroy, 1986a) threshold elevation. Another advantage 

is that the alligator lizard's basilar papilla is readily accessible, facilitating rapid 

fixation. 

The alligator lizard basilar papilla contains approximately 150 hair cells 

that are divided into two types - tectorial and freestanding (Fig. 1 ). The 

relatively small number of hair cells and their predictable location within the 
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Fig. 1. Diagrams of the left and right basilar papillas, showing the locations of 
the hair cells analyzed to evaluate afferent synapses and their presynaptic 
structures. 

The top figures (a) represent the left and right basilar papil/as viewed from sea/a 
media. The left papilla is labeled with the locations of the tectorial and free
standing regions (for greater descriptive detail, see the "Materials and Methods" 
section). The boxes indicate the region, at the basal end of the papilla, analyzed 
in the "afferent synapse" portion of this study. 

Figures b, c, and d are enlarged views of the basal end of the free-standing 
region showing the location of hair cells analyzed from each of three 
experimental animals (#92, #621, and #622). In each experiment the left ear 
was the TTS ear and the right ear was the control (unexposed) ear. Synapses 
w~re counted for all cells indicated (both clear and filled). Synaptic vesicles, 
synaptic body size, and synaptic vesicle density were counted from the filled 
cells. In b,- approximately three random synapses were selected from each cell 
for vesicle number, synaptic body size, and synaptic vesicle density 

' comparisons. In c and d, all the synapses from the darkened cells were used in 
comparisons of vesicle number and synaptic body size (see "Analysis" 

· subsection of "Materials and Methods" section for details). 

9 



a. 

b. 

C. 

d. 

Left ear "'''., Cochlear -~ 
··•--rr;:,,-- - ~- ...... .;{::';:::.. nerve ~,~ ............... ~ ......... 

// ./ 0;:•· -~, "---' ' 

Tectorial 
region 

_ __.:::s,~w-- Limbic bulge ~~~,.,_-

"""'H~--~, Tectorial membra 

Free-standing 
region 

( L) 

·••:• ••• 

0 
Oo •• ooo••• 

t 
•; ., -.. 
Region analyzed 

Experiment 

#92 

#621 

#622 

10 

(R) 

•••• ••••• 

Righi ear 



papilla permit precise comparison of closely matched hair cells in TTS and 

control ears. This reduces morphologic variation due to location along the 

basilar membrane. The afferent synapse and vacuole accumulation portions of 

this study focused on the hair cells at the basal end of the freestanding region . . . ' 

(Fig. 2). These hair cells have several features advantageous to studying 

changes in afferent .neuronal connections. An average of four sensory (afferent) 

nerve fibers innervate each freestanding hair cell with approximately six 

synapses per nerve fiber (Mulroy, 1986). There are no efferent (olivocochlear) 

nerve fibers innervating these cells (Mulroy and Oblak 1985). 

The synapses between the hair cell and the afferent nerve endings are 

marked by the presence of an afferent nerve terminal with a postsynaptic 

membrane density and a synaptic body closely associated with· the presynaptic 

density on the hair cell membrane. The synaptic body is an electron dense . 

structure that serves as a marker for afferent synapses in the vertebrate acoustic 

and vestibular receptors (Benshalom et al. 1980, Miller and Beck 1987). The 

protein components of the synaptic body are somewhat different from the 

proteins of the other presynaptic structures in that proteases that degraded most 

presynaptic structures did not degrade the synaptic body (Bunt 1971, Szamier 

1974). The synaptic body is surrounded by a halo of clear synaptic vesicles 

having characteristic 40 - 60 nm diameter (Fig. 3). A postsynaptic membrane 

density is present in the afferent nerve ending at the synaptic site. 
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Fig. 2. Diagram of two cochlear hair cells from the basal end of the free
standing region of the alligator lizard basilar papilla. The surface of the hair cell 
is shown on the left, and the internal structure as seen in a section through the 
hair cell is shown on the right. Afferent nerve terminals are located at the base 
of the hair cell. The small dark bodies in the base of the whole cell, in the area of 
the afferent nerve terminals, represent synaptic bodies and indicate the location 
of the individual synapses. Synapses are indicated with presynaptic and 
postsynaptic densities in the hair cell on the right. The body of the hair cell is 
based upon reconstruction from serial transmission electron micrographs. The 
stereocilia are based upon scanning electron micrographs. 
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Fig. 3. (a) Transmission electron micrograph of a cross section through the basal 
region of a hair cell from the free-standing region of the basilar papilla. The 
following features are indicated: at, afferent nerve terminals; he, hair cell; sb, 
synaptic body (at afferent synapse); sc, supporting cell. 

(b) High magnification transmission electron micrograph showing the 
salient features . of an afferent synapse: an, afferent nerve terminal; fc, 
filamentous connections between the synaptic body and the synaptic vesicles; 
pod, postsynaptic density; prd, presynaptic density; sb, synaptic body; sv, 
synaptic vesicle. 
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A) Afferent Synaptic Changes 

1) Experimental Technique 

The alligator lizards were anesthetized by intraperitoneal injections of 

pentobarbital sodium (0.04 mg/g body weight). The ventral wall of the pharynx, 

the articular process of the mandible, and the associated muscles were 

surgically removed. The tip of a wire electrode was placed on the otic capsule 

just anterior to the round window and a reference electrode placed in the 

muscles of the jaw. Electric responses to a standard test acoustic click were 

amplified 100,000X and 64 responses were averaged (Fig. 4). Body 

temperature was maintained at 24 degrees centigrade. 

A standard low level test click was generated by a -10 mV electric pulse 

of 50 µsec delivered to an Audiophone F-68 earphone. This was repeated at a 

rate of 10/sec. A 1.5 cm plastic tube, of 2 mm inside diameter, projecting from 

the earphone, was sealed over the opening of the external auditory canal with 

petroleum jelly. The intensities of - tl)e sound .stimuli were · estimated by 

measurements with a precision sound meter in the impulse mode with A

weighted filtering using a coupler of the same volume as the external ear of the 

alligator lizard (~0.09 cc). The intensity of the acoustic click was 58.5 dB SPL. 

Broadband noise was produced by a white noise generator at a level of 200 mV 

peak to peak in the same earphone. The intensity of the noise was 106 dB SPL, 
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Fig. 4. Cochlear potentials recorded immediately before, immediately after, and 
5 minutes after the TTS producing broad-band noise (106 dB SPL). During this 
particular experiment when these potentials were recorded, the first neural 
component (N1P1J of the averaged response to a repetitive acoustic click was 
reduced significantly after cessation of the noise and recovery to 100 percent of 
the original potential occurred within ninety minutes, These recordings were 
taken from exp. 621. 

17 



µVx 10: P1 
6 

before noise 

.... _____ .. immediately 
after noise 

4 
-------- 5 min. after noise 

2 , 
I 

0 

2 
, 
I 

4 

6 N1 
0 ·2 4 6 8 10 

time tmsecl 

18 



measured in the A-weighted filtered mode. The intensity of the noise in the 3 - 4 

kHz range was 100 dB SPL. 

The averaged physiological response to test clicks was .recorded from 

both ears of an experimental animal. ' If both ears were within normal 

physiological limits (based on the size and character of the N1P1 component of 

the cochlear potential, the primary response of the auditory nerve, diagrammed 
I 

in Fig. 4), a piece of. the shaft of the •right columella ·cstapes) was removed to 

isolate the inner ear from the tympanic membrane and the right ear was 

designated the control ear. This eliminated aerial stimulation of the control ear 

by noise introduced into the experimental (contralateral) ear. The left ear was 

exposed to 30 seconds of 106 dB SPL broadband noise. The maximum vertical 

displacement of the cochlear potential's N1P1 component was measured in 

response to the acoustic click immediately upon cessation of the noise and 

every 60 seconds thereafter to chart the recovery of the cochlear potential in 

response to the 58.5 dB SPL test click. If the response recovered to 50% of the 

pre-noise N1P1 value before five minutes had elapsed the duration of the broad 

band noise was increased twofold until an interval of five minutes for recovery to 

50% of baseline potential was achieved. Fixation of the cochlear ducts can be 

reliably done in five minutes. This method of inducing TIS should result in 

minimal permanent damage due to overstimulation while ensuring that the noise

exposed ear is in TTS upon fixation (Fig. 5). The final noise ~xposure was 

19 



Fig. 5. Protocol followed to induce TTS. Averaged cochlear responses to low 
level acoustic clicks (58.5 dB SPL) were recorded and the magnitudes of the 
N1P1 components were plotted against time. Tfle significant drops in cochlear 
potential are in response to timed exposures to 106 dB SPL broad-band noise. 
After an initial 30 second exposure (A), the duration of the broad band noise was 
increased twofold until an interval of five minutes (minimum) for recovery to 112 
baseline potential was achieved (B through DJ. The last exposure (E) was a 
repeat of the penultimate exposure (DJ where the recovery criterion was first 
met. The control and ITS ears were fixed at 2 minutes and 4 minutes, 
respectively, after the last noise exposure, indicated by the arrows marking 
positions on the abscissa. See the "Materials and Methods" section for the 
rationale used in this protocol. 
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repeated and the cochlear ducts were immediately fixed. The fixative perfused 

into the scalae was a mixture of 2% paraformaldehyde and 2% glutaraldehyde, 
' . 

in 0.1 M Sorensen's buffer with 0.06% CaCl2. The pH of the fixative was 7.2 and 

the osmolarity was 310 mosmoles/kg: The heads were removed and immersed 

overnight in the fixative. The cochlear ducts were removed, postfixed in 1% 

aqueous osmium tetroxide for 1 hour, washed in water, stained by immersion in 

1 % aqueous uranyl acetate for 1 hour, .and embedded in Epon. About 500 serial 

sections (of 0.1 µm ·thickness) per basilar papilla were cut in the approximate 

plane of the basilar membrane. Ribbons of two sections were collected on 1 X 2 

mm slot grids with carbon coated formvar films. Sections were subsequently 

stained with lead citrate and uranyl acetate. 

2) Microscopy 

Every sectiol') through the selected hair cells was observed with a 

transmission electron microscope and photographed at magnifications of 1650X 

or 4600X. The negatives were uniformly enlarged 2X by photographic 

enlargement. The synaptic bodies were counted from the photographic prints. 

The areas and perimeters of synaptic bodies photographed at 4600X were 

measured from the photographic print by capturing the images using Jandel's 

"Java®" or "Mocha®" video morphometric software. The synaptic vesicles 

surrounding the synaptic bodies (photographed at 4600X) were counted from the . 

photographs using a magnifying lens. Synaptic bodies identified from 
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photographic prints of 1650X negatives were rephotographed at high 

magnification (46,000X) for morphometric quantification. The synaptic body size 

and vesicle number were then determined directly from the high magnification 

negatives by using Jandel "Mocha" software. 

3) Analysis 

The following describes the morphological features used to identify an 

afferent synapse (see Fig. 3): (1) a synaptic body surrounded by a halo of 

synaptic vesicles, (2) a presynaptic density of the hair cell plasmalemma directly 

adjacent to the synaptic body, and (3) the presence of an afferent nerve terminal 

with a postsynaptic density. We did not observe any synapses appearing to 

have all the morphological components of a synapse except for a synaptic body 

- i.e., there were no cases of an apparently functional synapse without a 

synaptic body. 

There were three groups of experimental and control cells - one from 

each experimental .animal (experiments 92, 621 and 622). The cells were 

matched closely for position at the basal end of the free-standing region· of- the 

basilar papilla. Total synapses were assessed by counting the total number of 

synapses in every cell and establishing a mean for experimental and control 

cells. 

In experiments 621 and 622, the size of the synaptic body, the number of 

synaptic vesicles, and the synaptic vesicle packing were measured in a section 
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through the maximum synaptic body diameter of every synapse in selected cells. 

A total of 16 hair cells were analyzed this way; eight TIS cells and eight control 

cells closely matched for location on the papilla. In experiment 92, the same 

measurements were made in three synaptic bodies selected randomly from each 

of 18 hair cells; 9 pairs of matched TIS and control hair cells. A total of 34 hair 

cells were analyzed. See Fig. 1 for locations of hair cells. To be included in the 

count of synaptic vesicles, a vesicle had to be within three vesicular diameters 

(approx. 150 nm.) of the synaptic body. All counts of vesicles and 

measurements of synaptic bodies were done by selection of photographic · 

negatives blinded as to experimental or control. . 

For all comparisons, the means of experimental and control groups were 

compared using a Student's t-test. If the variances of pairs of straight values 
I • 

were statistically different, then log10 conversions were used. A two-tailed p 

value of less than 0.05 was considered_ significant. 

B) Noise-Induced Hair Cell Membrane Wounding 

1) Experimental Technique 

Membrane disruption during TIS was investigated initially by attempting 

to use an endogenous endolymphatic/perilymphatic molecule that was limited to 

the extracellular cochlear environment. A breach in the cellular membrane 

would allow the extracellular molecule to diffuse into the cytoplasm as opposed 

to endocytosis which would limit the extracellular molecule to membrane bound 

24 



vesicles. Albumin nicely fits the description of an extracellular tracer and has 

been found in chinchilla and guinea pig perilymph (Mogi et al., 1982; Thalmann 

et al., 1992) and guinea pig endolymph (Thalmann et al., 1992). 

A first set of experiments attempted to determine if a commercially 

available mammalian anti-serum preparation (against avian serum) would 

selectively bind to lizard albumin. Alligator lizard striated muscle was used as a 

positive control because it is bathed in tissue fluid where albumin is plentiful. If 

early trials had indicated favorable reaction with lizard muscle tissue, a reaction 

with lizard ear preparations (control versus TIS) would have been done. The 

albumin concentration in the ear's fluid was assumed (from the mammalian 

studies cited earlier) to be of a much lower concentration than in serum. 

Goat anti-serum to chicken serum (GASCS) was reacted with quail 

embryo to determine if the antibody was viable. GASCS was then reacted with 

intact lizard striated muscle and wounded lizard muscle. The quail embryos 

represented a positive control to test the viability of antibody reactions (quail and 

chicken are both aviar:i and the Goat Antibody to Chicken Serum should cross

react). The embryos were fixed in 4% paraformaldehyde, rinsed in PBS and 

were immersed in 30% sucrose in PBS overnight. The embryonic tissue was 

embedded in Tissue Tek OCT® compound and frozen in isopentane cooled in 

liquid nitrogen. The tissues were sectioned at 12 - 20 microns at -22°C on a 

Zeiss microtome cryostat and directly picked up onto glass slides. The sections 

were then immediately immersed in 8% (wt/vol) paraformaldehyde for 10 
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minutes, washed twice in PBS, and incubated for 10 minutes in 10 mM 

ammonium chloride in PBS. Next, the slides were placed directly into blocking 

buffer with 4% bovine albumin and 0.05% Triton X-100 in PBS for 1 hour, with 

one change of solution. Portions of frozen reconstituted antibody stock 

(GASCS) were thawed and diluted to concentrations of 1: 100, 1 :200, and 1 :400 

in PBS. The tissue sections were covered with drops of antibody solutions and 

control sections were covered with drops of PBS. The antibody incubation time 

was overnight (12 - 18 hours) at 37 degrees centigrade in humid atmosphere. 

After incubation, the sections were washed with PBS and replaced in Copeland 

jars where they were washed with blocking buffer 3X over 20 minutes. The 

secondary antibody (rhodamine labeled anti-goat lgG) was diluted from stock to 

1: 50 and 1:100 with PBS. The tissue specimens were covered with drops and 

incubated at 37°C (humid) for 3 hours - some control sections were reacted with 

the secondary antibody alone. Upon removal from incubation, the sections were 

washed in PBS, placed in Copeland jars, and washed three more times with 

PBS. The slides were mounted with Vectashield® mounting medium (Vector 

labs.), and coverslips were sealed with clear nail polish. 

The lizard striated muscle was bluntly dissected away from long bones 

and cut at the tendons. In one specimen, the membrane was disrupted in 

multiple penetrations with an 18 gauge hypodermic needle before dissection; 

such penetrations done to wound the membranes of the muscle cells punctured. 

The muscle was then cut into 2 - 3 mm3 sections and immersed overnight in 30% 
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sucrose in PBS with 0.06% calcium chloride. The further preparation of the 

muscle tissue was the same as the quail embryo. Both disrupted and 

undisrupted tissue specimens were placed on the same specimen block (to 

ensure equivalency of section thickness and post-sectioning processing) before 

being covered in Tissue Tek OCT® compound and frozen in isopentane cooled 

in liquid nitrogen. 

For the Lucifer yellow experiments, a ventral pharyngotomy was 

performed on the lizards. The response to a 58.5 dB SPL test click was 

recorded for both ears. The tendon and muscle attachments were removed from 

the lip of the round windows and ventrolateral portions of the otic capsule (bone 

housing the scala tympani) were removed. The round windows were then 

perforated to gain access to scalae tympani. The response of both ears was 

again recorded to the 58.5 dB test click to assess any damage to the ears by the 

preceding surgery. A control ear was then selected and a piece of the stapes 

was cut to eliminate airborne sound. Bone conduction to sound is attenuated by 

> 47.5 dB using this method (see "Results" section for bone conduction 

experiment). With the tip of a microscalpel, some crystals of Lucifer yellow-CH 

were inserted bilaterally through the round window membrane perforations. The 

response of the experimental (left) ear to 58.5 dB test click was again tested. If 

the experimental ear's response was normal, then the experimental ear was 

given one hour of 106 dB SPL Broad-band noise. The animal was allowed to 

recover overnight in a quiet environment to clear any excess (extracellular) 
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Lucifer yellow. Any noise-induced intracellular Lucifer yellow would remain 

inside the cells while any extracellular tracer would be cleared. The next 

morning the response of the experimental ear was tested. The lizard was then 

anesthetized, decapitated, and the ears were fixed. The first step in fixation was 

dropping in 2% paraformaldehyde fixative (with 0.5% glutaraldehyde in 

Sorensen's buffer at pH = 7.2). The second step was removal of the stapes 

footplate from the oval window, perforating the oval window, and injecting 

fixative through round window to perfuse the scalae tympani and vestibuli. The 

lizard head was then immersed in fixative for 1 - 2 hours. The cochlear ducts 

were then removed and placed in Sorensen's buffer at pH of 7.2. The cochlear 

ducts were trimmed and the vestibular membranes removed. The trimmed ducts 

with exposed basilar papillas were then place in a shallow depression slide 

immersed in glycerol with isopropyl gallate, and covered with coverslips. 

2) Microscopy 

The whole mount preparations of the GASCS-rhodamine labeled tissue 

was viewed under a fluorescence microscope with a light source providing 

emission at 520 nm, and emitted fluorescence was passed through a long pass 

filter with a 550 nm cut-on. 

The ,tissue stained with Lucifer-yellow-CH was · viewed using a 

fluorescence microscope with an emission filter for 450 - 490 nm. Two micron 

optical sections of the Lucifer yellow stained tissue were taken with a Biorad 
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confocal microscope using filters permitting a 455 nm scanning beam. In both 

microscopies, the emitted fluorescence. was passed through a long pass filter 

(barrier filter) with a 520 nm cut-on. 

3) Analysis 

In the cell wounding experiments three experimental animals 

(experiments 719, 721 and 723) were used and the percentage of labeled cells 

in experimental and control papillas were compared. Because the actual amount 

of Lucifer yellow placed into each ear was not quantified exactly, and because 

the degree ·of diffusion arbund the hair cells of different ears could not be 

accurately assessed, it was decided not to compare the relative brightness of 

cells in matched papillas to determine degree of labeling. One feature easily 

and immediately identified in cells labeled with. Lucifer yellow is an indistinct 

nuclear region. The nucleus cannot be distinguished from the cytoplasm 

because both regions are stained at the same intensity. Lucifer yellow-CH is a 

small molecule (MW 457) which easily diffuses through nuclear pores once free 

in the cytoplasm. Examples of nuclear uptake of Lucifer yellow are seen in a 

study of induced cell permeabilization by Steinberg et al. (1987) and examples 

of nuclear exclusion of larger molecular weight dyes are seen in a review by 

McNeil (1989). Unlabeled hair cells have distinct concentric oval areas with the 

same location and size as normal nuclei. Labeling was determined by the 

inability to distinguish a nucleus in 2 µm optical sections through the entirety of 
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the cell. A two-tailed Student's t-test was used in the comparison and a p value 

of< 0.05 was considered significant. 

C) Noise Induced Vacuole Accumulation 

1) Experimental Technique and Microscopy 

The procedure used was the same as that described for "Noise-Induced 

Hair Cell Membrane Wounding". 

2) Analysis 

To assess vacuole accumulation in the Lucifer yellow tissue, a total of 55 

experimental and 64 control cells were selected from the basal portion of the 

free-standing region of papillas from two experimental animals (experiments 721 

and 723). The total labeled vacuoles were counted in 2 µm optical sections 

through the entirety of every cell and the two groups compared using a Mann

Whitney nonparametric test (dissimilar variances between experimental and 

control populations precluded the use of t-tests). A p value of < 0.05 was 

considered significant. 
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D) Animal Care 

The care and use of the animals reported on in this study was approved 

by the Medical College of Georgia's Committee on Animal Use for Research and 

Education. 
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Ill. Results 

A) Afferent Presynaptic Changes 

Each of three experimental animals was subjected to increasing durations 

of 106 dB SPL broad band noise. Fig. 4 depicts the diminution and recovery, 

after exposure to r:ioise, of the average_d cochlear potential in response to our 

low level (58.5 dB SPL) acoustic test click. Fig 5 is a graph illustrating the 

protocol to determine the appropriate duration of noise exposure to induce TIS 

in one of the ears used in this study. The reason for this somewhat complicated 

protocol of gradually increasing durations of 106 dB SPL noise exposures is that 

experience has indicated that individual alligator lizards differ in their sensitivity 

to noise (Mulroy and Whaley, 1984). In this experiment one animal (#621) 

required only 4 minutes of noise (106 dB SPL) to ensure enough time to perfuse 

the ear with fixative during TIS - without causing any permanent threshold shift. 

Another animal used in this study (#622) required 32 minutes to attain the same 

TIS criteria. 

In the alligator lizard, the distance between the left and right inner ears is 

approximately 5 mm. This small distance raises some question about possible 

stimulation, via bone conduction, of the contralateral control ear which has been 

isolated from aerial noise stimulation by partial removal of a piece of the shaft of 
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the columella by sharp dissection (see "Materials and Methods" for details). We 

believe that the noise reaching the contralateral ear by bone conduction is 

greatly attenuated. In an experiment(exp. 725) to measure bone conduction of 

sound, the response of the right ear to a 58.5 dB SPL test click (N1P1 

component) was 50.5 µV. A piece .of the stapes of the right ear was then 

removed to eliminate the conduction of airborne sound to that ear. The 

contralateral (left) ear was then stimulated with a 106 dB SPL click and the N1P1 
' 

component of the response of the right ear was 38.5 µV. The right ear had a 

smaller response to the contralateral 106 dB stimulation .than to a direct 58.5 dB 

stimulation. This indicates that greater than 47.5 dB attenuation occurred in 

bone conducted sound from the opposite ear. That level of noise is 

approximated (106 dB - 58.5 dB = 47.5 dB) and is well below the level of 

acoustic stimulation that would induce TTS. To ensure that all of the response 

measured from the right ear was indeed due to right ear stimulation, the right ear 

was surgically removed and the response measured from the right side, to the 

106 dB SPL contralateral stimulation, was 0 µV. We concluded that the control 

ears used in this study have not been subjected to noise levels, via bone 

conduction, that would have induced TIS (see Fig. 6). 

64 hair cells. (30 TIS, 34 control - see Fig. 1) from the three lizards were 

studied by TEM serial section reconstruction. All of these cells were in the basal 

end of the free-standing region of the basilar papilla, where TIS and unexposed 
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Fig. 6. This figure represents the results of an experiment to measure bone 
conduction of sound to control ears. In all experiments, intra-animal control ears 
were isolated from airborne sound by removing a piece of the control ear's 
stapes. This experiment verified that this control protocol is effective. 

All responses recorded were from the right (control) ear - recording A is 
the response to a sound stimulus into the right (control) ear, while recordings B 
and Care responses to sound stimuli into the left (contralateral) ear. Recording 
A (solid line) is the response of the right ear to a 58.5 dB SPL test click delivered 
to the right ear before removal of a .piece of the right stapes. The N1P1 
component (hair cell response) was 50.5 µVin magnitude. Recording B (where 
a piece of the right stapes was removed to eliminate the conduction of airborne 
sound to that ear) is the response of the right ear to a 106 dB SPL click into the 
left ear. The N1P1 component of response B was 38.5 µV. The interpretation of 
responses A and· B is that the right ear had a smaller response to the 
contralateral 106 dB stimulation than to a direct 58.5 dB stimulation during 
conditions used to protect the control ear in all experiments. The conclusion is 
that the sound reaching the right (control) ear was attenuated by greater than 
47.5 dB (106 - 58.5 dB). This /eve/ of stimulation is we// below the sound 

. intensity that induces ITS. 
· Response C (N1P1 = 0 µVJ is the response of the right ear with the right 

papilla removed to the contralateral 106 dB stimulation. This demonstrates that 
response B (N1P1 component)was entirely due to the direct response of the 
control ear and did not have a contribution from the left (contralateral) ear since 
the entire N1P1 component was eliminated by removal of the right papilla. 
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control cells could ,be closely matched (Fig. 1). Nerve fibers innervating hair 

cells at the basal end of the free-standing region of the papilla have 

characteristic frequencies in the 3 - 4 kHz range (Weiss et al., 1976; Holton and 

Weiss, 1983). The intensity of the noise in the 3 - 4 kHz range was 100 dB SPL 

which indicates that the experimental cells were stimulated at that intensity. 

Analysis of serial electron micrographs show an extremely significant 

reduction (p < 0.0001) in the number of afferent synapses of the TTS cells 

compared with control hair cells (Fig. 7). The number of synaptic vesicles at 

synapses also decreased in TTS cells when compared with control celis (Fig. 8). 

The number of vesicles at the maximum cross-section of the synaptic body 

dropped in a very significant fashion (p < 0.0001). The mean total vesicles (at 

synaptic body maximum cross-sections) per TTS cells was 257 and for control 

cells was 458. This represents an average synaptic vesicle decrease of 43.9% 

for TTS cells. 

The size of the synaptic bodies in TTS cells was also reduced when 

compared with control cells (Fig. 9). That reduction was statistically significant 

(p < 0.0001 ). 

Not only was there a decrease in the number of synapses, the size of 

synaptic ·bodies and the total number of synaptic vesicles, but there was also a 

decrease in the packing of synaptic vesicles associated with the synaptic bodies 

(Fig. 10). The difference in synaptic vesicle packing between TTS and control 
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Fig. 7. This histogram depicts the number of synapses in experimental (TTS) 
vs. control cells using bin widths of five. The number of synapses per hair cell 
was reduced from a mean of 18.59 (s.d. = 4.63 for n = 34 cells) for control cells 
to· 14.21 (s.d. = 3.45 for n = 30 cells) for TTS cells. This difference was 
considered extremely significant using a two-tailed Student's t-test with a p 
,value of <0.0001. 
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Fig. B. This histogram compares the number of vesicles surrounding the 
maximum synaptic body diameter for each synapse. The data is presented in 
bin widths of five. The mean number of vesicles per maximum synaptic body 
cross-section in .control cells (24.64, s.d. = 4.80, n = 149) was reduced in TTS 
cells (18.07, s.d. = 3.28, n = 115). The difference was considered extremely 
significant using a two-tailed Student's t-test for log10 values of vesicle counts, 
with a p value of< 0.0001. 
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Fig. 9. This histogram depicts the maximum areas of the synaptic body profiles 
associated with synapses. The area of the synaptic body was measured in the 
section through the largest profile of the synaptic body. . .The mean synaptic 
body maximum cross-sectional area of control cells (0.0811 µm2

, s.d. = 0.0224, 
n = 157) was reduced in TTS hair cells (0.0656 µm2

, s.d. = 0.0198, n = 113). 
The difference was considered extremely significant using a two-tailed Student's 
t-test with a p value of< 0.0001. 
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Fig. 10. This histogram represents the packing of the vesicles surrounding 
synaptic bodies. The packing is measured by counting the number of vesicles 
around the synaptic body at its maximum cross-section. The mean packing 
seen in control cells (24.09 vesicles/µm of synaptic body perimeter, s.d. = 5.94, 
n = 147) was reduced in ITS hair cells (19.83 vesicles/µm of synaptic body 
perimeter, s.d. = 4.97, n = 112). The difference was considered extremely 
significant using a two-tailed Student's t-test with a p value of< 0.0001. 
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cells was extremely significant (p < 0.0001 ). 

Reductions in afferent synapses, synaptic vesicles, synaptic body size, 

and synaptic vesicle packing were seen in each individual experimental animal. 

The statistical significance of all observations was maintained when "n" equaled 

the number of individual measurements (from hair cells or synapses) or when 

mean values from the three experimental animals were compared with "n" 

equaling three. 

Roughly 4% (1 O of 280) of the synaptic bodies seen were heterotopic 

(complete with halos of vesicles but free from asso~iation with other synaptic 

structures). Other authors have·reported this as a regular occurrence in lizards 

(Baird and Lowman 1978, Miller 1985; Miller and Beck 1987) and this · 

phenomenon has been noted in other animals (Jorgensen 1981). In our 

experimental cells, heterotopic synaptic bodies were not abundant and occurred 

in both TTS and control cells with no statistical· difference. We excluded the 

heterotopic synaptic bodies from our findings because we were unsure of their 

functional significance and, when those synaptic bodies were included, the 

results were not altered in any way. 

We also observed hair cell presynaptic densities opposed to afferent 

nerve postsynaptic densities that did not have synaptic bodies or synaptic 

vesicle aggregates present. We speculate that these densities may represent 

the initial formation of active synapses or the vestiges of synapses that had 
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become non-functional. These structures were not included in our count of 

synapses. 

B) Noise-Induced Hair Cell Membrane Wounding 

The cell wounding experiments were designed as a preliminary 

investigation to determine if further (future) research was warranted. The noise 

stimulus used in each experiment was 60 minutes of 106 dB SPL broad-band 

noise. While TTS was not documented in any of the experiments, the stimulus 

was certainly sufficient to have induced TTS in previous experiments in this lab. 

The .hair cells used for the following results most likely had some permanent 

threshold shift changes and are therefore referred to as "noise-induced" 

changes. The basis of the investigation, however, is preliminary and the "noise

induced" changes may be indicators of what can be expected in experiments 

using a TTS protocol. 

The set of experiments designed to ultimately label noise-exposed hair 

cells with goat anti-serum to chicken serum (see "Materials and Methods" 

section) proved unwieldy. Positive reactions were obtained in lizard muscle 

reacted with higher concentrations of primary and secondary antibodies, and 

negative results in controls. These initial results indicated that some 

components of serum were found intracellularly in noise-exposed lizard striated 

muscle and offered hope that albumin might be detected in wounded hair cells. 

However, the .procedure for making frozen sections was technically difficult for 

46 



the papilla because of its small size and fragility (cooled glass knives and a 

liquid nitrogen-cooled ultramicrotome is necessary instead of the steel knives 

and regular refrigerated microtome used for muscle tissue). On the other hand, 

the Lucifer yellow technique permitted optical sectioning of whole mounts of the 

basilar papilla using scanning laser confocal microscopy. This procedure 

greatly facilitated this part of the investigation. 

Using Lucifer yellow as an extracellular tracer provided some intriguing 

results. As described in the "Introduction" section, many attempts were made to 

find a tracer molecule that would diffuse through the scala tympani into the 

spaces around the bases of the auditory hair cells in a living animal. Lucifer 

yellow most certainly diffus_ed into the auditory hair cell extracellular spaces, and 

holds great potential for use in future projects with the alligator lizard animal 

model. 

The cell membrane disruption experiments using Lucifer yellow were 

done on three experimental animals. For each of these animals, one ear was 

designated experimental (noise-exposed) and the opposite ear was the control. 

60 minutes of 106 dB SPL broad-band noise was used as the stimulus for the 

noise-exposed ears. The experimental ears, monitored electrophysiologically, 

retained normal function for the duration of the experiments after crystals of 

Lucifer yellow were diffused directly into the scala tympani. Labeled hair cells 

had indistinct nuclear regions and unlabeled hair cells had distinct concentric 

oval areas having the same location and size as normal nuclei (see "Materials 
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and Methods" section for detailed explanation). Fig. 11, a confocal 

photomicrograph, shows labeled cells and unlabeled cells from experiment 

#719. The percentage of cells labeled with Lucifer yellow in the noise exposed 

papillas is significantly greater than in control papillas (p = 0.0284) - see 

TABl:E 1. 

C) Noise Induced Vacuole Accumulation 

Fig. 12 shows punctate areas of brightness within the hair cells. If the 

dye was not restricted to membrane bound vacuoles it would have diffused 

throughout the cytoplasm. These areas of brightness are most likely vacuoles 

since it is believed that the only way Lucifer yellow can gain entrance into 

normal cells with intact cell membranes is by endocytosis (described for other 

tracer molecules by McNeil and Ito, 1992). Furthermore, the estimated size 

range of the individual punctate structures, relative to the diameter of the hair 

cell cross-sections, agrees with the size of clear vacuoies in. TTS hair cells 

(Mulroy et al., 1990). These vacuoles were counted in 55 control hair cells and 

64 noise-exposed hair cells from the basal regions of papillas of 2 experimental 

animals (exps. #721 and #723). The noise-exposed papillas had significantly (p 

< 0.0001, Fig. 13) higher numbers of Lucifer yellow-labeled vacuoles than did 

the controls. · 
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Fig. 11. This confocal photomicrograph of an optical section taken through a 
whole mount preparation of a basilar . papilla. The view is in a plane 
perpendicular with the long axis of the hair cells. The hair cells are from the 
free-standing region of the papilla. Features used in analysis of the Lucifer 
yellow experiments on cell wounding are labeled with arrows. Note that arrows 
with •un in the micrograph point out cells in where the nucleus is distinguishable 
- this cell is unlabeled by the Lucifer yellow. The other arrows, indicated by "Ln 
mark cells where the nucleus is not distinguishable (in this optical section or in 
any other optical section through the entirety of the cell) - these are cells that 
have been labeled due to microtears in the plasma membrane. The small size 
of Lucifer yellow allows it to diffuse into the nucleus once it has entered the 
cytoplasm, and less intensely labeled cells will show characteristic concentric 
darkened circular areas representing the nuclear region. 
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Table 1. These data represent the results from three experimental animals 
(719, 721 and 723) used for auditory hair cell wounding experiments. The 
percentages are the proportion of cells labeled with Lucifer yellow-CH either in 
experimental (noise exposed) or control (with the shaft of the papilla cut to 
minimize noise input) basilar papillas. The noise exposure was 60 minutes of 
106 dB SPL broad-band noise. In each animal, the noise-exposed ear had a 
higher percentage of cells labeled, indicating transient plasma membrane 
lesions occurring to a greater extent. The mean number of labeled cells in the 
experimental ears _was significantly greater than the mean of the control ears 
using a two-tailed Student's t-test (p = 0.028). 
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percent percent 

total total labeled cells labeled cells 

cells cells experimental control 

Exp. exper. contr. papilla papilla 

719 184 169 55.98% 25.44% 

721 153 158 58.16% 8.94% 

723 150 159 54.00% 23.90% 

Total 487 486 56.05% 19.43% 
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Fig. 12 This confocal photomicrograph is also taken from an optical section 
through a whole mount preparation of a basilar papilla: The view is in a plane 
perpendicular with the long axis of the hair cells. The hair cells are from the 
free-standing region of the papilla. Note the small punctate areas of intense 
intracellular labeling - arrows point to a few in different hair cells. These small 
spots of brightness are though to be vacuoles produced by endocytosis after 
the addition of the Lucifer yellow to the extracellular medium. 
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Fig. 13. This histogram represents the number of labeled vacuoles within the 
hair cells from the basal end of the free-standing papillar regions from the 
experimental and control papi/las of two experimental animals. The vacuoles 
were counted frQm serial optical sections from a whole mount preparation taken 
with a confocal microscope. The mean number of vacuoles seen in control cells 
(10.27 vacuoles/cell, s.d. = 5.74, n = 64 hair cells) was increased in noise
exposed hair cells (15.55 vacuoles/cell, s.d. = 7.18, n = 55 hair cells). The 
difference was considered extremely significant using a two-tailed Mann
Whitney non-parametric test with a p value of< 0.0001. 
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IV. Discussion and Conclusions 

A) Afferent Synaptic Changes . 

The synaptic body is a reliable morphological marker for the afferent 

synapse in the hair cells we analyzed in this study. Synaptic bodies are 

consistently present in the inner hair cells of the mammalian cochlea (Dunn and 

Merest 1975, Smith 1975) and in outer hair cells of the chinchilla (Siegel and 

Brownell 1986), but are absent in the outer hair cells of the cat (Dunn and 

Merest 1975, Rodriguez Echandia 1968). The data presented here clearly 

indicates a decrease in the number of synaptic bodies and, therefore, in the 

number of afferent synapses during TTS (Fig. 6). This implies a decreased 

ability to transmit information to the central nervous system. A reduction in the 

number of fish retinal synaptic ribbons (structures homologous to synaptic 

bodies) has been previously reported under conditions of continuous stimulation 

(Wagner 1973). 

The nature and role of the synaptic body are not known, but its location 
' ' 

and fine structure suggest that it is a presynaptic docking site where vesicles are 

queued up prior to release. The vesicles are attached to the synaptic body by a 

delicate filament (Fig. 3). Such connections have been described previously in 

the electroreceptor of the ray (Derbin 1970), in hair cells of the bullfrog inner ear 

(Osborne and Thornhill 1987), in inner and outer hair cells in cultured mouse 

organ of Corti (Sobkowicz et al. 1982) and in the outer hair cells of the chinchilla 

(Siegel and Brownell 1986). Presumably, some mechanism exists to move the 

docked vesicles to the cell membrane for fusion and release of neurotransmitter. 

The decrease in the size of the synaptic bodies (Fig. 8), coupled with the 
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decrease in number of synaptic bodies (Fig. 6) and attached synaptic vesicles 

suggests that less neurotransmitter is available for immediate release at afferent 

synapses in TIS hair cells. The decrease in the packing of the synaptic vesicles 

(Fig. 9) suggests that the decrease in vesicles is more than a function of 

synaptic body size, but rather due to an overall depletion in the number of 

synaptic vesicles ready for immediate release. 

The decrease in the number of presynaptic vesicles during TIS (Fig. 7) 

suggests that less neurotransmitter is available for immediate release. This fits 

with the decrease in the number of action potentials transmitted in the cochlear 
\ . 

nerve as seen in the reduction of the N1 P1 component of the cochlear potential 

(Figs. 4 and 5). A decrease in the number of synaptic vesicles had been 

reported in tetanically stimulated neuromuscular junctions (Lnenicka and 

Atwood, 1988) and in central synapses (Bennett et al. 1976). Siegel and 

Brownell (1986) described synaptic bodies in outer hair cells of the chinchilla 
! 

with a paucity of vesicles around some of the bodies and speculated that 

differences in the number of vesicles associated with the synaptic bodies might 

be related to differences in functional state. 

The decrease in presynaptic vesicles during TIS agrees with a previous 

finding, in this lab, that large clear vacuoles accumulate in the neural pole of free 

standing hair cells of the alligator lizard papilla during TTS (Mulroy et al. 1990). 

A combination of data suggests that the membrane constituting the wall of these 

vacuoles represented synaptic vesicle membrane that had been endocytosed 

but which had not been reconstituted into functional synaptic vesicles at a rate 

fast enough to faithfully transmit the activity of the overstimulated hair cell. In 

this scenario the net decrease in synaptic vesicle membrane associated with the 

synaptic body may accumulate in the membrane of the clear vacuoles. 
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Evidence that the number of synaptic vesicles recovers to normal as the 

ear recovers from TTS would further support these results, and the hypothesis 

that a temporary decrease in available neurotransmitter contributed to TTS. 

Although this study is not yet completed there is evidence in other systems that 

depleted synaptic vesicles do recover to normal numbers after the synapses 

recover from fatigue (Model et al. 1975, Zamora and Ramirez 1983). There is 

also evidence that changes in the stereocilia of auditory hair cells of the alligator 

lizard, associated with TTS, recover their normal morphology after the papilla 

recovers from TTS (Mulroy and Whaley, 1984). 

Changes in the presynaptic structures of the afferent synapses are not 

the only morphological changes within hair cells associated with TTS. Changes 

in the cytoskeletal components of the hair cell that could diminish the 

mechanical response of the stereocilia in response to sound have been 

described in the cochleas of both mammals and lizards. Tilney et al. (1982) 

reported depolymerization of actin filaments in the stereocilia, and Libermann 

and Dodds (1987) reported a shortening of stereociliary rootlets within the 

cuticular plate associated with TTS. The structural changes in the stereociliary 

pole of the lizard hair cell during TTS are qualitative while the results obtained 

by this study are quantified. There is a slight increase in the diameter of the 

endolymphatic surface of the hair cell and shortening of the hair cell body (Dew 

et al. 1993) and a slight clumping of the stereocilia (Mulroy and Whaley 1984) 

during TTS. There is evidence in the mammalian inner hair cells that exposure 

to loud noise can induce excitotoxic swelling of the postsynaptic nerve terminals 

(Pujol et al., 1993). Although the mechanisms underlying TTS are complex, this 

author believes that the results of these experiments strongly support the 

afferent synapse as a site of failure in TTS. 
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B) Noise-Induced Hair Cell Membrane Wounding 

It has recently .been reported that cells subjected to mechanical stress, 

such as muscle cells or vascular endothelial cells, suffer microlesions in their 

cell membranes (McNeil et al., 1989; McNeil and Ito, 1990; McNeil and Khakee, 

1992). These cells can survive and presumably recover normal function by 
' 

resealing their membranes. This phenomenon has been described as "cell 

membrane wounding" (see "Introduction and Background" section). Auditory 

hair cells are mechanoreceptors and are subjected to mechanical stress during 

overstimulation, and it seemed appropriate to investigate cell membrane 

wounding during loud noise exposure. The preliminary evidence suggests that 

plasmalemma microlesions do occur in auditory hair cells of the alligator lizard 

that have been exposed to moderately loud noise (Table 1 ). The implications 

are that microlesions in the plasmalemma induced by overstimulation produce 

opportunities for mixing of intracellular and extracelh,ilar contents which result in 
' . 

intracellular ionic or charge imbalances (such as intracellular calcium toxicity) 

contributing to the temporary elevation of threshold to sound stimuli. 

Some other considerations are that the vesicle depletion seen during TTS 

in the afferent synapse experiments and the TIS-induced hair cell volume 

decrease seen by Dew et al. (1992) may be related to the cell wounding seen 

with noise exposure. There is a calcium dependent cytoskeletal contracture 

mechanism proposed (Gingell, 1970; McNeil, 1991) for sealing cell membranes 
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and this may partially explain the observed loss in hair cell volume. Steinhardt 

et al. (1994) described a calcium-dependent membrane microlesion sealing 

process similar to the process of neµrotransmitter release. In that study, 

methods to deplete cultured cells of vesicles close to the plasma membrane, as 

well as toxins and ionic agents that blocked vesicle fusion with the plasma 

membrane, inhibited cell membrane repair. Perhaps the extent of wounding 

seen in noise-exposed hair cells is related to the depletion of synaptic vesicles 

available to repair membrane microlesions. Further investigation into these 

aspects of auditory hair cell wounding seems a promising undertaking. 

One of the major problems with noise~induced hearing loss in man, is that 

once auditory hair cells are lost they do not regenerate. Muthukrishnan et al. 

(1991) and McNeil and Khakee (1992) demonstrated that a molecule without the 

classic peptide sequence for export by,exocytosis, basic fibroblast growth fa,ctor 

(bFGF), is efficiently released from skeletal muscle cells in culture when 

wounded at their plasma membranes. The resulting influence of bFGF on 

muscle cells is believed to facilitate growth and restoration of the muscle tissue. 

It has also been shown that bFGF· helps restore frog gastric mucosa in vitro 
' 

(Paimela et al., 1993). Since this growth factor aids in tissue recovery 

subsequent to mechanically overstimulatiori, there is the possibility that this 

substance (or other diffusable factors) may protect or restore auditory systems 

damaged by noise overstimulation. Paimela et al. used a system that 

regenerated viable organ epithelium and it would seem most appropriate to · 
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attempt auditory studies on avian cochleas where regeneration has been 

demonstrated (Cotanche et al., 1986, Cotanche, 1987a, b). It would also be 

interesting to see if bFGF offered any form of defense against loud noise 

changes in the alligator lizard auditory system. 

C) Noise Induced Vacuole Accumulation 

A previous study in this lab determined that TTS hair cells have a 

significantly higher volume of large clear vacuoles in the basal region (Mulroy et 

al., 1990) when COIT!pared to controls. The working hypothesis for this 

observation is that the vacuole membrane originated from endocytosis of 

synaptic vesicle membrane that had fused with the plasmalemma. The 

preliminary data seen on vacuole accumulation in noise-exposed cells using 

Lucifer yellow was a serendipitous finding during the cell wounding experiments. 

The bright spots of L1Jcifer yellow seen inside hair ~lls (Fig. 12) present strong 

evidence that the vacuole membrane originates by endocytosis of plasma 

membrane. This observation appears compatible with .the hypothesis that a 

mechanism integral to TTS is a lag in reconstitution of synaptic vesicles. An 

additional study is being done which compares EM thin sections made from thick 

sections, prepared for the confocal microscope, to verify if the bright spots are 

vacuoles. This is also compatible with the hypothesis that, during TTS, synaptic 

vesicles are released faster than they are reconstituted, and that the recycling 
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synaptic membrane is taken back into the cell by endocytosis. The endocytosed 

membrane then accumulates as clear vacuole membrane. 
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V. Summary 

This study presents evidence in support of the hypothesis that one of the 

important sites of failure during noise-induced temporary threshold shift (TTS) is 

the afferent synapse between auditory hair cells and auditory nerve fibers. 

These results suggest that the presynaptic components of the afferent synapse 

reflect the functional state of the synapse, and that the reduction of these 

synapses (both in number and component size) and associated synaptic 

vesicles contributes to TTS. Vacuolar accumulation in noise-exposed hair cells 

-
further supports the afferent synaptic failure model by suggesting a lag in the 

reconstitution of synaptic vesicles at these synapses. These results also show 

evidence indicating greater cell membrane wounding in noise-exposed hair cells. 

This suggests that excessive mechanical movements of hair cells during periods 

of overstimulation by loud noise cause plasmalemma microlesions which result 

in the disruption of normal cell function. 
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