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ABSTRACT 

Presentation of an acoustic signal to one ear can suppress sound-evoked activity 

recorded at the opposite ear. The suppression appears to be mediated by uncrossed medial 

olivocochlear (MOC) efferent neurons synapsing with cochlear outer hair cells (ORCs). 

The cellular and molecular mechanisms underlying this response suppression remain 

unclear. Recent investigations suggest that the mechanism involves an altered mechanical 

response of the cochlear partition produced by the MOC neurotransmitter, acetylcholine 

(ACh), acting on the ORCs. The cholinergic receptor subtypes mediating this efferent 

control remain unclear. 

The purpose of this investigation was to provide in vivo pharmacologic 

characterization of one efferent-mediated response: the contralateral sound suppression of 

distortion product otoacoustic emissions (DPOAEs). Urethane-anesthetized guinea pigs 

were used. Perilymph spaces of ipsilateral cochleae were perfused with artificial perilymph 

(control) and increasing concentrations of nicotinic or muscarinic receptor antagonists or 

strychnine, a known blocker of MOC activity. Experimental drugs were washed from 

cochlear perilymph spaces with artificial perilymph. Perfusates were introduced at 2.5 

Jll/min for 10 min. After each period of perfusion, DPOAEs were recorded before, during 

and after contralateral wideband noise (WBN) stimulation (70 dB SPL). 

Pre-perfusion, contralateral WBN attenuated ipsilateral DPOAEs between 1-4 dB. 

This suppression was blocked dose-responsively by a wide variety of nicotinic and 

muscarinic receptor antagonists. Strychnine and the nicotinic antagonists 

alpha-bungarotoxin, kappa-bungarotoxin and curare blocked contralateral suppression at 
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nanomolar concentrations and demonstrated similar potencies. These fmdings support the 

hypothesis that a novel nicotinic receptor mediates efferent-induced suppression of 

DPOAEs. Of the muscarinic antagonists tested (pirenzepine, AF-DX 116, 4-DAMP, 

atropine), 4-DAMP demonstrated the most potent blockade of contralateral suppression, 

suggesting either that this efferent control also can be mediated by an M3 muscarinic 

receptor, or that the putative novel nicotinic receptor also is blocked by low concentrations 

of this muscarinic receptor antagonist Effects were largely reversible and selective to the 

synapse under study. Furthermore, suppression was not altered by repeated perfusions of 

the control solution alone. These results provide the fIrst comprehensive, in vivo 

characterization of cholinergic receptors mediating suppressive effects of efferent activation 

at the MOC-ORC synapse. 
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INTRODUCTION 

Our understanding of the mechanical function of the cochlea has been revised 

substantially in the past decade. The traditional view of the cochlea as a passive organ that 

trans duces mechanical displacements into neural energy has been altered by several 

important discoveries: (a) the fmding that the mechanical response of the cochlea is 

nonlinear in nature; (b) the observation that outer hair cells (OHCs) have motile capabilities; 

and (c) the demonstration that the cochlea can produce acoustic energy detected as 

otoacoustic emissions (OABs). These phenomena have been taken as support for active, 

physiologically-vulnerable processes within the cochlea that amplify and sharpen the 

cochlear mechanical response to sound stimulation (e.g., the cochlear amplifier). Recent 

investigations have suggested that these processes are under the inhibitory influence of 

olivocochlear (OC) efferent neurons. Specifically, it has been argued that the medial 

olivocochlear (MOC) efferents, through numerous and direct connections with OHCs, can 

alter the local cochlear mechanical response to sound stimulation and provide a "gain 

control" (Guinan & Gifford, 1988a; Kim, 1984) of the cochlear amplifier. 

The cellular and molecular mechanisms underlying this efferent influence remain 

unclear. Most recent investigations suggest that the mechanism involves an altered 

mechanical response of OHCs produced by the MOC efferent neurotransmitter, 

acetylcholine (ACh). Cholinergic responses typically are characterized as nicotinic or 

muscarinic based on pharmacologic agonist/antagonist profIles. Receptor subtypes exist 

within these categories and these, too, can be identified based on specific patterns of response 

to certain neuroactive agents. To date, efforts to reveal the molecular mechanisms 
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underlying MOC efferent effects in the cochlea have concentrated on characterizing 

cholinergic receptors (AChRs) in vitro - either using selective biochemical and/or 

pharmacologic probes to establish the presence of AChR-Jike molecules on OHCs, or 

through functional studies of the consequences of AChR activation in isolated OHCs. 

Results of these investigations have supported the presence and involvement of both 

nicotinic (nAChR) and muscarinic (mAChR) cholinergic receptors in OHC responses to 

MaC efferent activation. 

Despite the importance of such studies in identifying the various AChRs present at 

the MaC efferent - OHC synapse and in characterizing the functional roles of these 

molecules in cholinergic transmission, no similar characterization of receptor pharmacology 

has been accomplished in vivo. Such a characterization is crucial to our understanding of 

the molecular mechanisms underlying the cochlear mechanical consequences of MaC 

efferent activation. Inferences drawn from measures of OAEs may provide a means to 

characterize these receptors in vivo. OAEs are widely regarded to reflect the integrity of 

cochlear mechanical processes in general, and OHC function in particular. Distortion 

product otoacoustic emissions (DPOAEs) are one class of evoked emissions. These 

distortions are frequency-specific signals produced by the normal, nonlinear mechanical 

response of the cochlea. Through their association with OHCs, DPOAEs have been linked 

to the active processes responsible for the cochlea's sensitivity and frequency selectivity. 

At low levels of stimulation, these emissions may provide a sensitive reflection of OHC 

function. Therefore, DPOAEs are particularly appropriate tools to study the in vivo 

pharmacology of the inhibitory MaC efferent influence on OHCs. 

The overall objective and specific aims of this dissertation were directed toward the 

pharmacologic characterization of one efferent-mediated cochlear response: the 
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suppression of DPOAEs by contralateral sound. To describe the rationale for this 

investigation, the following sections review concepts of cochlear mechanical function that 

incorporate active, physiologically-vulnerable elements (OHCs) as a means to achieve the 

degree of sensitivity and frequency selectivity known to exist at the level of the cochlea. 

Additionally, the anatomy and pharmacology of the OC efferents are reviewed to provide 

the basis for a discllssion of the cellular and molecular mechanisms of their inhibitory or 

suppressive influence on these active cochlear processes. 

Cochlear Mechanical Function 

Traditional (Macro mechanical) View 

Traditional views of cochlear mechanical function are based largely on Bekesy's 

observations of traveling wave motion along the cochlear partition (Bekesy, 1960). In those 

classical experiments, Bekesy observed that, during acoustic stimulation, a displacement of 

the cochlear partition traveled from the region near the oval window toward the helicotrema 

with an amplitude that gradually increased to a local maximum and subsequently decreased 

rapidly toward zero. The location of the displacement maximum was found to vary 

systematically with the frequency of sound stimulation such that distance between the 

displacement peak and the oval window increased with decreases in the frequency of 

stimulation. Bekesy called this macromechanical event a "traveling wave" and the 

frequency-to-place conversion associated with this wave motion was attributed to gradients 

in mass and stiffness along the length of the basilar membrane. The traveling wave is 

appropriately designated as a macromechanical event, according to Clopton (1986), because 

it encompasses the mechanical properties of many structures (e.g., basilar and tectorial 
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membranes, hair cells, supporting structures) at a particular place on the basilar membrane 

as a single manifestation of mass, stiffness, damping, and coupling at that point. 

This place-dependent representation of frequency along the basilar membrane has 

been referred to as the cochlear place code (e.g., Lippe & Rubel, 1983), and it fonns the 

basis for our understanding of the cochlear determinants of frequency selectivity. 

Experimental observations made in the years since Bekesy's studies have confirmed many 

of his ideas about the nature of the traveling wave. However, the degree of mechanical 

frequency analysis accounted for by macromechanical events alone has been suggested to 

be inadequate to explain the exquisite sensitivity and frequency selectivity of the cochlear 

response (see reviews by Allen & Neely, 1992; Dallos, 1985; Kim, 1986). Much recent 

work has focused on micromechanical events occurring within the cochlear partition that 

enhance the cochlear mechanical response to low levels of acoustic stimulation. These 

newer views of cochlear mechanical function are the subject of the discussion that follows. 

New Concepts of Cochlear Mechanical Function 

Newer models of cochlear mechanical function are more successful in accounting 

for the exquisite sensitivity and sharp frequency tuning of the cochlear response. Two major 

types of models have emerged: Passive models (e.g., Allen, 1980) assume that the 

mechanical response of the basilar membrane is broadly tuned. However, due to the elastic 

nature of the coupling between the OHCs and the overlying "resonant" tectorial membrane, 

the mechanical input to the inner hair cells (lHCs) is enhanced - sensitivity is improved and 

frequency tuning is sharpened. Active models (e.g., Davis, 1983; Geisler, 1986; 1991; Kim, 

1980; Neely & Kim, 1983; 1986), on the other hand, incorporate elements which, at low 

levels of stimulation, are thought to enhance basilar membrane motion in a very narrow 
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region - near the position at which the local displacement maximum occurs. Davis (1983) 

termed this enhancement of basilar membrane motion the "cochlear amplifier" and 

suggested that the structures directly responsible for this amplification are the OHCs. 

Several lines of evidence point to the importance of OHCs in these 'active processes' 

and as the cellular basis for the cochlear amplifier. First, both the OHCs and the active 

process are similarly and preferentially vulnerable to a variety of ototraumatic influences. 

When OHCs are damaged or missing as a result of exposure to intense noise or ototoxic 

drugs, the "physiologically-assisted" amplification of low-level signals is lost (Probst, 

1990). Frequency selectivity suffers as a result (Dallos & Harris, 1978; Liberman & Kiang, 

1978; Ryan & Dallos, 1985). Frequency selectivity in the auditory system traditionally is 

described through the use of frequency threshold curves (FfCs) or 'tuning curves' with the 

sharpness of tuning at the tip (characteristic frequency, CF) of the FTC described by a QlO 

value (CF divided by the bandwidth of the tuning curve 10 dB above tlrreshold). OHC 

damage is reflected in alterations to the low-intensity 'tip' portion of the tuning curve: tip 

threshold is elevated and tuning is broadened (QlO is reduced). Typically, there is little or 

no change in the high-intensity or 'tail' portion of the tuning curve. Absence of active 

elements, which can be modeled by assuming that the cochlear mechanical response to 

stimulation is entirely passive and macromechanical in nature, results in similar 

compromises to frequency selectivity (Neely & Kim, 1983). 

The finding that OHCs demonstrate motile capabilities, at least in vitro, has been 

taken as additional support for a role for OHCs in active cochlear mechanical processes. 

Isolated OHCs have been observed to respond to various forms of electrical (Ashmore, 

1987; Brownell, Bader, Bertrand, & deRibaupierre, 1985), pharmacologic (Brownell, et al., 

1985; Slepecky, Ulfendahl, & Flock, 1988; Zenner, Zimmerman, & Schmitt, 1985), and 
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acoustic or mechanical (Brundin, Block, & Canlon, 1989a; 1989b; Canlon & Brundin, 1991) 

stimulations with changes in length. These motile responses have different time constants. 

Intracellular current administration produces a 'fast' motility which is not Ca++- or 

ATP-dependent. That is to say, the energy source for this motility is provided by the current 

stimulus and is not dependent on cell metabolic events. Pharmacologically-induced ORC 

motility has been described as 'slow', consistent with its Ca++- and ATP-dependence. 

Sound-induced ORC motility resembles the pharmacologically-induced motile response in 

that ORC length changes follow the envelope of the stimulus waveform rather than 

demonstrating rapid, cycle-by-cycle changes. Furthermore, these sound-induced length 

changes are dependent on cellular metabolism. 

Although modelers of cochlear function currently disagree regarding the need for 

mechanically-active elements in achieving excellent sensitivity and sharp tuning, motile 

ORCs would provide proponents of active processes with the structural machinery to power 

the proposed cochlear amplifier. Thus, ORCs with motile capabilities have been 

incorporated into several recent models of cochlear function (e.g., Geisler, 1986; 1991; 

Neely & Kim, 1983; 1986). In these models, the acoustic signal that ultimately results in 

displacements of structures and fluids within the cochlear partition is transduced by the IRCs 

into the electrochemical signal that is the stimulus to the nerve. The signal present in the 

cochlear partition also is modified through the action of additional energy sources. Those 

sources are widely regarded to be the ORCs. The ORCs in these models receive mechanical 

energy through the relative displacements of the basilar membrane and tectorial membrane 

or directly through the fluids surrounding the hair cells. ORCs also may generate a 

mechanical signal by changing length. This putative length change could then feed back to 

the basilar and tectorial membranes and modify their movements. Such feedback could 
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result in stimulus amplification that would increase the probability that low levels of 

peripheral sound would effectively drive the mcs, and that the mcs, in turn, would release 

their neurotransmitter substance(s) and activate afferent fibers. At high stimulus levels, 

passive movements of structures and fluids within the cochlear partition may be sufficient 

to stimulate mcs directly and active enhancement of motion patterns may not be required 

(Davis, 1983). 

Regulation of this loop is thought to be provided through efferent neurons synapsing 

on OHCs. Recent studies suggest that efferent activation alters the response properties 

(mechanical, electrical or both) of OHCs, decreasing the local mechanical response of the 

basilar membrane. This results in a reduced stimulus to the mcs and reduced afferent output 

from the cochlea (Wiederhold, 1986). Thus, mcs are viewed as the classical receptors, 

communicating information to the central nervous system via their generous connections 

with afferent neurons (Spoendlin, 1966; 1973). OHCs are suggested to modify the outflow 

from the cochlea by increasing or decreasing the stimulus to the mcs. In general, newer 

models of cochlear mechanical function promote a view of OHCs as active elements that 

perform a motor or effector function within the cochlear partition (Dallos, 1988; Davis, 

1983). Differences between the two hair cell types in structure, location within the organ 

of Corti, and patterns of afferent and efferent innervation (e.g., Lim, 1980) have been taken 

as support for such a view. 

Changes in our understanding of the role of OHCs in cochlear mechanical function 

have led to an increased interest in the molecular mechanisms of the efferent influence on 

OHCs. Before considering these mechanisms in greater detail, a discussion of the anatomy 

and pharmacology of the OC efferents is presented. 



Role of the Olivocochlear Efferents in Active Cochlear 

Mechanical Events 

Organization of the Olivocochlear Efferents 
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An efferent innervation of the cochlea has been recognized since the work of 

Rasmussen (1946; 1953) in cat. In those studies, ipsilateral and contralateral distributions 

of fibers to each cochlea from the region of the brain stem olivary complex were described, 

and were designated as uncrossed and crossed olivocochlear efferents. Although 

Rasmussen (1953) noted that a "double innervation" of the receptors would " ... be most 

interesting ... particularly from the point of view of the neural mechanism of hearing" (p.71), 

the functional significance of this descending innervation has remained largely unresolved. 

This situation occurred, in part, because the specific distributions of these fiber bundles and 

their targets within the cochlea had not been clearly identified. 

The development of techniques to study the transport of substances along axons has 

made it possible to trace OC neuron projections from origin to termination. Employing 

these techniques, Liberman (1980), Liberman & Brown (1986), Warr (1975), Warr & 

Guinan (1979) and others have greatly clarified the nature of the efferent supply to the 

mammalian cochlea and have provided the anatomic basis for a functionally relevant 

classification of efferent fibers based on postsynaptic target. Their work (in cat) 

demonstrates that the approximately 1200-1300 efferent neurons leading to each cochlea 

originate in the brain stem in the region of the superior olivary complex (SOC). These fibers 

can be divided into two groups, based on postsynaptic targets within the cochlea: 



1. lateral olivocochlear (LOC) efferents - are small diameter « 0.7 Ilm), 

unmyelinated fibers associated with small cell bodies located in the region 

of the lateral superior olivary (LSO) nucleus. Approximately 750 LaC fibers 

exist in cat, with roughly 90% projecting ipsilaterally. LaC efferents 

tenninate on the dendrites of afferent fibers beneath IHCs. 

2. medial olivocochlear (MOC) efferents - are larger diameter (> 0.7 Ilffi), 

myelinated fibers with large, multipolar cell bodies located near the medial 

superior olivary (MSO) nucleus. It is estimated that nearly 70% of the 

approximately 450 MaC fibers project contralaterally. The MaC efferent 

fibers terminate axosomatically on ORCs. 

25 

This organizational scheme classifies OC fibers according to whether their targets 

are IHCs or ORCs. This is in contrast to the older uncrossed vs crossed descriptions of OC 

fibers which were heterogeneous with regard to postsynaptic target. Although the original 

work leading to a description of distinct lateral and medial OC systems was conducted in 

cat, considerable evidence has emerged that similar fiber arrangements exist in other species, 

as well (Brown, 1989; Robertson & Gummer, 1985; Warr, 1992; Warr, Guinan & White, 

1986; Weekly, Warr & Morley, 1992) . 

According to Spoendlin (1986), this descending innervation to the cochlea represents 

two different systems with different origins, structural characteristics and tenninations. 

Because the MaC fibers are of a larger diameter and are myelinated, it is assumed that they 

form a faster, more efficient conducting system than that provided by the smaller, 

unmyelinated LaC efferents. Additionally, the generous efferent supply to the ORCs and 

the characteristically large areas of direct (axosomatic) synaptic contact between these fibers 
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and their postsynaptic targets have suggested to a number of investigators, including 

Spoendlin (1986), that the functional importance of the MaC efferent - OHC subsystem is 

at the level of the OHCs. This has been the basis for much of the speculation that MaC 

fibers could influence the response properties of OHCs and, through this influence, could 

modulate the mechanical response of the cochlear partition to sound stimulation. This 

efferent influence on its postsynaptic target is accomplished via chemical messengers: 

neurotransmitter (and neuromodulator) substances. 

Neurotransmitters of the Olivocochlear Efterents 

Acetylcholine (ACh) is widely accepted as the primary neurotransmitter substance 

at the MaC efferent - OHC synapse (see Altschuler & Fex, 1986; Bledsoe, Bobbin, & Puel, 

1988 for reviews). As a neuroactive ligand, ACh is recognized by (or can act through) 

receptors belonging to two unrelated gene superfamilies: Nicotinic cholinergic receptors 

(nAChRs) belong to a larger gene family of ligand-gated ion channels that also include 

receptors for the neurotransmitters 'Y-aminobutyric acid (GABA), glycine and the kainate 

subclass of glutamate receptors. Muscarinic cholinergic receptors (mAChRs) are part of a 

larger gene family of guanine nucleotide regulatory protein- (G-protein) coupled receptors 

which includes certain (X- and p-adrenergic and serotonin receptors and the rhodopsin family 

of receptors. These two classes of cholinergic receptors coexist in vertebrates and insects 

(Bossy, Ballivet, & Spierer, 1988), and the postsynaptic consequences of receptor activation 

vary depending on the receptor subtype involved and the signal transduction mechanisms 

employed by that receptor. The classification of cholinergic receptors into nicotinic and 

muscarinic categories has gradually been expanded to include numerous receptor subtypes 

demonstrating unique structural and pharmacologic properties (see Goyal, 1989; Hulme, 
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Birdsall, & Buckley, 1990; Lindstrom, Schoepfer, & Whiting, 1987; Steinback & Ifune, 

1989 for reviews). Currently, biochemical and phannacologic evidence supports the 

existence of two major subclasses of nicotinic receptor - a peripheral type, such as that found 

in skeletal muscle and in electroplax, and a neuronal type, found in CNS and in certain 

ganglia. Within the neuronal nicotinic category, in particular, evidence for structural and 

functional diversity continues to emerge and multiple putative neuronal nicotinic receptors 

have been proposed. Similarly, biochemical studies have revealed 5 muscarinic receptor 

subtypes (mrms). Three of these subtypes, designated MrM3' can be differentiated based 

on unique pharmacologic profiles. At present, available evidence suggests that M 1 receptors 

have an ml sequence, and so on; thus, these structurally- and pharmacologically-based 

categories will probably merge. Through these multiple receptor SUbtypes, one neuroactive 

ligand, ACh, can produce a wide variety of postsynaptic responses. 

The identification of ACh as having a neurotransmitter function at the MOC efferent 

- OHC synapse is based on criteria that include the following proofs (see Altschuler & Fex, 

1986; Bledsoe, et al., 1988 for reviews): a) presence of the transmitter candidate at the 

synapse; b) the stimulus-induced, Ca++-dependent release of the substance from 

presynaptic sites; c) presence of enzymes required for synthesis of the substance; d) 

postsynaptic presence of specific receptors for the chemical messenger; e) the 

demonstration that the postsynaptic actions of the transmitter candidate under study mimic 

those of the natural transmitter; t) the demonstration that the postsynaptic actions of the 

transmitter candidate can be blocked by specific pharmacologic antagonists of the natural 

transmitter; and g) the presence of appropriate mechanisms for removal of the substance 

from the synaptic cleft or inactivation of its physiologic influence on the postsynaptic 

element. 
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In terms of satisfying the various proofs for neurotransmitter status at this synapse, 

ACh, along with its synthetic [choline acetyltransferase, (ChAT)] and degradative 

[acetylcholinesterase, (AChE)] enzymes have been localized to the axons and cell bodies of 

efferent neurons in the cochlea (Altschuler, Kachar, Rubio, Parakkal, & Fex, 1985; Jasser 

& Guth, 1973; Schuknecht, Churchill, & Doran, 1956), and in vestibular (Godfrey, Park, & 

Ross, 1984) and lateral line (Russell, 1971) hair cell systems, as well. An increase in 

ACh-like activity has been reported in perilymph following tetanic electrical stimulation of 

the OC efferents (Norris & Guth, 1974), consistent with the hypothesis that ACh is released 

by efferent nerve terminals. This release has not yet been demonstrated to be 

Ca ++ -dependent. With regard to the criterion of identical postsynaptic action, OC bundle 

stimulation produces well-characterized postsynaptic effects (that are discussed in a later 

section of this paper). These effects can be mimicked by the intracochlear application of 

ACh (Bobbin & Konishi, 1971; 1974; Comis & Leng, 1979; Kujawa, Glattke, Fallon & 

Bobbin, 1992b; Robertson & Johnstone, 1978) and OC stimulation- and ACh-induced 

effects can be pharmacologically blocked by known antagonists of nicotinic and muscarinic 

cholinergic activity (Bobbin & Konishi, 1974; Fex, 1968; Galley, Klinke, Oertel, Pause, & 

Storch, 1973; Konishi, 1972; Kujawa, et aI., 1992b; Kujawa, Glattke, Fallon & Bobbin, 

submitted; Robertson & Johnstone, 1978). At the level of single OHCs, Brownell, et al. 

(1985), Plinkert, Gitter, Zimmermann, Kirchner, Tzartos & Zenner (1990) and Slepecky, et 

al. (1988) have reported slow motile responses of isolated OHCs to exogenous ACh 

application. Plinkert, et aI. (1990) also observed OHC length changes in response to the 

cholinergic agonist, carbachol. These and the ACh-associated effects were reduced in the 

presence of curare and atropine. Bobbin, et aI. (1990), however, were unable to detect OHC 
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length changes attributable to ACh or carbachol when the osmotic pressure of the bathing 

medium was stringently controlled. 

Cholinergic Receptor Characterization 

Receptor presence 

The specific AChR subtypes within the cochlea associated with these responses 

remain incompletely known and evidence has been offered for the presence of both nAChRs 

and mAChRs. Using monoclonal antibodies directed towards nAChRs of the electric organ 

of Torpedo californica and Electrophorus electricus, Plinkert, et al. (1990) and Plinkert, 

Zenner & Heilbronn (1991) reported the presence of AChR epitopes in the basal membranes 

of guinea pig OHCs. These molecules extended through the cell membranes and 

demonstrated a configuration corresponding well to the molecular arrangement of nAChRs 

in other systems (Schuetze & Role, 1987). Irreversible and saturable binding of radiolabeled 

a-bungarotoxin, an antagonist of nAChRs of the peripheral type, was demonstrated. 

Alpha-bungarotoxin binding to the basal poles of isolated OHCs also has been reported by 

Canlon, Cartaud & Changeux (1989) and Witt and Brownell (1992). The binding studied 

by Plinkert and colleagues was inhibited in varying degrees when the OHCs were 

pre-incubated with carbachol, nicotine, and curare, but was not influenced by atropine. 

Finally, eH]-QNB, a marker and antagonist of mAChRs, and [125I]-K-bungarotoxin, an 

antagonist of neuronal and ganglionic nAChRs, showed no specific binding to OHCs. The 

authors suggested, therefore, that a peripheral type of nAChR is present on OHCs and it is 

through interaction with this receptor subtype that ACh influences OHC motility. 

Biochemical evidence for the presence of muscarinic receptors in the cochlea has 

been offered, as well. In a recent investigation by Drescher, Upadhay, Wilcox &Fex (1992), 



30 

RNA extracted from mouse cochleae was submitted to polymerase chain reaction (PCR) 

analysis techniques. DNA bands corresponding to mI' m3 and ms, but not m2 or m4 

muscarinic receptor subtypes were amplh'9.ed, thus supporting the presence of the mI' m3 

and mS receptor subtypes in mouse cochlea. Moreover, specific binding of 3H_QNB to 

cochlea homogenates has been demonstrated by James, Cheatham & Klein (1983) in guinea 

pig and by van Megen, Klaassen, Rodrigues de Miranda & Kuijpers (1988) in rat, although 

James, et al. (1983) suggested that approximately 90% of muscarinic receptors in these 

cochlear homogenates are from the region of the modiolus. Thus, the binding studied in 

these investigations may not have direct relevance to the characterization of the receptors 

involved in MOC efferent transmission. Furthermore, Cooper, Bloom & Roth (1986) 

caution that 'receptors' identified by binding studies alone can lead to erroneous 

conclusions. Binding sites cannot be designated as receptors until a physiologic response 

to the appropriate ligand has been demonstrated. 

Receptor function 

In functional studies employing isolated DHCs, the pharmacology of efferent 

inhibition also has supported the involvement of both nAChRs and mAChRs. Findings to 

date may be summarized as follows: Hair cells are hyperpolarized by ACh (Art, Fettiplace 

& Fuchs, 1984; Erostegui, Norris & Bobbin, in press; Fuchs & Murrow, 1992a; 1992b; 

Housley & Ashmore, 1991; Kakehata, Akaike & Takasaka, 1992; Shigemoto & Dhmori, 

1990) and by carbachol (Fuchs & Murrow, 1992a; 1992b; Kakehata, et al., 1992; Murrow 

& Fuchs, 1990). This hyperpolarization has been associated with large outward K+ currents 

in guinea pig and in chick. The hyperpolarizing response begins with a delay (during which 

time a small depolarization is often observed) and is rapidly desensitizing (Fuchs & Murrow, 

1992a; 1992b; Housley & Ashmore, 1991). In both guinea pig (Housley & Ashmore, 1991) 
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and chick (Fuchs & Murrow, 1992a), the outward current requires extracellular Ca++. 

Shigemoto & Ohmori (1990) also have demonstrated in chick hair cells that the cholinergic 

agonists ACh, carbachol and muscarine (but not nicotine) increased intracellular Ca++ in a 

dose-dependent manner. This agonist-induced Ca ++ response was abolished with 

application of curare and was reduced in the presence of atropine. Importantly, the Ca ++ 

response persisted beyond the period of agonist application and also was obsexved when 

cells were placed in a Ca ++ -free extracellular medium. This latter finding led Shigemoto & 

Ohmori (1990) to speculate that the response may be mediated by a muscarinic mechanism. 

Signal transduction involving muscarinic receptors involves a cascade of events in 

which the extracellular 'first messenger' (neurotransmitter) is coupled via G-proteins to 

intracellular signal cascades involving 'second messengers'. Such signal amplification 

often results in an increase in the concentration of intracellular Ca ++ in the postsynaptic cell. 

Zenner and colleagues (Schacht & Zenner, 1987; Zenner, 1980; 1988) have suggested that 

ORC motility could be dependent on second messenger-mediated cascades that ultimately 

liberate intracellular Ca ++. This Ca ++ may then control actin polymerization and the 

formation of the microfilament assemblies that have been shown to support cell motility in 

other motile cells (Las sing & Lindberg, 1988). One such second messenger pathway 

involves the formation of inositol phosphates (IPs). Schacht & Zenner (1987) demonstrated 

that ORCs isolated from guinea pig cochleae have the capacity to synthesize lipids involved 

in the phosphoinositide (PI) cascade. Furthermore, one of these lipids, inositol trisphosphate 

(IP3), elicited motile responses in these isolated hair cells. Guiramand et al. (1990) 

demonstrated in whole cochleae isolated from rat, that carbachol-stimulated IP formation is 

increased in the presence of the muscarinic agonists, carbachol and oxotremorine M. This 

IP formation was not blocked by nAChR antagonists (curare, a-bungarotoxin), but was 
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inhibited dose-responsively by mAChR antagonists (atropine> 4-DAMP > pirenzepine > 

AF-DX 116 = methoctrarnine). These results suggest that a muscarinic receptor (possibly 

of the M3 subtype) is involved in IP formation in the rat cochlea. In related experiments, 

these investigators studied the development of this carbachol-stimulated IP accumulation in 

rat cochleae (Bartolami, Guiramand, Lenoir, Pujol & Recasens, 1990). Results revealed a 

developmental pattern in which IP accumulation was very low at post-natal day 1, and which 

increased dramatically between post-natal days 8 and 14 and fell again, thereafter. This 

pattern coincides well with the time course of efferent synaptogenesis at OHCs in this species 

(Lenoir, Schnerson & Pujol, 1980). 

In an effort to exclude possible contributions of modiolar mAChRs to estimates of 

efferent-stimulated PI hydrolysis (both Guiramand, et al., 1990 and Bartolami, et aI., 1990 

used whole cochlea preparations), Niedzielski, Ono, & Schacht (1992) utilized an isolated 

organ of Corti preparation from guinea pig. In this preparation, the muscarinic agonists 

carbachol and muscarine stimulated PI metabolism, and this ligand-stimulated effect was 

blocked by atropine. Nicotinic agonists and antagonists had no effect on PI metabolism. 

Thus, in the organ of Corti, the PI second messenger cascade may be under muscarinic 

cholinergic control and, according to these investigators, probably is associated with the 

mechanism of efferent action on the OHCs. Niedzielski, et al. (1992) further speculated 

that, through this muscarinic control, homeostasis of OHCs is regulated through control of 

intracellular Ca ++ levels. 

Additional support for this notion was provided by Kakehata, et al., (1992). In their 

electrophysiologic studies of isolated guinea pig OHCs, outward K+ currents were induced 

by low concentrations of ACh and carbachol (KD = 1.7 X 10-5 M). The ACh-induced 

response was blocked in a concentration-dependent manner by the mAChR antagonists 
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atropine> AF-DX 116> pirenzepine. When ORCs were perfused intracellularly with a Ca ++ 

chelator such as EGTA or BAPfA, ACh failed to induce the outward K+ currents, again 

suggesting that a rise in intracellular free Ca ++ is involved in the hair cell response to 

exogenous ACh application. Further, calmodulin antagonists inhibited the ACh-induced 

response in a dose-dependent manner. The authors concluded that a muscarinic receptor 

(possibly of the M2 subtype) activates the K+ channel via a G-protein, which, in turn, 

stimulates a PI cascade and activates a Ca ++-calmodulin-dependent phosphatase, releasing 

Ca++ from intracellular stores. Recently, Tachibana, Wilcox, Yokotani, Schneider & Fex 

(1992) provided evidence for G-protein presence in the cochlea. In that investigation, 

G-protein-like cDNAs were cloned from microdissected organ of Corti and cochlear lateral 

wall from mouse and guinea pig. The cDNA clones obtained included those putatively 

coding for alpha subunits of both stimulatory G-proteins (Gs) and transducin-like G-proteins 

(Gt), and one for a segment of an inhibitory G-protein (Gi). 

In summary then, a muscarinic receptor-mediated efferent influence at the hair cells 

might be transduced through the following sequence of events: ACh binds with a muscarinic 

receptor on hair cells, activating a second messenger cascade which catalyzes the release of 

Ca ++ from internal stores. This intracellular Ca ++ then activates Ca ++ -dependent K+ 

channels in the hair cell, resulting in an outward K+ current that hyperpolarizes the hair cell. 

This rise in intracellular Ca ++ may also support the contractile machinery of the ORCs as 

suggested by Zenner and colleagues (Schacht & Zenner, 1987; Zenner, 1980; 1988). 

There is functional evidence supporting involvement of nicotinic receptors in hair 

cell inhibition, as well. First, according to Fuchs & Murrow (1992a), ACh-induced K+ 

currents in chick hair cells are relatively rapid compared to known muscarinic effects. These 

currents rise to a maximum in less than 100 ms, last for several hundred ms and then 
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desensitize to further agonist application. Furthermore, the peripheral nicotinic antagonist, 

ex-bungarotoxin, blocks reversibly OC efferent inhibition of cochlear responses in cat (Fex 

& Adams, 1978) and ex-bungarotoxin and the neuronal nicotinic antagonist, K-bungarotoxin, 

reversibly block hair cell inhibition by cholinergic agonists in chick (Fuchs & Murrow, 

1992b), as does ex-bungarotoxin in guinea pig (Housley & Ashmore, 1991). Of interest, 

although ACh and carbachol can induce these outward currents, they are not activated by 

the cholinergic agonists nicotine or muscarine in guinea pig (Kakehata, et al., 1992) or in 

chick (Fuchs and Murrow, 1992b). 

Proponents of a nicotinic receptor-mediated efferent influence at the OHC (Fuchs 

& Murrow, 1992a; 1992b; Hudspeth, 1992) suggest that the proposed mechanism 

associated with mAChRs is unnecessarily complicated and would be too slow to account 

for the fairly rapid channel activation kinetics demonstrated in electrophysiologic 

experiments. Based on the non-traditional pharmacology of these hair cell receptors, Fuchs 

& Murrow (1992a; 1992b) have suggested that the receptor involved is nicotinic, but not 

classically so. They suggest that, similar to nAChRs in other systems, ACh activates a 

nonspecific cation channel. In the hair cell, this channel permits Ca ++ influx which, in turn, 

activates a much larger Ca ++-dependent outward K+ current, hyperpolarizing the cell. In 

both guinea pig and chick, this response requires extracellular Ca ++. It should be noted that 

nicotinic hyperpolarization also has been described in central neurons (Wong & Gallagher, 

1989) and in that system, too, the response requires extracellular Ca ++. According to Fuchs 

& Murrow (1992a), "The surprising conclusion is that activation of a normally excitatory 

channel type - a nicotinic( -like) cholinergic receptor - results in inhibition of hair cells as a 

consequence of associated postsynaptic specializations. This mechanism of action, in 

combination with the unusual pharmacological profile of this receptor demonstrates that 
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cholinergic inhibition of cochlear hair cells proceeds by way of a postsynaptic mechanism 

and receptor type that have not been described previously, and may represent a novel class 

of inhibitory interactions" (p. 800). 

Other neuroactive substances also have been implicated as serving 

neurotransmitter/neuromodulator functions in this OC efferent system. In particular, GABA 

has received support as a transmitter/co-transmitterin apical cochlear regions (see Altschuler 

& Fex, 1986 for review). Several of the classical criteria for identifying a substance as a 

neurotransmitter have been met for neuroactive peptides such as enkephalins (Fex & 

Altschuler, 1981), dynorphins (Hoffman, Zamir, Rubio, Altschuler, & Fex, 1985), and 

calcitonin gene-related peptide (Hoffman, Altschuler, & Fex, 1983), as well. Much less is 

known concerning the nature of the LOC efferent neurotransmitter(s). However, 

biochemical and immunocytochemical evidence exists that supports the candidacy of ACh 

as a transmitter of these efferent fibers to the cochlea (Altschuler & Fex, 1986). 

The data presented thusfar provide support for both nAChRs and mAChRs at the 

MOC efferent - OHC synapse. However, the physiological functions of these receptors 

remain unclear and are not revealed unambiguously by biochemical and electrophysiologic 

studies using cochlear homogenates and isolated OHCs. An involvement of these receptors 

in the modulation of cochlear mechanical events has been suggested. In the following 

sections, the effects of efferent activation on a variety of cochlear responses in vivo may 

help clarify this issue. 

Efferent Influence on Cochlear Potentials 

Studies of cochlear mechanical events occurring in response to sound stimulation 

traditionally have utilized electrophysiologic responses recorded from sites within and near 
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the cochlea. These potentials include the gross cochlear responses to sound stimulation 

[cochlear microphonic (CM) and summating potential (SP)], single neuron and compound 

neural responses from the eighth cranial nerve, and more recently, responses recorded 

intracellularly from IHCs. All of these responses reflect the mechanical excitation of 

structures within the cochlear partition and, as such, have been employed to investigate the 

effects of various manipulations on sound-induced cochlear mechanical activity (Siegel, 

1986). 

Electrical stimulation of the OC efferents 

In many investigations of the cochlear mechanical consequences of efferent 

activation, this activation was produced through electrical stimulation of OC fibers at the 

midline of the floor of the fourth ventricle (see review, Wiederhold, 1986). Based on the 

older classification scheme for the fibers of the OC system, those investigations reported 

stimulation of the "crossed olivocochlear bundle" (COCB). Newer findings related to OC 

efferent organization suggest that, at this site, the efferents are primarily myelinated fibers 

from the crossed MOC system, with a few LOC fibers present, as well. Midline stimulation 

of OC efferent fibers would, according to current understanding, affect only a percentage 

of the MOC neurons (roughly 70%) and possibly some efferents of the LOC system (10%). 

According to Guinan (1986), however, these unmyelinated, small diameter LOC fibers are 

not likely to be stimulated effectively; thus any efferent effect is considered to be largely 

the result of MOC efferent influences on OHCs. 

Midline electrical stimulation of OC efferent neurons has well-documented effects 

on a variety of sound-induced electrophysiologic potentials recorded within and near the 

cochlea. These effects may be summarized as follows: 



1. There is a reduction in the amplitude of the compound action potential 

(CAP) response of the eighth nerve to sound stimulation (Desmedt, 1962; 

Fex, 1962; Galambos, 1956; Wiederhold & Peake, 1966). This is the most 

robust effect reported in association with activation of the OC efferents. It 

is greatest for responses to low intensity sound stimulation and is equivalent 

to an approximately 20 dB reduction in the intensity of the sound stimulus. 

2. Single neuron activity in the eighth nerve is similarly inhibited: Nerve 

fiber threshold, identified by an increase in firing rate over the spontaneous 

rate, is elevated during efferent stimulation - especially in response to tones 

presented at CF (Wiederhold, 1970; Wiederhold & Kiang, 1970). Neural 

response threshold as a function of frequency often is represented by a tuning 

curve function as previously described. Because threshold is raised more at 

CF than at frequencies off CF, the effect of efferent activation is to broaden 

the tip of the tuning curve (reduce the QlO value). The rate of sound-induced 

firing is altered during efferent activation, as well. Firing rates for single 

units are reduced to (but not below) the spontaneous firing rate (Wiederhold 

& Kiang, 1970). Again, the effect is greatest for tones presented at CF. 

3. The cochlear microphonic (CM), an AC stimulus-related potential, is an 

extracellular manifestation of the response to displacement of primarily 

OHCs (Dallos, 1973). The amplitude of this stimulus-related potential is 

increased during OC efferent activation (Desmedt & Monaco, 1961; Fex, 

1959; Wiederhold & Peake, 1966). The magnitude of the effect on CM is 

small, corresponding to an increase in stimulus level of 2-3 dB (see review 
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by Klinke & Galley, 1974). Unlike the effect on CAP, it is largely 

independent of the intensity of sound stimulation (Wiederhold, 1986). 

4. The summating potential (SP) is a stimulus-related DC potential that 

usually appears as a shift in the baseline of the CM (Dallos, Schoeny, & 

Cheatham, 1972). The polarity of this potential varies depending on the 

frequency and intensity of stimulation and the recording site chosen by the 

experimenter. Negative SP is reduced and positive SP is increased during 

OC stimulation (Gans, 1977; Konishi & Slepian, 1971a). 

5. The endocochlear (or endolymphatic) potential (EP), a resting potential 

of approximately +80 m V which can be recorded within scala media, is 

reduced by approximately 3 mV (Fex, 1967a) during stimulation of the OC 

efferent fibers at the floor of the fourth ventricle. This efferent-induced shift 

in EP has been referred to as the crossed olivocochlear potential (COCP). 

6. Receptor potentials recorded intracellularly from illCs are, for low levels 

of sound stimulation, reduced during efferent stimulation. This 

efferent-mediated response reduction occurs without alteration in the 

transmembrane conductance of these cells (Brown & Nuttall, 1984). The 

lack of effect on illC membrane potential or transmembrane conductance 

indicates that the efferent-mediated reduction in afferent activity cannot be 

due to a direct action on the illCs themselves: The effect already is present 

in the mechanical stimulus to the illCs. 

38 
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It has been argued that stimulation of OC neurons at the midline of the floor of the 

fourth ventricle primarily activates neurons belonging to the MOC subsystem. However, 

fibers of both the MOC and LOC systems traverse this site and may have contributed to the 

effects on gross cochlear and afferent nerve responses described above. In an attempt to 

determine the specific contributions of the MOC neurons to the alterations observed during 

efferent activation, Guinan & Gifford (1988a; 1988b) placed a stimulating electrode at the 

origin of the MOC efferents in the brain stem and then compared effects of electrical 

activation of these neurons with those obtained for OC stimulation at the traditional midline 

location. Results revealed changes in afferent response characteristics that were 

qualitatively similar for both stimulation sites. Specifically, MOC stimulations produced 

similar effects on spontaneous rate, CF and threshold of single auditory nerve fibers. 

Furthermore, effects had similar time courses. Quantitative differences observed for the 

two electrode locations were hypothesized to relate to the numbers of fibers effectively 

stimulated at the two electrode locations. That is to say, the larger effects observed during 

midline stimulation are proportional to the greater numbers of neurons near the stimulus 

electrode location. 

These electrically-stimulated efferent effects on sound-induced cochlear and neural 

electrophysiologic responses disappear following transection of the OC efferents at the floor 

of the fourth ventricle (e.g., Fex, 1962; Galambos, 1956; Konishi & Slepian, 1971b; Warren 

& Liberman, 1989a). Furthermore, electrically-stimulated efferent effects on gross cochlear 

and neural responses are blocked with intracochlear application of curare, atropine, and other 

known antagonists of cholinergic activity (Bobbin & Konishi, 1974; Galley, et al., 1973; 

Konishi, 1972), as well as by strychnine (Bobbin & Konishi, 1974; Desmedt & Monaco, 

1962; Fex, 1967b; Galley, et al., 1973). Although strychnine is best known as a selective 
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blocker of glycine-evoked responses (Curtis, Duggan, & Johnston, 1971), it demonstrates 

anticholinergic properties at certain nicotinic synapses (Alving, 1961; Benson, 1988; 

Feldberg & Vartiainen, 1934; Lanari & Luco, 1939; Marshall, et aI., 1990). In thoracic 

ganglia from Locusta migratoria, for example, strychnine potently and reversibly blocked 

the ACh-induced inward current, demonstrating a sub-nanomolar threshold and an ICSO of 

2.3 x 1O-8M (Benson, 1988). This blockade was not dependent on membrane potential (Em)' 

Strychnine also has been shown to block excitatory cholinergic responses in Aplysia neurons 

(Slater, Carpenter, Haas, & David, 1984), and in Helix neurons, strychnine produced specific 

and reversible blockade of ACh-induced hyperpolarizations (piggot, Kerkut, & Walker, 

1977). Interestingly, glycine potently inhibits a-bungarotoxin binding in rat brain (Ono & 

Salvaterra, 1981), and the GABA antagonists picrotoxin and bicuculline block nAChR 

responses in certain insect neurons (Benson, 1988; Marshall, et aI., 1990). These fmdings, 

coupled with the observation that strychnine binds with remarkably high potency at both 

glycinergic and nicotinergic receptors in certain vertebrate systems (see Benson, 1988 for 

review), have been suggested to reflect a high degree of structural homology at the ligand 

binding site (Grenningloh, et aI., 1987). Strychnine consistently demonstrates potent 

antagonism of OC efferent activity (see discussion in Barron & Guth, 1987). This fmding 

ultimately may relate to the presence in this system, too, of a strychnine-sensitive nAChR 

as suggested earlier by the work of Fuchs and Murrow (1992a; 1992b). 

Use of pharmacologic agents to mimic OC efferent activation 

As mentioned previously, one of the criteria used to identify a substance as a 

neurotransmitter at a particular synapse is the demonstration that the transmitter candidate 

elicits the same postsynaptic effect as the natural transmitter substance. Bobbin & Konishi 

(1971) first established that intracochlear perfusion of ACh in combination with the 
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cholinesterase inhibitor, eserine, was associated with a reduction in the amplitude of the 

CAP and an increase in the amplitude of CM. Both of these effects mimic the influence of 

efferent activation on these potentials and both were blocked by curare. Robertson & 

Johnstone (1978) and Comis & Leng (1979) subsequently showed that ACh mimicked the 

effect of efferent activation at the level of single auditory neurons. This effect, too, was 

blocked in the presence of curare (Robertson & Johnstone, 1978). 

Acoustic stimulation of the OC efferents 

Moe efferent fibers respond to peripheral sound stimulation (Brown, 1989; Cody 

& Johnstone, 1982a; Fex, 1962; Liberman, 1988; Liberman & Brown, 1986), and activation 

of these fibers by contralateral sound produces effects on eighth nerve activity that are 

qualitatively similar to those associated with electrical stimulation of MOC neurons. The 

effects of contralateral acoustic stimulation on eighth nerve responses to ipsilateral stimuli 

have been studied using single-unit recordings (Buno, 1978; Murata, Tanahashi, Horikawa 

& Funai (1980); Warren and Liberman 1989a, 1989b) and the CAP as recorded at the round 

window of anesthetized cats (Liberman, 1989) and gerbils (Huang, 1992) and in the canals 

of awake humans (Folsom & Owsley, 1987). Stimulation of the contralateral ear with tones 

or wide band noise (WBN) reduces the magnitude of the sound-evoked CAP, and it reduces 

the response of single afferent fibers. Suppression effects on mid- and high-CF units are 

greatest when WBN is employed as the contralateral stimulus. According to Warren & 

Liberman (1989b), neurons that demonstrate only weak suppression by contralateral tones 

(at any frequency) often are strongly suppressed by contralateral WBN with similar or 

smaller total power. Consistent with the electrical stimulation studies, contralateral 

stimulation by tones reduces single afferent fiber responses to ipsilateral tones presented at 
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the CF of the neuron, but not to tones offCF. In the studies by Warren & Libemlan (1989a), 

a contralateral effect was elicited by signals as low as 30 dB SPL. 

A number of authors have discussed the relative contributions of the various groups 

of OC efferent fibers in mediating contralateral sound suppression. As reviewed previously, 

OC fibers can be classified based on their postsynaptic targets (Warr & Guinan, 1979; Warr, 

et al., 1986): LOC efferents terminate on afferent dendrites below mcs; MOC efferents 

terminate directly on the cell bodies of OHCs. It has been suggested (Liberman & Brown; 

1986; Mott, Norton, Neely & Warr, 1989; Warren & Liberman, 1989a) that the primary 

efferent pathway mediating contralateral sound suppression consists of uncrossed MOC 

neurons. These neurons, which comprise approximately 30% of all MOC efferents in cat 

(Liberman & Brown, 1986), are sharply tuned (Cody & Johnstone, 1982a) and respond 

preferentially to acoustic stimulation of the contralateral ear (Warren & Liberman, 1989a). 

In guinea pig, Robertson & Gummer (1985) found that approximately 43% of OC efferent 

fibers to OHCs were preferentially responsive to contralateral sound, with an additional 7% 

equally responsive to stimulation of either ear. Such contralaterally-responsive neurons may 

provide a pathway by which stimulation of one cochlea may influence the response patterns 

of the opposite cochlea (Warren & Liberman, 1989a). The suggested pathway for this 

influence was described by Liberman and Brown (1986) as follows: afferent neurons from 

the contralaterally-stimulated ear cross the midline as outputs from the cochlear nucleus and 

terminate in the region of the contralateral superior olivary complex. 

Contralaterally-responsive, uncrossed MOC efferent neurons then descend to the ipsilateral 

cochlea (that is to say, the cochlea opposite the ear exciting the unit). There, fibers of a 

given CF innervate a restricted cochlear region where afferent fibers of a similar CF originate 

(Liberman, 1988; Liberman & Brown, 1986). Given the sharp frequency specificity and 
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reciprocal tonopicity of afferent and efferent fibers, it would be expected that afferent 

responses to ipsilateral tones presented at CF would be influenced by contralateral tones, 

and that afferent responses to off-CF tones would not. As previously reviewed, this 

expectation is clearly upheld by experimental observations. 

Experimental support for the mediation of contralateral sound suppression by 

uncrossed MOC efferents was provided by the work of Warren & Liberman (1989a). In 

that investigation, section of OC efferent fibers at the floor of the fourth ventricle, which 

severed all efferents crossing the midline but spared most of the uncrossed fibers, did not 

eliminate the suppressive effect of contralateral sound on afferent activity; however, when 

cuts interrupted both crossed and uncrossed fibers, the effects of contralateral sound on 

afferent activity were eliminated. Such a scheme also is consistent with the finding of 

retrogradely-labeled efferent cell bodies on the side of the brainstem opposite to the ear 

exciting the unit (Liberman & Brown, 1986). Activation of these efferent neurons by 

contralateral sound presumably influences response characteristics of ipsilateral OHCs, 

altering the mechanical response of the cochlear partition to sound stimulation and reducing 

the stimulus to the IHCs. The result is a reduced afferent output as previously described. 

Although a consistent picture of an inhibitory role for the efferent supply to the 

cochlea has emerged from these studies, the mechanism of this inhibitory action continues 

to be the subject of intense investigation. Gross cochlear and eighth nerve potentials may 

not be the best tools to probe the efferent influence on cochlear mechanical function. 

According to Siegel (1986), "while cochlear potentials are generated directly from the 

mechanical excitation, they also reflect inherent nonlinearities and filtering of the transducer 

and synaptic mechanisms which have no mechanical correlate .... The complex relationship 
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between electrical and mechanical events also limits the application of cochlear potential 

recording to answering primarily qualitative questions about cochlear mechanics" (p. 35). 

Efferent Influence on Otoacoustic Emissions 

Limitations in the use of gross cochlear and eighth nerve potentials to monitor 

cochlear mechanical events have led investigators to employ otoacoustic emissions to study 

more specifically the cochlear mechanical consequences of MOC efferent activation. 

Otoacoustic emissions (OAEs) are uniquely suited to the study of cochlear mechanical 

function. They are closely associated with the active processes that are responsible for the 

cochlea's exquisite sensitivity and frequency selectivity and demonstrate pronounced 

vulnerability to ototraumatic influences. 

In the years since their discovery, several classes of OAEs have been described. 

These sounds of cochlear origin fall into two major categories: spontaneous otoacoustic 

emissions (SOAEs) and evoked otoacoustic emissions (EOAEs). SOAEs are narrowband 

or tone-like signals which can be recorded in the absence of any known external stimulation 

(Kemp, 1979). EOAEs are deliberately elicited by acoustic stimulation and are further 

classified according to the type of acoustic stimulus used to obtain them. The following 

types of EOAEs typically are recognized: transiently evoked otoacoustic emissions 

(TEOAEs), which are responses evoked by transient stimulations such as clicks, and which 

are recorded by time-averaging techniques (Kemp, 1978); stimulus frequency otoacoustic 

emissions (SFOAEs), which can be measured in response to stimulation by low-level 

continuous tones and which consist of acoustic energy produced by the cochlea at the 

frequency of stimulation (Kemp & Chum, 1980); and distortion product otoacoustic 
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emissions (DPOAEs), which are acoustic distortions created by the cochlea at frequencies 

different from those of the stimulating tones (Kemp, 1979). 

DPOAEs are frequency-specific signals produced by the normal, nonlinear 

mechanics of the cochlea. When the ear is stimulated with two tones, fl and f2 (f2>f1), 

distortion products can be measured as acoustic signals in the spectrum recorded from the 

ear canal. The frequencies of these tones can be identified by the general equation mf I-nf2. 

The most prominent of these distortion products is at the frequency corresponding to 2f1-f2. 

These emissions can be measured noninvasively and without interference with the 

physiologic functioning of the cochlea. They are not dependent on the response of afferent 

fibers leaving the cochlea. At low levels of stimulation, normal distortion product 

characteristics have been associated with normal OHC function. They are adversely affected 

by the same ototraumatic agents to which OHCs show a preferential vulnerability; for 

example, anoxia (Kim, 1980; Rubel & Norton, 1991; Whitehead, Lonsbury-Martin, & 

Martin, 1992), exposure to intense noise (Dolan & Abbas, 1985a; 1985b; Siegel, Kim, & 

Molnar, 1982; Zurek, Clark, & Kim, 1982) and certain ototoxic drugs (Brown, McDowell, 

& Forge, 1989; Kujawa, Fallon, & Bobbin, 1992a; Stypulkowski, 1990; Whitehead, et al., 

1992). They are absent or attenuated in early development when OHCs are functionally 

immature (Henley, Owings, Stagner, Martin, & Lonsbury-Martin, 1989; Lenoir & Puel, 

1987; Norton, Bargones, & Rubel, 1991), and are absent in strains of mutant mice with 

selective OHC loss but with essentially normal IHCs (Horner, Lenoir, & Bock, 1985; 

Schrott, Puel, & Rebillard, 1991). These features have made DPOAEs valuable place- and 

frequency-specific, in vivo probes of cochlear mechanical function. 
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Electrical stimulation of the OC efferents 

Like the investigations of efferent influences on cochlear potentials, electrical 

stimulation of the OC efferents also has been utilized in the study of efferent-induced 

cochlear mechanical changes. Mountain (1980), employing electrical stimulation at the 

floor of the fourth ventricle in anesthetized guinea pigs, reported a reduction in the amplitude 

of the f2-f 1 difference tone during efferent activation. Consistent with the efferent effect on 

CAP, this reduction was greatest at low levels of ipsilateral stimulation. Siegel & Kim 

(1982) conflrmed in the anesthetized chinchilla that the f2-f1 distortion product could be 

altered with electrical stimulation of the OC efferents, and extended their observations to 

include the distortion at 2fr f2. The efferent influence on DPOAE amplitude in this 

investigation was reported to be complex: Depending on the stimulus frequencies (and 

ratios) chosen, DPOAE amplitudes decreased, increased, or remained unchanged during OC 

efferent stimulation. According to these investigators, there was no systematic relationship 

between the direction and magnitude of this effect and the acoustic stimulus intensities 

employed. Of importance to the present investigation, the effect of OC stimulation on 

DPOAEs was abolished subsequent to intracochlear perfusion of curare (10 )lM). 

Guinan (1986) studied changes in SFOAEs during electrical stimulation of the OC 

efferents at the floor of the fourth ventricle in anesthetized cats. The efferent effect was 

always a decrease in the amplitude of the SFOAE and the time course of this alteration was 

similar to the efferent-mediated changes in EP reported by Fex (1967a) and in CAP as 

reported by Desmedt (1962). Further, the ratio of sound pressure change to baseline sound 

pressure associated with efferent activation was again reported to be greatest for low levels 

of ipsilateral sound stimulation. The reduction in SFOAE amplitude disappeared following 

partial transection of the OC flbers at the floor of the fourth ventricle in one animal. 
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Use of pharmacologic agents to mimic OC efferent activation 

Activation of MOC efferent fibers has been suggested to alter cochlear 

micromechanical events, possibly through an effect of the efferent neurotransmitter, ACh, 

on OHCs. Based on the widely-accepted notion that DAEs sensitively reflect OHC activity, 

the in vivo influence of ACh on OHCs was investigated by Kujawa, et al. (1992b) by studying 

alterations in DPOAE amplitude with local ACh application. Intracochlear perfusion of 

ACh (250 ~M) along with the cholinesterase inhibitor, eserine (50 ~M) was associated with 

a desensitizing reduction in DPOAE amplitude of approximately 4.4 dB (see Figure A-I, 

Appendix A). This reduction was intensity-dependent, with greater and more consistent 

reductions observed for DPOAEs elicited by low- than by moderate-intensity primaries. 

The response reduction was not seen during consecutive ACh perfusions performed without 

an intervening artificial perilymph wash, and was effectively blocked in the presence of 

pharmacologic antagonists of OC efferent activity (curare, 50 ~M; strychnine, 50 ~M) (see 

Figure A-2, Appendix A). It was argued that these results supported the hypothesis that 

MOC efferent activation can alter sound-induced cochlear mechanical events, and that the 

transmitter of these fibers (ACh) has a site of action at the OHCs. 

Acoustic stimulation of the OC efferents 

The belief that acoustic stimulation of the contralateral ear can produce an 

efferent-mediated influence on cochlear mechanical events has led investigators to employ 

contralateral sound stimulation in the study of efferent effects on otoacoustic emissions. 

With regard to the emissions literature, the earliest investigations to employ this method of 

efferent activation studied effects on SOAEs in awake, human subjects. Most investigations 

revealed decreases in amplitude and upward shifts in frequency of SOAEs during 

contralateral acoustic stimulation (Grose, 1983; Kujawa & Glattke, 1989; 1990; Mott, et al., 



48 

1989; Moulin, Collet & Morgon, 1992; Rabinowitz & Widen, 1984; Schloth & Zwicker, 

1983). Some frequency selectivity of the effect has been reported using narrow band and 

pure tone signals as contralateral sound stimuli. Briefly, contralateral signals near or slightly 

below the emission frequency have been associated with greater alterations in SOAE 

amplitude and frequency (Kujawa & Glattke, 1990; Mott et al., 1989). Although Mott, et 

aI., (1989) and Kujawa & Glattke (1989) reported that these effects were fIrst seen at levels 

below those suffIcient to produce acoustic reflex activation or transcranial crossover of the 

contralateral stimulus (and thus ipsilateral suppression of the SOAE), others (Rabinowitz 

& Widin, 1984; Schloth & Zwicker, 1983; Whitehead, Martin & Lonsbury-Martin, 1991b) 

have suggested that the observed effects on emissions may be influenced by these 

complicating factors. 

Evoked OAEs also have been investigated with regard to contralateral suppression 

effects. Both TEOAEs (Berlin, Hood, Cecola, Jackson & Szabo, in press; Collet, Kemp, 

Veuillet, Duclaux, Moulin, & Morgon, 1990; Veuillet, Collet, & Duclaux, 1991) and 

DPOAEs (Brown & Norton, 1990; Moulin, et al., 1992) are suppressed by contralateral 

sound in awake, human subjects. Collet and coworkers have addressed the concerns raised 

previously regarding possible acoustic reflex activation and transcranial crossover by 

employing subjects with absent acoustic reflexes (due to seventh nerve palsy or subsequent 

to surgical removal of the stapedius muscle) as well as subjects with profound unilateral 

hearing loss. Moreover, contralateral sound suppression of OAEs was not observed in 

patients following vestibular neurectomy (which interrupts the efferent neural supply to the 

cochlea), but was observed in patients following vascular decompression surgery, which 

involves the same retrolabyrinthine surgical approach, but does not involve section of 

efferent fIbers (Williams, Brookes, & Prasher, 1992). Findings in these special subject 
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groups support the existence of a contralateral sound-activated efferent effect on EOAEs in 

humans. 

OAE amplitude suppression during contralateral sound stimulation has been 

observed in anesthetized animals, as well. Puel & Rebillard (1990) studied the effect of 

contralateral WBN stimulation on the 2f1-f2 distortion product in anesthetized guinea pigs 

before and after midsaggital section of the brainstem. At the highest level of contralateral 

stimulation employed (100 dB SPL) , the suppressive effect on DPOAE amplitude was 

approximately 3-4 dB. This effect was not seen following acute brainstem transection. 

According to the authors, when the same primary stimulus levels and frequency ratios are 

compared, the results of the Mountain (1980) and Siegel & Kim (1982) investigations using 

electrical activation of the auditory efferents yielded the same degree of inhibitory effect 

(that is, approximately 3-4 dB) as that observed when contralateral sound stimulation was 

employed to activate the olivocochlear efferents. A potential difficulty noted by Puel & 

Rebillard (1990) is that a midline saggital section of the brain stem interrupts the crossed 

MOe efferents as well as afferent fibers projecting to the contralateral olivary complex. 

Thus, such a section is not selective as it compromises both afferent and efferent pathways, 

and cannot be used to identify the portion of the MOe efferents (crossed or uncrossed) 

activated during contralateral sound stimulation. 

The finding of a contralateral WBN suppression of DPOAEs in anesthetized guinea 

pigs was recently confirmed in experiments from this laboratory (Kujawa et al., submitted). 

Introduction of a WBN (70 dB SPL overall level) to the contralateral ear attenuated the 2f I-f2 

DPOAE at 5 kHz between 1-3 dB (see Figure B-1, Appendix B). The onset and offset effects 

of the contralateral stimulus on DPOAE amplitude were quite stereotyped across animals 

and revealed an initial drop in DPOAE amplitude coincident with the onset of contralateral 
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stimulation, followed by a gradual return of DPOAE amplitude toward its pre-stimulus 

baseline during continued contralateral stimulation. At contralateral stimulus offset, there 

was an occasional 'overshoot' of the distortion product to a new, greater amplitude, followed 

by gradual return of the distortion product toward baseline. Similar alterations in SOAEs 

of awake human subjects during contralateral acoustic stimulation have been noted 

previously (Kujawa & Glattke, unpublished observations). 

This suppression ofDPOAEs by the natural peripheral stimulus, contralateral sound, 

is presumed due to release of the endogenous neurotransmitter (ACh) onto OHCs. In 

support, the contralateral sound-induced suppression of DPOAEs was blocked reversibly 

by intracochlear strychnine (10 J..1M), curare (10 J..1M) and atropine (20 J..1M), known 

antagonists of OC efferent activity and cholinergic receptors (see Figures B-2 through B-4, 

Appendix B). These results provide additional support for the hypothesis that MOC 

efferents to OHCs modulate the mechanical response of the cochlea to peripheral sound 

stimulation through a cholinergic mechanism. These results, further, provided support for 

the involvement of both nAChRs and mAChRs in mediating the suppression of DPOAEs 

by contralateral sound. 

Experimental Questions 

In summary, there is ample evidence that ACh functions as a transmitter of the MOC 

efferents to OHCs. The specific receptor subtypes remain unknown. Work at the level of 

single cells in in vitro preparations has supported the presence of both nAChRs and 

mAChRs. Specific nAChR epitopes have been identified in the basal membranes of OHCs 

isolated from guinea pig cochleae, and binding studies have demonstrated binding of the 
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nAChR antagonist a-bungarotoxin to ORCs isolated from the same species. Evidence for 

the presence of m l' m3 and mS muscarinic receptor subtypes in homogenates of rat cochleae 

has recently been presented. Moreover, specific binding of the mAChR antagonist 3R-QNB 

to rat cochlea homogenates also has been demonstrated and this binding is inhibited by 

antagonists of mAChR activity. The mechanisms of receptor function, however, must be 

tested by other means. One function of the receptor may be to couple extracellular first 

messengers (neurotransmitters) to intracellular signal cascades involving second 

messengers (e.g., inositol phosphates; IPs). Such signal amplification often results in an 

increase in the concentration of intracellular Ca ++. In the cochlea, evidence for muscarinic 

receptor-coupled IP formation has been presented. TllUS, one approach to uncovering 

receptor function is to stimulate second messenger formation pharmacologically (i.e., by a 

cholinergic ligand such as carbachol) and to measure intracellular Ca ++ concentration. 

Another function of the receptor may be to control the movement of ions through the cell 

membrane. This possibility can be studied by measuring ion flow as an electrical current 

in isolated OHCs. The cochlear hair cells, however, pose a unique problem to isolated cell 

electrophysiology: In vivo, hair cells are exposed to two very different ionic environments. 

Apically, the stereocilia of the hair cells are bathed in endolymph, an extracellular fluid with 

a chemical composition not unlike intracellular fluid. Basolaterally, the fluid environment 

is perily~ph, a fluid similar to other extracellular fluids in the body. This fluid separation 

is not maintained with traditional in vitro electrophysiologic recording techniques. Thus, 

the possibility for in vitro artifact exists. In vivo methods will help to clarify the function 

of cholinergic receptors on OHCs. To date, recordings from in vivo OHCs have not been 

successfully accomplished during efferent activation. 
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Recent work suggests that the mechanism of the efferent influence in the cochlea 

involves a mechanical component at the OHCs. OAEs, then, may provide an ideal in vivo 

tool to study the pharmacology of cholinergic receptors on OHCs. OAEs reflect the 

functional status of OHCs with great sensitivity. OAEs are suppressed by electrical and 

acoustic activation of the MOC efferents. Previous work from this laboratory has 

demonstrated that suppressive effects of OC efferent activation on DPOAEs can be 

mimicked by the local application of exogenous ACh and this ACh-induced response 

suppression can be blocked reversibly by strychnine and curare. These results support the 

hypothesis that ACh is involved in the DPOAE amplitude suppression observed during OC 

efferent activation. However, the question remained whether ACh released from efferent 

terminals in the cochlea also would suppress DPOAEs. In subsequent experiments, a 

suppressive effect of contralateral acoustic stimulation on DPOAEs was confIrmed in guinea 

pig. This suppression was blocked reversibly by intracochlear perfusion of strychnine, 

curare and atropine. These results support the notion that ACh released as the endogenous 

transmitter suppresses DPOAEs. Thus, the results from the two studies are in harmony with 

the hypothesis that contralateral sound activates MOC efferent neurons which release ACh 

onto OHCs, suppressing cochlear afferent outflow and OAEs. The receptor subtype(s) on 

OHCs activated by ACh remains unclear. Strychnine, a glycine receptor antagonist, is 

known to possess anticholinergic properties at certain nicotinic receptors. Curare and 

atropine, at low concentrations, are specific for nicotinic and muscarinic receptors, 

respectively. Thus, it appears that contralateral sound suppression of DPOAEs can be 

mediated by both nicotinic and muscarinic cholinergic receptors. Curare and atropine do 

not, however, pharmacologically differentiate the various nicotinic and muscarinic receptor 

subtypes known to exist in other systems. 
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The purpose of the present investigation was to extend these observations to provide 

further in vivo characterization of the cholinergic receptor-mediated suppression of 

DPOAEs. Toward this end, selective antagonists of cholinergic receptor activity were 

studied for their dose-responsive effects on contralateral suppression of DPOAE amplitude. 
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METHOD 

Subjects 

Experiments were perfonned on pigmented guinea pigs (Cavia cobaya) of either sex 

weighing between 250-400 grams. Animals were housed and cared for in facilities certified 

by the American Association of Laboratory Animal Science. During experiments, animals 

were treated in accordance with Federal, state, and institutional guidelines and the NIH 

Guide for the Care and Use of Laboratory Animals (National Institutes of Health, 1985). 

Institutional animal care review forms are contained in Appendix C. 

Animals chosen for inclusion in this investigation demonstrated nonnal Preyer 

reflexes and exhibited no obvious outer or middle ear pathology. Animals also confonned 

to laboratory DPOAE norms. These criteria are discussed in a later section of this paper. 

Stimulus Generation and Baseline Response Recording 

Distortion Products 

Thresholds and amplitude growth functions were obtained for 2f I-f2 DPOAEs at 5 

kHz and 8 kHz. Responses were elicited by equilevel primary stimuli and the f2/fl ratio 

was held constant at 1.2. The following primary frequency pairs were employed: fl = 6.25 

kHz and f2 = 7.5 kHz yielded the 2f rf2 distortion product at 5 kHz; f 1 = 10 kHz and f2 = 

12 kHz yielded the 2frf2 DPOAE at 8 kHz. The instrumentation employed in generating 

the primary frequencies and in detecting and measuring distortion product responses is 

displayed schematically in Figure 1. Under manual control, the primary pure tone signals 
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Figure 1. Instrumentation for 2fl-f2 DPOAE stimulus generation and response detection and 
measurement. Coupling of the acoustic probe/hollow earbar to the ear is schematized in the 
inset 

were generated by oscillators (Hewlett Packard 200CD; 200ABR), and routed through 

attenuators (Hewlett Packard 350D) to receivers (Etymotic Research ER-2). The outputs 

from these receivers were delivered to an acoustic probe that contained a low-noise 

microphone assembly (Etymotic Research ER-lO) and which was coupled to the test ear by 

a hollow earbar (see inset, Figure 1). Intensity levels of the primary stimuli were varied in 

5 dB steps over the range 25-70 dB SPL. 
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Distortion product responses to bitonal stimulation were detected by the probe 

microphone system, the output of which was routed via a microphone preamplifier 

(Etymotic Research ER 10-72) to a signal analyzer (Hewlett Packard 3561A). The ear canal 

soundfield containing the DPOAE was sampled, digitized, and submitted to Fast Fourier 

Transform (FFT) analysis. The resulting spectrum (averaged over 25 samples) was 

displayed on the analyzer using a 5000 Hz window (analysis bandwidth = 18.75 Hz). When 

displayed in this manner, the spectrum average contained the two primary stimuli (fI , f2) 

and the 2f 1-f2 DPOAE. At higher stimulus levels, distortion corresponding to additional 

frequencies was present within this display window as well, but these distortion products 

were not monitored. Representative spectrum averages for primaries set at 60 dB SPL are 

illustrated in Figures 2A (2fr f2 = 5 kHz) and 2B (2fI -f2 = 8 kHz). 

Distortion product amplitude, defmed as the spectral peak corresponding to the 2f 1-f2 

frequency (5 kHz or 8 kHz) was recorded manually in dBV from such FFf spectra and later 

converted to dB SPL (re: 20 lJPa). DPOAE threshold was defined as the lowest stimulus 

intensity required to elicit a spectral peak at the distortion product frequency which exceeded 

the surrounding noise floor (at points ±150 Hz of the DPOAE frequency) by 3 dB. 

The noise floor associated with this instrumentation averaged between -7 and -11 

dB SPL at points ±150 Hz of the 2frf2 DPOAE frequency (5000 Hz wir,dow; analysis 

bandwidth = 18.75 Hz) and fell to approximately -18 dB SPL for the 1 kHz window (analysis 

bandwidth = 3.75 Hz) employed for the suppression studies. When evaluated in a passive 

cavity, harmonic and intermodulation distortion components were more than 75 dB below 

the level of the primaries. Stimulus intensity and frequency calibrations were performed 

daily and are described in Appendix D. 
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Figure 2. DPOAE responses to primary tone stimulation at 60 dB SPL. Figure 2A: Distortion products 
associated with primary stimulation at 6.25 kHz (fl) and 7.5 kHz (f2); 2h-f2 = 5 kHz. Figure 
2B: Distortion products associated wilh primary stimulation at 10 kHz (f 1) and 12 kHz (f2); 2f I-f2 
= 8kHz. 
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Contralateral Wide band Noise 

The contralateral acoustic stimulus was a wideband noise (WBN) produced by a 

noise generator (Grason Stadler 455B), attenuated (Hewlett Packard 350D), amplified 

(MacIntosh Amplifier MC2100), attenuated (Hewlett Packard 350D), and routed to an 

earphone (Etymotic Research ER-2). A polyethelene tube (1.35mm Ld., 292 mm length) 

was employed to deliver the signal from the earphone down the hollow earbar to the entrance 

of the bony canal as shown in Figure 3. The frequency spectrum of this noise, measured at 

the point of delivery to the animal's ear, was fairly flat (± 10 dB) from 0.9 - 15.65 kHz, and 

rolled off above 15.65 kHz at a rate of approximately 50 dB/octave (see Figure D-1, 

Appendix D for details of the noise spectrum). This signal was presented at an overall sound 

pressure level of 70 dB. Signal calibration was accomplished at the outset of this 

Figure 3. Hollow earbar/tubing arrangement employed to deliver WBN to the contralateral (left) ear. 

investigation and overall intensity and frequency spectrum were verified periodically during 

the course of these experiments. Additionally, the voltage applied to the earphone required 

to produce this output was monitored daily (see Appendix D). 

Compound Action Potential 

In a subset of these experiments, CAP thresholds and growth functions were obtained 

so that possible non-specific drug effects could be identified. Acoustic stimuli were 10 kHz 
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tone bursts (0.25 ms rise/fall, 10 ms duration, 200 ms interstimulus interval). These signals 

were produced by a frequency generator (Wavetek 148A), shaped by a locally-constructed 

wave shaper and, after appropriate impedance matching, were delivered under computer 

control to a speaker with an extended high frequency response (to 25 kHz). The tone burst 

output from the speaker was directed to the right ear of each animal via a hollow ear bar. 

Electrophysiologic activity was detected by a flame-balled, silver electrode 

(insulated, except for the tip) placed on the round window membrane. This activity was 

amplified (Grass P15; gain = 1000; fIlter passband = 0.1 - 50 kHz), processed through an 

analog to digital converter (Analog Devices DAS 1128; 50 k conversions per second), 

averaged (20 trials), and stored on disk. For measurement purposes, the stored responses 

(17 kHz low-pass fIltered to prevent aliasing; Krohn-Bite 3550) were converted to analog 

signals (Dual Systems S-100; 15V /ms), fIltered (Krohn-Bite 3202R; 24 dB/octave; low pass 

= 2 kHz), and displayed on an oscilloscope (Tektronix 7704B) using a 10 ms window. The 

instrumentation employed for stimulus generation and CAP response detection and 

measurement is illustrated in schematic form in Figures 4A and 4B. 

OSCILLOSCOPE 

B. 

Figure 4. Instrumentation for CAP stimulus generation (A) and CAP response detection, storage and 
measurement (B). 
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Tone burst intensity was varied under computer control in 6 dB increments over the 

range 12 - 92 dB SPL. Visual detection threshold for the fIrst negative-going peak of the 

CAP waveform (N 1) was employed as the threshold for the CAP. This threshold was defIned 

as the lowest stimulus intensity (in dB SPL) required to elicit an averaged Nr P I amplitude 

of;:::5 Jl V which increased in magnitude with the next stimulus increment. 

An exhaustive calibration of the tone burst stimuli used to elicit CAP responses was 

accomplished prior to the start of this investigation and again following its completion. 

Additionally, the integrity of this calibration was monitored on a daily basis using a 

computer-generated 10 kHz reference signal. Calibration procedures are detailed in 

AppendixD. 

Experimental Procedures 

Surgical Procedures and Baseline Response Measurements 

All procedures were conducted in an acoustically- and electrically-shielded room. 

Animals were anesthetized with urethane (ethyl carbamate, Sigma, 1.5 g!kg, Lp.) and were 

tracheotomized, but for the most part, were allowed to breath unassisted. ECG and rectal 

temperature were monitored throughout each experiment and temperature was maintained 

at 38° ± 1°C by a heating pad. Additional urethane was administered as required to maintain 

an adequate depth of anesthesia. 

Cartilaginous ear canals were exposed and partially removed to allow optimum 

placement of the earbars used to secure the animal in a modifIed Narishege headholder. The 

earbars were hollow and were also used to couple the sound delivery systems to the two 

ears. The right auditory bulla was exposed and a small hole placed in the dorsolateral wall 
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sufficient to gain access to the round window as needed. In previous experiments using 

Nembutal anesthesia, frequent difficulty with negative middle ear pressure was encountered 

(Kujawa, et al., 1992b). This negative pressure compromised reverse transmission of the 

DPOAE, reducing the amplitude of this response. In the present series of 

urethane-anesthetized animals, only rarely did DPOAE responses appear altered by negative 

pressure. In those instances, a small hole was trephaned in the left dorsolateral bulla wall, 

as well, to equalize pressure. Baseline measures of distortion product threshold and response 

growth were recorded at this time for both ears over the stimulus intensity range 25-70 dB 

SPL in 5 dB steps. Distortion product thresholds (5 kHz, 8 kHz) were required to be S35 

dB SPL bilaterally. Animals that did not meet these laboratory DPOAE nonns were rejected 

as subjects in this experiment. 

For those animals meeting baseline DPOAE criteria, the right bulla was opened along 

its ventral dimension to permit access to the cochlea for perfusion experiments. Tendons 

of the middle ear muscles were sectioned. DPOAE measures were repeated for stimulation 

of the right ear only following these procedures. Only those animals with DPOAE 

responses meeting laboratory norms participated in the suppression studies that followed. 

Contralateral Suppression Studies (Pre-perfusion) 

Prior to the perfusion experiments, magnitude and time course of the contralateral 

stimulation effect were studied in all animals using the 2f1-f2 DPOAE at 5 kHz. DPOAEs 

were elicited by equilevel primaries at 60 dB SPL and were displayed at the spectrum 

analyzer using a 1 kHz window (CF = 5 kHz; BW = 3.75 Hz) as illustrated in Figure 5. This 

primary level was chosen because preliminary experiments revealed more baseline 

variability in DPOAEs elicited by lower-level primary stimuli - variability that made 
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Figure 5. 2fl-f2 DPOAE at 5 kHz as monitored during contralateral suppression studies. 

contralateral stimulation-related effects difficult to quantify. This finding may be related to 

the observation by Puel & Rebillard (1990) that greater contralateral stimulation levels were 

required to produce suppression of DPOAEs to 40 dB SPL primaries than to 60 dB SPL 

primaries. 

The contralateral WBN stimulus was presented at an overa1llevel of 70 dB SPL. 

The following protocol was employed: Ten averaged FFfs (of 25 spectra each) were 

obtained to establish a distortion product amplitude baseline prior to the introduction of 

the contralateral stimulus. Each of these 25 spectra-averages (hereafter called a "trial") 
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required approximately 10 seconds to complete, for a total of 100 seconds. Baseline trials 

were followed by a series of20 trials during which time the contralateral WBN was presented 

continuously (total time = 200 seconds). DPOAE amplitude was monitored over 10 

additional trials (100 seconds) following offset of the contralateral signal. The contralateral 

stimulation - post-stimulus monitoring sequence was then repeated. Figure 6 schematizes 

the sequence of monitoring as a function of time and the stimuli reaching the two ears. 

Animals were required to demonstrate at least 1 dB ofDPOAE amplitude suppression to be 

eligible to participate in the perfusion experiments that followed. 

WBN 

100 sec 200 sec 100 sec 200 sec 100 sec 

Time 1 Trial= 10 sec 

Figure 6. Schematic of the stimulation protocol used during pre-perfusion contralateral suppression 
studies. The 2fl-f2 DPOAE at 5 kHz was monitored at the ipsilateral (right) ear before (10 trials), 
during (20 trials) and after (10 trials) presentation of a WBN (0.9-15.65 kHz; 70 dB, SPL overall 
level) to the contralateral ear. Each 'trial' represents a 25-spectra average and required 10 
seconds to complete. 
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Cochlear Perfusion Experiments 

To prepare the cochlea for perfusion, the periosteum covering the basal coil of the 

cochlea was removed, and two small holes (approximately 100 JlM each) were gently bored 

into the basal turn with a pick: a hole in scala tympani for the introduction ofperfusates and 

an effluent hole in scala vestibuli to allow fluid escape (Figure 7). The vehicle (artificial 

perilymph) was composed of (in roM): NaCI, 137; KCI, 5; CaCI2, 2; NaH2P04, 1; MgC12, 

1; glucose, 11; NaHC03, 12, with a resulting pH of 7.4 when brought into solution in a 

deionized and filtered water base. 

Effluent 
G)~ 

IQ 

Figure 7. Schematic of the intracochlear perfusion. 
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Table 1 lists the various experimental drugs tested for their effects on contralateral 

suppression of DPOAEs. These agents were dissolved in the artificial perilymph at desired 

concentrations and pH-adjusted as needed (see Appendix E for details of drug preparation). 

All perfusion solutions were freshly prepared. Perfusates were introduced into scala 

tympani at room temperature through a pipette coupled to a syringe pump. The rate of 

infusion was slow - approximately 2.5 ~Vmin to minimize displacement of cochlear tissues. 

Table 1. Experimental Drugs Investigated for Effects on Contralateral WBN Suppresion 
of DPOAEs 

Experimental Drug Antagonist Concentrations 
(Source) Classification • (~M) 

Strychnine OC efferenf .01, .03, .1, .3, 1,3, 10 
(Sigma) 

Curare nAChR (non-selective) .01, .03, .1, .3, 1,3,10 
(Sigma) 

a-bungarotoxin nAChR (peripheral) .01, .03, .1, .3,1 
(Biotoxins) 

1C -bungarotoxin nAChR (neuronal) .01, .03, .1, .3, 1 
(Biotoxins) 

Atropine mAChR (non-selective) .2, .6, 2, 6, 20, 60, 200 
(Sigma) 

Pirenzepine mAChR(MI) 10,30,100,300,1000 
(Sigma) 

AF-DX 116 mAChR(M2) 1,3,10,30,100,300 
(Boehringer Ingelheim) 

4-DAMP mAChR(M3) .1, .3, 1,3, 10 
(Research Biochemicals) 

* Levine & Birdsall (1989); Watson & Abbot (1990); aAltschuler & Fex (1986) 
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All perfusions were 10 minutes in duration. Effluent was absorbed within the bulla using 

small cotton wicks. An approximately 25 minute interval elapsed between perfusions. 

During that time, the perfusion pipette was withdrawn from the hole in scala tympani, 

thoroughly rinsed and filled with the next perfusion solution, the post-perfusion suppression 

studies were completed, and the perfusion pipette was repositioned for the start of the next 

perfusion. 

A standard perfusion protocol was employed. The first two perfusions were of 

artificial perilymph alone. Based on previous findings (e.g., Kujawa, et al., 1992a; 1992b; 

submitted), these perfusions were employed to establish a stable post-perfusion 2frf2 

DPOAE baseline to which drug-related changes could be compared. These control 

perfusions were followed by a series of perfusions (5-7) of increasing concentrations of 

experimental drug in artificial perilymph (see Table 1 for concentrations employed). These 

concentrations encompassed the ranges demonstrated by others to be effective in hair cell 

systems (Art, et al., 1984; Bobbin & Konishi, 1974; Fuchs & Murrow, 1992a; 1992b; 

Guiramand, et al., 1990; Housley & Ashmore, 1991; Kakehata, et al., 1992; Plinkert, et al., 

1991; Shigemoto & Ohmori, 1990; or in other cholinergic systems (e.g., Craig & White, 

1991; Marshall, et al., 1990; Nose, Higashi, Inokuchi & Nishi, 1991; Olianas & Onali, 1991; 

Wong & Gallagher, 1991). Artificial perilymph was employed to wash experimental drugs 

from perilymphatic spaces. Thus, each animal received 9 - 12 perfusions: 2 control, 5 -7 

concentrations of experimental drug, 2 - 4 wash. Each experimental drug (except 

K-bungarotoxin) was tested in 5 animals. Due to limited availability, K-bungarotoxin was 

tested in 2 animals only. Five animals served as controls, each receiving a series of 10 

consecutive perfusions of the control solution alone. 
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Contralateral Suppression Studies (Post-perfusion) 

Contralateral WBN suppression of the 5 kHz 2frf2 DPOAE was monitored 

subsequent to each perfusion in all animals. The following protocol was employed: During 

an initial five trials (50 seconds), DPOAE amplitude was monitored without contralateral 

stimulation to establish a response amplitude baseline. Five trials (50 seconds) were then 

conducted during continuous WBN stimulation of the contralateral ear. DPOAE amplitude 

was monitored for an additional 5 trials (50 seconds) following termination of the 

contralateral stimulus. The contralateral stimulation - post-stimulus monitoring sequence 

was then repeated. 

Non-specific Drug Effects 

In an attempt to rule out non-specific drug actions, antagonist effects on the ipsilateral 

(right) ear CAP response to 10 kHz tone pips were studied for most of the experimental 

drugs. Following the perfusion experiments described above, baseline CAP responses to 

tone pips (12 - 92 dB SPL in 6 dB steps) were recorded at the level of the round window 

and stored. The cochlear perilymph was then perfused (10 minutes) with the highest 

concentration of experimental drug employed in the perfusion studies, and an additional 

CAP response series was obtained. Response thresholds and amplitude growth functions 

as measured before and after this perfusion were then compared. 

Signal Crossover Effects 

An additional manipulation was performed on a subgroup of 3 animals to rule out 

any contribution of transcranial crossover of the contralateral signal to the effects seen. 

Following completion of the perfusion experiments, the contralateral cochlea of each of 
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these animals was destroyed with a blunt probe and the contralateral stimulation paradigm 

repeated. No effect of contralateral WNB stimulation on DPOAE amplitude was expected 

following this maneuver. 

Data Analysis 

Effects of treatments were quantified using repeated measures analysis of variance 

(ANOVA) and Tukey post-hoc tests. Comparisons between the various experimental drugs 

in their blockade of contralateral suppression also were accomplished using conventional 
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Figure 8. Graded inhibition curves. 
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dose-response cmves. The following measures (shown in generic form in Figure 8) were 

obtained from these dose-response cmves: 

a. Efficacy, a measure of the intrinsic ability of the drug to produce an effect, 

was measured at Emax (the point of maximum drug effect). 

b. Potency indicates the magnitude of effect for a given dose and is reflected 

by the left-to-right position of the dose-response cmve along the X axis. 

c. ICsO designates the dose associated with a 50% reduction in baseline 

suppression. This value was estimated for each drug using a cmve-fitting 

program (see Appendix F). 
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RESULTS 

Baseline Measures 

DPOAE Growth Functions 

Distortion product amplitude growth functions (means ± standard error; S.E.) 

obtained for both ears at the time of exposure of the right auditory bulla and functions 

obtained for the right ear only following surgical exposure of the cochlea and sectioning of 

middle ear muscles are illustrated in Figure 9. Responses were approximately 35 dB below 

the levels of the primary stimuli, consistent with previous reports (Brown, 1987; Brown & 

Gaskill, 1990), and reveal little variability between animals. Consistent with previous 

results from this laboratory (Kujawa, et al., 1992a; 1992b; submitted), the right ear distortion 

product at 8 kHz (see Figures 9B and 9D) was not altered substantially by the careful surgical 

exposure of the cochlea and middle ear muscle section. 

Contralateral Suppression Measures 

Presentation of a WBN at an overall level of 70 dB SPL to the contralateral ear 

attenuated the 2f1-f2 DPOAE at 5 kHz by 1 to 4 dB. Average DPOAE amplitudes across 

animals before and during WBN stimulation of the contralateral ear are illustrated in Figure 

10. The mean magnitude of DPOAE amplitude suppression remained fairly constant (within 

0.3 dB) during the period of continuous contralateral stimulation (200 sec). This fmding is 

in contrast to our previous observation of a gradual adaptation of contralateral suppression 

which occurred primarily during the first 200 seconds of a long-term (500 sec) stimulation 
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Figure 9. Distortion product amplitude growth functions (means ± S.E.; N = 40) obtained for both ears at 
the time of exposure of the right auditory bulla (A: left ear, 8 kHz; B: right ear, 8 kHz) and for 
the right ear only following surgical exposure of the cochlea and middle ear muscle section (C: 
5 kHz; D: 8 kHz). Horizontal line in each frame between -7 and -11 dB SPL represents the noise 
floor. 

(Kujawa, et al., submitted; see Figure B-1, Appendix B). It is consistent, however, with 

the report of Mott, et al., (1989) who observed the effect of contralateral stimulation on 

SOAEs of awake human subjects to remain fairly constant during a 240 second period of 
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Figure 10. Magnitude and time course of the effect of contralateral WBN on the ipsilateral2fl-f2 DPOAE 
at 5kHz as monitored prior to the perfusion experiments. Data are represented as means ± S.E. 
across N = 40 animals. For additional explanation, see legend for Figure 6. 

continuous contralateral stimulation. To compare the magnitude of contralateral 

suppression observed in the present experiments to that observed previously in this 

laboratory, average suppression magnitude was calculated for each animal by comparing 

DPOAE amplitude before contralateral stimulation (mean of the 10 trials of 25 spectra each) 

to DPOAE amplitude during contralateral stimulation (mean of the first 10 trials of25 spectra 

each). When calculated in this manner, the magnitude of contralateral suppression across 

all animals averaged 1.55 ± 0.10 dB and represented a significant departure (t = 3.1555; 

P < 0.05) from baseline amplitude levels. This value is in good agreement with the 1.58 dB 

mean suppression obtained previously (Kujawa, et al., submitted) using the same ipsilateral 

and contralateral stimulus parameters. 
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Effect of Treatments 

Control Perfusions 

Two perfusions of the control solution (artificial perilymph; AP) were required to 

establish a stable post-perfusion DPOAE amplitude baseline. Figure 11 displays mean 

DPOAE amplitudes across animals before and during WBN stimulation of the contralateral 

ear under three separate conditions: a) prior to the perfusion experiments, b) following the 

first perfusion of the control solution, and c) following the second perfusion of the control 

solution. Following the second of these control perfusions, both absolute DPOAE 

amplitude (in each case, represented by the amplitude of the solid bar) and magnitude of 

::J 
a.. 
C/) 

OJ 
"C -Q) 
"C 
:J 

25 

:t= 20 a. 
E « 
w « o a.. 
Cl 

all without contralateral WBN 
12221 with contralateral WBN 

15 -'---
Pre-Perfusion Post-AP #1 Post-AP #2 

Figure 11. DPOAE amplitudes (means ± S.E.; N = 40) as recorded before (solid bars) and during 
(hatched bars) contralateral WBN stimulation under three conditions: a) prior to the perfusion 
experiments (pre-perfusion); b) following the fIrst perfusion of the control solution (artificial 
perilymph; AP); c) following the second perfusion of the control perfusion (AP). 
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contralateral suppression (represented in each case by the difference in the amplitudes of 

the solid and hatched bars) were significantly greater than the corresponding values 

measured pre-perfusion (absolute amplitude, t = -6.0280; P < 0.05; suppression magnitude, 

t = -3.5588; P < 0.05). For each animal, then, values obtained following the second control 

perfusion were employed as the new, post-perfusion baselines to which all drug-related 

changes were compared. 

Five animals served as controls. Each of these animals received 10 consecutive 10 

minute perfusions of the control solution (artificial perilymph). Following each perfusion, 

distortion product amplitude was recorded before, during and after contralateral WBN 

stimulation. Mean data for these animals are displayed in Figure 12 and Table 2. Both 

absolute DPOAE amplitudes and suppression magnitudes remained relatively stable from 

the second through the tenth perfusions. Results of repeated measures ANOV A procedures 

revealed no significant differences (P > 0.05) in either absolute DPOAE amplitude or 

magnitude of suppression across artificial perilymph perfusions #2 (which served as the 

post-perfusion baseline for all animals in the experimental drug groups) through #10 (see 

Tables 0-1 and 0-2, Appendix G). It should be noted that this series of 10 perfusions 

required approximately 5 hours to complete, thus demonstrating the stability of this 

preparation over the length of time necessary to complete the experimental drug perfusions. 

Experimental Drug Perfusions 

A wide range of cholinergic antagonists were tested for their ability to block 

contralateral suppression of DPOAEs. Mean data are represented in graphic (Figures 13 -

20) and tabular (Tables 3 - 10) fonns for each of the 8 drugs tested. In each figure, DPOAE 

amplitude before, during and after presentation of WBN to the contralateral ear is displayed 
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Table 2. DPOAE Amplitudes and Contralateral WBN Suppression Magnitudes (Means 
± S.E.) for the Control Animals (N = 5) Receiving Repeated Artificial Perilymph 
Perfusions. 

Condition DPOAE Amplitude + Suppression Magnitude# 
(dB SPL) (dB SPL) 

Post-AP#l 20.23 ± 1.83 1.35 ±0.22 

Post-AP#2 22.16± 1.23 1.82 ± 0.19 

Post-AP#3 22.51 ± 1.10 1.63 ±0.17 

Post-AP#4 22.22 ± 1.16 1.63 ±0.24 

Post-AP#5 22.13 ± 1.22 1.49 ± 0.17 

Post-AP#6 22.15 ± 1.29 1.47 ±0.20 

Post-AP#7 22.77 ± 1.35 1.63 ±0.18 

Post-AP#8 22.23 ± 1.61 1.64 ± 0.17 

Post-AP#9 22.31 ± 1.59 1.72± 0.21 

Post-AP#1O 22.27 ± 1.68 1.79 ±0.20 

AP = Artificial Perilymph; + Absolute DPOAE amplitude was calculated as the mean of the first five no 
contralateral stimulation trials following each perfusion. #Suppression magnitude was calculated as the 
difference between the means of the first five no contralateral stimulus trials and the first five contralateml 
stimulus trials following each perfusion. Numbers represent grand means ± S.E. across the five animals 
receiving this treatment 
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Table 3. DPOAE Amplitudes and Contralateral WBN Suppression Magnitudes (Means 
± S.E.) for the N = 5 Animals Receiving Alpha-Bungarotoxin. 

Condition DPOAE Amplitude + Suppression Magnitude# 
(dB SPL) (dB SPL) 

Post-AP#l 24.07 ± 1.5 2.08±0.50 

Post-AP#2a 
24.57± 1.27 2.11 ±0.36 

Post-a-Bgtx (0.01 JlM) 24.55 ± 0.42 1.69 ± 0.12 

Post-a-Bgtx (0.03 JlM) 25.33 ± 0.31 1.51 ±0.25 

Post-a-Bgtx (0.10 JlM) 24.95 ± 0.64 1.25 ±0.25 

Post-a-Bgtx (0.33 JlM) 23.27± 1.29 0.77 ± 0.09** 

Post-a-Bgtx (1.00 JlM) 23.14± 1.75 0.22 ± 0.05** 

Post-a-Bgtx (3.33 JlM) 23.58±2.13 0.05 ± 0.02** 

Post-a-Bgtx (10.0 JlM) 23.61 ± 2.35 -0.01 ± 0.03** 

Post -AP wash # 1 22.67 ± 2.41 0.05 ± 0.03** 

Post-AP wash #2 21.76± 2.93 1.17 ± 0.41 * 

Post-AP wash #3 21.23± 3.64 1.36 ±0.37 

AP = Artificial Perilymph; a-Bgtx = Alpha-Bungarotoxin; + Absolute DPOAE amplitude was calculated 
as the mean of the first five no contralateral stimulation trials following each perfusion. #Suppression 
magnitude was calculated as the difference between the means of the rrrst five no contraIateral stimulus trials 
and the rrrst five contralateral stimulus trials following each perfusion. Numbers represent grand means± S.E. 
across the five animals receiving this treatment. aResponse measured post-AP #2 is the post-perfusion baseline 
to which all subsequent perfusions were compared in Tukey post-hoc analyses. Values significantly different 
from the baseline are designated: *p < 0.05; **P<O.Ol. 
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Table 4. DPOAE Amplitudes and Contralateral WBN Suppression Magnitudes (Means 
± S.E.) for the N = 5 Animals Receiving Curare. 

Condition DPOAE Amplitude + Suppression Magnitude# 
(dB SPL) (dB SPL) 

Post-AP#1 18.91 ± 1.31 1.86 ±0.59 

Post-AP#2a 
21.80± 1.00 2.21 ± 0.43 

Post-Curare (0.01 JlM) 22.01 ±0.99 2.12 ± 0.37 

Post-Curare (0.03 JlM) 21.92 ± 0.75 1.86±0.22 

Post-Curare (0.10 JlM) 22.46± 1.11 1.60 ±0.36 

Post-Curare (0.33 JlM) 22.70± 1.23 0.95 ± 0.15** 

Post-Curare (1.00 JlM) 23.42 ± 1.18** 0.32 ± 0.07** 

Post-Curare (3.33 JlM) 23.00± 1.24 -0.04 ± 0.13** 

Post-Curare (10.0 JlM) 23.28 ± 1.22* 0.15 ± 0.09** 

Post-AP wash #1 23.47 ± 1.15** 0.72 ± 0.16** 

Post-AP wash #2 23.14 ± 0.96* 1.37 ±0.17* 

Post-AP wash #3 22.60± 1.04 1.72 ±0.21 

AP = Artificial Perilymph; + Absolute DPOAE amplitude was calculated as the mean of the first five no 
contralateral stimulation trials following each perfusion. "Suppression magnitude was calculated as the 
difference between the means of the first five no contralateral stimulus trials and the flfSt five contralateral 
stimulus trials following each perfusion. Numbers represent grand means ± S.E. across the five animals 
receiving this treatment 8Response measured post-AP412 is the post-perfusion baseline to which all subsequent 
perfusions were compared in Tukey post-hoc analyses. Values significantly different from the baseline are 
designated: *p < 0.05; **P<O.Ol. 
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Table 5. DPOAE Amplitudes and Contralateral WBN Suppression Magnitudes (Means 
± S.E.) for the N = 5 Animals Receiving Strychnine. 

Condition DPOAE Amplitude + Suppression Magnitude# 
(dB SPL) (dB SPL) 

Post-AP#l 19.45 ± 1.70 1.25 ± 0.33 

Post-AP#2a 
20.44± 1.45 1.42 ± 0.43 

Post-Sttychnine (0.01 J-lM) 20.92± 1.00 1.48 ± 0.39 

Post-Sttychnine (0.03 J-lM) 20.74± 1.09 1.42 ±0.41 

Post-Sttychnine (0.10 J-lM) 21.06±0.91 1.23 ±0.35 

Post-Sttychnine (0.33 J-lM) 22.01 ±0.94 0.60±0.12 

Post-Sttychnine (1.00 J-lM) 22.10± 0.48 0.14 ± 0.06** 

Post-Sttychnine (3.33 J-lM) 22.14±0.49 -0.08 ± 0.10** 

Post-Sttychnine (10.0 J-lM) 22.33 ±0.75 0.01 ± 0.02** 

Post-AP wash #1 21.50±0.97 1.46 ± 0.21 

Post-AP wash #2 21.58 ±0.78 1.66±0.23 

AP == Artificial Perilymph; + Absolute DPOAE amplitude was calculated as the mean of the first five no 
contralateral stimulation trials following each perfusion. flSupprcssion magnitude was calculated as the 
difference between the means of the first five no contralateral stimulus trials and the first five contralateral 
stimulus trials following each perfusion. Numbers represent grand means ± S.E. across the five animals 
rcceiving this treatment BResponsemeasured post-AP #2 is the post-perfusion baseline to which all subsequent 
perfusions were compared in Tukey post-hoc analyses. Values significantly different from the baseline are 
designated: *P < 0.05; **P<O.Ol. 
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Table 6. DPOAE Amplitudes and Contralateral WBN Suppression Magnitudes (Means 
± S.E.) for the N = 2 Animals Receiving Kappa-Bungarotoxin. 

Condition DPOAE Amplitude + Suppression Magnitude# 
(dB SPL) (dB SPL) 

Post-AP#l 28.17±0.69 1.02±0.28 

Post-AP#2a 
28.36±0.52 1.34± 0.24 

Post-K-Bgtx (0.01 IlM) 28.34±0.78 1.26± 0.18 

Post-K-Bgtx (0.03 IlM) 28.43 ± 0.47 1.19 ±0.17 

Post-K-Bgtx (0.10 IlM) 28.42±0.23 1.18 ±0.04 

Post-K-Bgtx (0.33 IlM) 28.66±0.16 0.65 ± 0.02* 

Post-K-Bgtx (1.00 IlM) 28.82 ± 0.45 -0.04 ± 0.07** 

Post-K-Bgtx (3.33 IlM) 29.29±0.21 0.02 ± 0.02** 

Post-K-Bgtx (10.0 IlM) 29.34±0.68 0.04 ± 0.01 ** 

Post-AP wash #1 29.54 ± 0.60 -0.03 ± 0.13** 

Post-AP wash #2 29.63 ± 0.32 0.12 ± 0.07** 

Post-AP wash #3 29.54±0.56 0.24 ± 0.05** 

Post-AP wash #4 29.23 ±0.49 0.39 ± 0.07** 

AP = Artificial Perilymph; lC-Bgtx = Knppa-Bungarotoxin; + Absolute DPOAE amplitude was calculated 
as the mean of the first five no conlralateral stimulation trials following each perfusion. #Suppression 
magnitude was calculated as the difference between the means of the flfSt five no contralateral stimulus trials 
and the fIrSt five contralateral stimulus trials following each perfusion. Numbers represent grand means ± S.E. 
across the two animals receiving this treatment. 8Response measured post-AP it2 is the post-perfusion baseline 
to which all subsequent perfusions were compared in Tukey post-hoc analyses. Values significantly different 
from the baseline arc designated: *p < 0.05; **P<O.OI. 
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Figure 17. Effect of intracochlear 4-DAMP on contralateral suppression of DPOAEs in the N = 5 animals receiving this treatment DPOAE 
amplitudes are shown follOwing each of the control perfusions (artificial perilymph; AP), following increasing concentrations of 
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Table 7. DPOAE Amplitudes and Contralateral WBN Suppression Magnitudes (Means 
± S.E.) for the N = 5 Animals Receiving 4-DAMP. 

Condition DPOAE Amplitude + Suppression Magnitude# 
(dB SPL) (dB SPL) 

Post-AP#l 20.12±2.60 1.69 ± 0.51 

Post-AP#2a 
21.53 ±2.40 1.99 ±0.27 

Post-4-DAMP (0.10 IlM) 22.39 ± 2.57 1.83 ± 0.26 

Post-4-DAMP (0.33 JlM) 23.26± 2.14 1.60±0.24 

Post-4-DAMP (1.00 JlM) 23.60±2.25 1.45 ± 0.28 

Post-4-DAMP (3.33 JlM) 24.54±2.01 0.35 ± 0.11 ** 

Post-4-DAMP (10.0 JlM) 24.76± 1.84 0.00 ± 0.01 ** 
Post -AP wash # 1 23.87 ±2.04 1.65 ± 0.35 

Post-AP wash #2 24.20± 1.87 1.67 ±0.25 

AP = Artificial Perilymph; 4-DAMP= 4-Diphenylacetoxy-N-methylpiperidine methiodide; + Absolute 
DPOAE amplitude was calculated as the mean of the first five no contraIateral stimulation trials following 
each perfusion. "Suppression magnitude was calculated as the difference between the means of the first five 
no contralateral stimulus trials and the first fivecontraIateral stimulus trials following each perfusion. Numbers 
represent grand means ± S.E. across the five animals receiving this treatment aResponse measured post-AP 
#2 is the post-perfusion baseline to which all subsequent perfusions were compared in Tukey post-hoc analyses. 
Values significantly different from the baseline are designated: *p < 0.05; **P<O.Ol. 
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Figure 18. Effect of intracochlear atropine on contralateral suppression of DPOAEs in the N = 5 animals receiving this treatment. DPOAE 
amplitudes are shown following each of the control perfusions (artificial perilymph; AP), following increasing concentrations of 
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additional infonnation concerning time intervals, see legend for Figure 12. 
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Table 8. DPOAE Amplitudes and Contralateral WBN Suppression Magnitudes (Means 
± S.E.) for the N = 5 Animals Receiving Atropine. 

Condition DPOAE Amplitude + Suppression Magnitude# 
(dB SPL) (dB SPL) 

Post-AP#l 16.36±0.49 1.02 ±0.20 

Post-AP#2a 
18.24±0.42 1.41 ± 0.26 

Post-Atropine (0.20 IlM) 17.94±0.67 1.34± 0.11 

Post-Atropine (0.66 IlM) 18.35 ±0.71 1.31 ± 0.15 

Post-Atropine (2.00 IlM) 18.54±0.63 1.18 ± 0.19 

Post-Atropine (6.66IlM) 18.70±0.62 0.81 ±0.14* 

Post-Atropine (20.0 IlM) 19.02 ± 0.46 0.28 ± 0.06** 

Post-Atropine (66.6IlM) 18.55 ±0.58 -0.08 ± 0.05** 

Post-Atropine (200.0 1lM) 18.90 ± 0.41 -0.06 ± 0.02** 

Post-AP wash #1 19.47 ± 0.52 0.85 ±0.20 

Post-AP wash #2 19.52±0.60 1.29 ± 0.14 

AP = Artificial Perilymph; + Absolute DPOAE amplitude was calculated as the mean of the first five no 
contralateral stimulation trials following each perfusion. #Suppression magnitude was calculated as the 
difference between the means of the first five no contralateral stimulus trials and the first five contralateral 
stimulus trials following each perfusion. Numbers represent grand means ± S.E. across the five animals 
receiving this treatment BResponse measured post-AP#2 is the post-perfusion baseline to which all subsequent 
perfusions were compared in Tukey post-hoc analyses. Values significantly different from the baseline are 
designated: *p < 0.05; **P<O.01. 
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Figure 19. Effect of intracochlear AF-DX 116 on contralateral suppression of DPOAEs in the N = 5 animals receiving this treatment DPOAE 
amplitudes are shown following each of the control perfusions (artificial perilymph; AP), following increasing concentrations of 
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Table 9. DPOAE Amplitudes and Contralateral WBN Suppression Magnitudes (Means 
± S.E.) for the N = 5 Animals Receiving AF-DX 116. 

Condition DPOAE Amplitude + Suppression Magnitude# 
(dBSPL) (dB SPL) 

Post-AP#1 26.49 ± 0.62 1.46± 0.26 

Post-AP#2a 
26.84±0.92 1.68 ± 0.24 

Post-AF-DX 116 (1.00 JlM) 26.96±0.57 1.81 ± 0.24 

Post-AF-DX 116 (3.33 JlM) 26.38 ±0.91 1.59 ±0.23 

Post-AF-DX 116 (10.0 !JM) 26.46± 1.02 1.37 ± 0.15 

Post-AF-DX 116 (33.3 !JM) 27.40 ± 1.02 0.76 ± 0.10** 

Post-AF-DX 116 (100.0 ~M) 28.23 ± 0.70 0.08 ± 0.03** 

Post-AF-DX 116 (333.3 ~M) 27.35 ±0.94 0.00 ± 0.02** 

Post-AP wash #1 28.13±0.78 0.51 ± 0.13** 

Post-AP wash #2 27.77 ± 0.70 1.57 ±0.26 

AP = Artificial Perilymph; AF-DX 116 = 1l-[[2-[(Diethylamino)methyJJ-I-piperidinyIJacetyJJ-
5,ll-dihyclro-6H-pyrido [2,3-bJ [l,4Jbenzodiazepin-6-one; + Absolute DPOAE amplitude was calculated as 
the mean of the first five no contralateral stimulation trials following each perfusion. #Suppression magnitude 
was calculated as the difference between the means of the first five no contralateral stimulus trials and the fmt 
five contralateral stimulus trials following each perfusion. Numbers represent grand means ± S.E. across the 
five animals receiving this treatment. "Response measured post-AP #2 is the post-perfusion baseline to which 
all subsequent perfusions were compared in Tukey post-hoc analyses. Values significantly different from the 
baseline are designated: *p < 0.05; **P<O.Ol. 
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Figure 20. Effect of intracochlear pirenzepine on contralateral suppression of DPOAEs in the N = 5 animals receiving this treatment DPOAE 
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Table 10. DPOAE Amplitudes and Contralateral WBN Suppression Magnitudes (Means 
± S.E.) for the N = 5 Animals Receiving Pirenzepine. 

Condition DPOAE Amplitude + Suppression Magnitude# 
(dB SPL) (dB SPL) 

Post-AP#l 19.68 ± 1.32 1.90 ± 0.41 

Post-AP#2a 
20.70 ± 1.19 2.14 ± 0.38 

Post-Pzp (10.0 IlM) 20.37 ± 1.37 2.27±0.44 

Post-Pzp (33.3 IlM) 21.06± 1.13 2.05 ±0.45 

Post-Pzp (100.0 flM) 20.99 ± 0.92 1.72 ± 0.26 

Post-Pzp (333.3 flM) 21.59 ± 1.16 0.91 ± 0.11 ** 

Post-Pzp (1000.0 IlM) 20.86± 1.19 0.09 ± 0.06** 

Post-AP wash #1 21.24±0.89 1.65 ± 0.26 

Post-AP wash #2 20.57± 1.03 2.21 ± 0.36 

AP = Artificial Perilymph; Pzp = Pirenzepine; + Absolute DPOAE amplitude was calculated as the mean 
of the first five no contralateral stimulation trials following each perfusion. IISuppression magnitude was 
calculated as the difference between the means of the first five no contralateral stimulus trials and the first five 
contralateral stimulus trials following each perfusion. Numbers represent grand means± S.E. across the five 
animals receiving this treatment 8Response measured post-AP #2 is the post-perfusion baseline to which all 
subsequent perfusions were compared in Tukey post-hoc analyses. Values significantly different from the 
baseline are designated: *p < 0.05; **P<O.Ol. 
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following each of the control perfusions (artificial perilymph; AP); following successive 

perfusions of increasing concentration of experimental drug (numbers represent drug 

concentrations in JlM); and following artificial perilymph (AP) wash perfusions. Absolute 

DPOAE amplitudes and suppression magnitudes (means ± S.E.) are given in numerical form 

in the accompanying tables. All antagonists tested produced a dose-responsive blockade of 

contralateral suppression effects. In most cases (see Figures 14 - 15 and 17 - 20), the 

experimental drug could easily be washed from the cochlear perilymph with 2 - 3 ten minute 

perfusions of the control solution. Exceptions to this general rule were the bungarotoxins 

(Figures 13 and 16), where 3 - 4 artificial perilymph washes were required to obtain partial 

to complete recovery of contralateral suppression. In the case of a-bungarotoxin, prolonged 

exposure of cochlear tissues to this drug may have been associated with some toxic action 

involving OHCs or other structures within the cochlear duct, as evidenced by the gradual 

decline in DPOAE amplitude during attempts at washout. An apparent decline in DPOAE 

amplitude also is seen following perfusions of high concentrations of AF-DX 116 (333 JlM) 

and pirenzepine (1000 JlM), although in both of these cases, DPOAEs were not reduced 

from post-control levels. Rather, there was some reversal of the trend for distortion product 

amplitude to increase following antagonist perfusion. This trend will be discussed in a later 

section of this paper. 

To test whether drug effects on the magnitude of contralateral suppression varied 

significantly across perfusions, data for each experimental drug group were submitted to 

separate repeated measures ANOV A procedures (see Tables H-l through H-8, Appendix 

H). For all drug groups, significant changes in the magnitude of contralateral sound 

suppression across perfusions were revealed (see Appendix H for individual P values). 

Post-hoc analyses, designed to compare the magnitude of suppression following perfusion 
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of a given drug concentration or following the artificial perilymph washes to the magnitude 

of suppression following artificial perilymph perfusion #2 (baseline) were completed and 

those results are contained for each drug in Tables 3 - 10. Inspection of these tables reveals 

that the experimental drugs varied with regard to the concentration-dependence of their 

effects (a finding which will be discussed in greater detail in a subsequent section of this 

paper). Drugs also varied in the magnitude of contralateral suppression recovery following 

individual wash perfusions. With the sole exception of lC-bungarotoxin, however, drug 

effects on contralateral suppression ofDPOAEs were reversible. That is to say, for all drugs 

but lC-bungarotoxin, the magnitude of suppression measured following the fmal wash 

perfusion did not differ significantly (P > 0.05) from that measured post-control perfusion 

#2. 

Data summarized in Tables 3 - 10 also reveal that some of the drugs were more 

effective than others in their blockade of contralateral suppression effects. That is to say, 

substantial blockade of contralateral suppression was observed at lower drug concentrations 

with some of these drugs than with others. This relationship is more clearly illustrated across 

drugs using dose-response curves which display the percent of baseline response (magnitude 

of contralateral suppression following the second AP perfusion) as a function of antagonist 

drug concentration. Inhibition curves for the nicotinic antagonists and strychnine are 

displayed in Figure 21A; muscarinic antagonists are shown in Figure 21B. Potency, or 

magnitude of effect for a given dose, is represented by the left-to-right position of each of 

the dose-response curves along the X axis. The curves for the nicotinic antagonists and 

strychnine appear clustered together, consistent with the notion that their potencies in 

blocking contralateral suppression of DPOAEs are similar. Conversely, curves for the 

muscarinic antagonists are widely spaced, reflecting clear differences in potency of 
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Figure 21. Inhibition curves (means ± S.E.) for cholinergic antagonist blockade of baseline conlralateral 
suppression. Nicotinic antagonists and strychnine are displayed in panel A; muscarinic 
antagonists in panel B. Magnitude of contralateral suppression following the second control 
perfusion established the baseline response for each animal. Magnitude of suppression as 
recorded following each concentration of experimental drug and following each wash perfusion 
was then expressed as a percentage of this baseline response. Horizontal line in each panel 
designates the point of 50% blockade of baseline suppression (lCso). For all drugs but 
K-bungarotoxin. each set of means is based on N = 5 animals; for lC-bungarotoxin. N = 2 animals. 
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contralateral suppression blockade. Furthermore, blockade of contralateral suppression by 

all muscarinic antagonists required greater concentrations of drug than did the nicotinic 

antagonists. 

Drug potencies in blocking or inhibiting a given response often are compared by the 

use of ICsOs (inhibitory concentration SO). The ICso in this context designates the dose of 

antagonist required to produce a SO% blockade of baseline contralateral suppression. These 

values were estimated for each drug using a curve-fitting program (see Appendix F) and the 

curves thus generated are displayed in Figures 1-1 through 1-8 (Appendix 1). The IC50s that 

were calculated by the curve-generating equations, along with the standard errors associated 

with their estimation from the curves, are given in Table 11. The relative potencies of these 

Table 11. Summary of ICso and Emax Values. 

Drug ICSO (M) Emwd%) 

a-bungarotoxin (2.38 ± 1.19) x 10-7 100 

curare (2.79 ± 1.26) x 10-7 100 

strychnine 
(2.96 ± 1.13) x 10-7 100 

lC-bungarotoxin (3.81 ± 2.62) x 10-7 100 

4-DAMP 
(1.88 ± 1.27) x 10-6 100 

atropine 
(9.S2 ± 1.13) x 10-6 100 

AF-DX 116 
(2.72 ± 1.2S) x 10-5 100 

pirenzepine 
(8.24 ± 4.92) x 10-4 100 
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drugs in blocking contralateral suppression of DPOAEs can thus be ordered as follows: For 

the nicotinic antagonists: a-bungarotoxin = curare = strychnine = K-bungarotoxin; for the 

muscarinic antagonists: 4-DAMP > atropine> AF-DX 116> pirenzepine. 

Two additional measures frequently are obtained from the dose-response curves to 

be used in comparing the actions of different drugs in a given system. These measures are 

a) efficacy, which is a reflection of the intrinsic ability of a drug to produce an effect, and 

which is measured at the point of maximum drug effect on the dose-response curve (Emax)' 

and b) the Hill coefficient, which represents the slope of the dose-response curve. For all 

drugs tested, Emax corresponded to essentially total (100%) blockade of contralateral 

suppression effects (see Table 11). When certain assumptions are met (e.g., the experiment 

is performed in a system in eqUilibrium and receptor concentration is kept constant while 

ligand concentration is varied), a Hill coefficient of unity is obtained in cases where ElEmax 

is proportional to the fraction of the total number of receptor sites occupied, supporting the 

notion that the drug is acting selectively at a single receptor (Cooper, et al., 1986). Those 

assumptions are not rigidly met in this preparation; thus, Hill coefficients were not employed 

to describe drug effects. 

Non-specific Drug Effects 

Possible non-specific drug actions were addressed by studying the effect of most 

antagonists on the ipsilateral (right) ear CAP response to 10 kHz tone pips. CAP thresholds 

and amplitude growth functions were obtained before and after a single 10 minute perfusion 

of the highest drug concentration employed in the contralateral stimulation experiments. 

Results are contained in Table 12. Perfusion of a cocktail containing strychnine (10 1lM), 

curare (10 IlM), and atropine (20 /lM) did not produce consistent alterations in these 
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responses in 3 animals, consistent with previous findings (Bobbin & Konishi, 1974; Konishi, 

1972). Similarly, 4-DAMP (N = 3), AF-DX 116 (N = 1) and pirenzepine (N = 1) also failed 

to suppress the CAP response. 

Table 12. Round Window Nl Thresholds (10 kHz) Pre-Post Experimental Drug 
Perfusion. 

Nl Threshold (dB SPL) 

Experimental Drug Pre Post 

Cocktail: 8 14 
(Strychnine 10 ~M; 

14 14 Curare 10 ~M; 
Atropine 10 ~M) 14 14 

Pirenzepine (1000 ~M) 14 14 

4-DAMP (10 ~) 14 14 

14 14 

14 14 

AF-DX 116 (333~M) 14 14 

Anesthetic Effects on Contralateral Suppression of DPOAEs 

In preliminary experiments, occasional difficulty was experienced in observing an 

effect of contralateral WBN on DPOAEs. When the effect was observed, it was often very 

small (approximately 0.5 dB). In those experiments, animals were anesthetized using the 
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anesthetic regimen used previously in this laboratory (NembutalR, sodium pentobarbital, 

Abbot, 30 mg/kg, i.p.; TaractanR, chlorprothixene hydroc1oride, Roche, 30 mg/kg, i.p.). 

Others (e.g., Brown, 1989; Robertson and Gummer, 1985) have reported that response 

characteristics of efferent neurons are influenced by anesthesia. In the investigation by 

Robertson & Gummer (1985), for example, the percentage of spontaneously active units 

was much higher in urethane-anesthetized guinea pigs (50%) than in animals anesthetized 

with a Nembutal/lnnovar combination (11 %). Furthermore, Puel and Rebillard (1990) 

successfully observed contralateral suppression ofDPOAEs in guinea pigs anesthetized with 

urethane. Urethane was, therefore, chosen as the anesthetic agent in the present 

investigation. Following completion of the perfusion experiments, however, the influence 

of Nembutal on the contralateral suppression of DPOAEs was studied in 5 animals. With 

recovery of contralateral suppression established under urethane-induced anesthesia, a 

single dose of Nembutal (30 mg/kg, i.p.) was administered. An additional 10 minute 

perfusion with the control solution was accomplished to maintain baseline DPOAE 

amplitude levels (which tended to decrease as time went on without perfusion), and the 

contralateral stimulation paradigm was repeated. Figure 22 displays mean distortion 

product amplitudes before and during contralateral stimulation under these two anesthetic 

conditions: The first set of values represents measures obtained at the completion of the 

perfusion experiments (accomplished under urethane anesthesia); the second set represents 

measures taken approximately 15 minutes after Nembutal administration and an additional 

artificial perilymph perfusion. The amount of suppression, which averaged 2.14 ± 0.36 dB 

under urethane anesthesia, was reduced significantly (t = 4.8569; P < 0.05) to 0.57 ± 0.06 

dB following Nembutal administration to these same animals. 
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Figure 22. Magnitude of the contralateral stimulation effect (means ± S.E.; N = 5) during anesthesia 
achieved after administration of urethane (1.5 g/kg; i.p.) and then approximately 15 minutes after 
administration of Nembutal (30 mg/kg; i.p.) to the same animals. For each animal,S trials of 50 
spectra each were averaged before (solid bars) and during (hatched bars) contralateral WBN 
stimulation to produce the values that comprise these grand means. 

Tonic Efferent Effects on DPOAEs 

Absolute amplitude of the DPOAE tended to increase from baseline levels following 

antagonist drug perfusions. This trend is evident on inspection of the mean data contained 

in Tables 3 - 10. No similar increases are seen over repeated AP perfusions (see Table 2). 

For individual animals, these increases were occasionally substantial (see, for example, 

Figures J-l through J-4, Appendix J). To test whether the absolute amplitude of the DPOAE 

varied significantly across perfusions, data for each experimental drug group were submitted 

to separate repeated measures ANOVA procedures (see Tables K-l through K-8, Appendix 
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K). Results of these analyses revealed an overall significance of perfusion for several of the 

experimental drugs (curare, strychnine, AF-DX 116, atropine; see Appendix K for individual 

P values). However, post-hoc analyses (Tukey) that compared DPOAE amplitude as 

measured following experimental drug and wash perfusions with DPOAE amplitude at 

baseline revealed that only for curare did DPOAE amplitude increase significantly from 

baseline values with experimental drug perfusions (see Tables 3 - 9). Possible implications 

of such increases will be discussed in a later section of this paper. 
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DISCUSSION 

The purpose of this investigation was to provide in vivo characterization of the 

cholinergic receptor-mediated suppression of DPOAEs. Results revealed a dose-responsive 

blockade of contralateral suppression of DPOAEs by a wide variety of nicotinic and 

muscarinic cholinergic receptor antagonists. The nicotinic antagonists a-bungarotoxin, 

K-bungarotoxin and curare, and the glycine antagonist, strychnine, blocked contralateral 

suppression at low concentrations and demonstrated similar potencies. These fmdings are 

consistent with the hypothesis that a novel type of nicotinic cholinergic receptor mediates 

efferent-induced suppression of otoacoustic responses from the cochlea. Of the muscarinic 

antagonists tested, 4-DAMP demonstrated the most potent blockade of contralateral 

suppression, suggesting either that this efferent control also can be mediated by an M3 

muscarinic receptor, or that the putative novel nicotinic receptor can be blocked by low 

concentrations of this muscarinic receptor antagonist Effects were largely reversible and 

selective to the synapse under study. Furthennore, suppression was not altered by repeated 

perfusions of the control solution alone. These results provide the first comprehensive, in 

vivo characterization of cholinergic receptors mediating the suppressive effects of efferent 

activation at the MOC-ORC synapse. 

Contralateral Suppression of DPOAEs 

As a point of departure, the effect of contralateral WBN on DPOAEs was studied 

across all animals. Results confirmed previous reports (Kujawa, et al., submitted; Puel and 

Rebillard, 1990) that DPOAEs can be suppressed by contralateral WBN in 
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urethane-anesthetized guinea pigs. The magnitude of the contralateral suppression effect 

was between 1 - 4 dB. Several mechanisms might be proposed to account for suppression 

of DPOAEs by contralateral sound. These have been addressed previously (e.g., Collet, et 

al., 1990; Kujawa, et al., submitted; Mott, et al., 1989; Puel & Rebillard, 1990; Warren and 

Liberman, 1989a) and include a) transcranial crossover of the contralateral sound stimulus, 

b) activation of the middle ear muscle reflex and c) activation of OC efferent neurons. 

With regard to the fIrst mechanism, crossover of the contralateral sound stimulus to 

the ipsilateral ear could occur through the bones of the skull, through the air, or through the 

metal headholder. If the stimulus reaching the ipsilateral ear were appropriate in level and 

frequency composition, it could produce ipsilateral suppression of the DPOAE and thus 

mimic the effect under study. Brown and Kemp (1984) found that the most effective 

suppressors of 2frf2 DPOAEs in humans and gerbils were those close in frequency to the 

frequencies of the primary stimuli (especially f2). Optimum suppression was obtained when 

the frequency of the suppressor equalled the frequency of f2 and its intensity was 

approximately -5 dB re: the SPL off2. Similarly, Harris & Probst (1992) found in humans 

that, for primaries set to LI = 70 or 55 dB SPL and ~ varied to maximize the amplitude of 

the 2frf2 DPOAE, the DPOAE was maximally suppressed by stimuli near the geometric 

mean offl and f2 and at a level of70 dB SPL. 

No evidence of transcranial crossover of the contralateral stimulus was observed in 

any of the animals selected as subjects in this investigation. Detailed noise floor 

measurements in one animal (1 kHz to 10.5 kHz in 0.25 kHz increments) obtained in the 

presence and absence of the 70 dB SPL overall level WBN to the contralateral ear revealed 

no systematic changes in the approximately -4 dB SPL ipsilateral noise floor (10 kHz 

window; CF = 6 kHz; BW = 37.5 Hz). Although it could be argued that the high noise floor 
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associated with this display window and analysis bandwidth might preclude identification 

of low-level signal crossover, that signal, if present, would be at least 64 dB less intense 

than f2• According to the experiments of Brown & Kemp (1984) and Harris & Probst (1992), 

an ipsilateral signal of that level should be well below the level effective in suppressing 

DPOAEs. Furthermore, when the WBN stimulus was presented to the ipsilateral ear through 

the open bulla, the noise floor at that ear was increased, but DPOAE amplitude suppression 

was not observed. Rather, the amplitude of the DPOAE was unaltered or increased slightly 

during ipsilateral WBN stimulation. Evidence of crossover also was studied using a 

narrower display window and analysis bandwidth which provided a lower noise floor. 

Ipsilateral noise floor measurements accomplished in a 1 kHz window (CF = 5 kHz; BW = 

3.75 Hz) were obtained for all animals at the distortion product frequency and at points 

± 150 Hz of this frequency in the presence and absence of WBN to the contralateral ear. 

Again, these measures revealed no systematic changes in the approximately -18 dB SPL 

noise floor associated with this display window and analysis bandwidth. 

Pharmacologic effects on contralateral suppression also cannot be explained by the 

simple-crossover of the contralateral signal. The effects of contralateral sound on DPOAEs 

were reduced in Nembutal-anesthetized animals and were blocked dose-responsively by the 

local application of antagonists of OC efferent activity. These findings support the 

involvement of central pathways in the suppression of DPOAEs by contralateral sound. 

Nevertheless, the hypothesis that crossover could be responsible for all or part of the 

suppressive effects seen was tested directly in 3 animals. With recovery of contralateral 

suppression re-established with AP wash(es), the contralateral cochlea was destroyed with 

a blunt probe and the contralateral stimulation paradigm was repeated. No evidence of 
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contralateral WBN suppression of DPOAEs was observed following this maneuver. Thus, 

the possibility that crossover is responsible for the effects seen appears unlikely. 

Although only those animals without evidence of crossover were included as 

subjects, several of the animals screened as potential subjects did show evidence of 

transcranial crossover of the contralateral WBN. This was manifested as an increase of 

approximately 0.5 - 1 dB in the noise floor measured at the ipsilateral ear (see Figure L-l, 

Appendix L). Those animals did not serve as subjects. It is of interest, however, that in 

those animals demonstrating crossover, DPOAE amplitude reductions during contralateral 

WBN stimulation were never observed. Rather, the distortion product appeared to sum with 

the energy in the higher noise floor. When DPOAEs were measured during contralateral 

WBN stimulation in these animals, amplitudes increased by an amount essentially equal to 

the increase in the noise floor (approximately 0.5 - IdB). 

A second mechanism that can produce effects that mimic those under study is 

activation of the middle ear muscle reflex (Rabinowitz and Widin, 1984; Schloth and 

Zwicker, 1983; Whitehead, et al., 1991b). Such reflex activation would alter stiffness 

characteristics of the middle ear (Moller, 1972), compromising transmission of the DPOAE 

as it passed outward through the middle ear space to the external canal. The possibility that 

middle ear muscle reflexes were activated at the ipsilateral ear was precluded by sectioning 

the tendons of the stapedius and tensor tympani muscles. 

The most likely mechanism by which stimulation of the contralateral ear could 

produce DPOAE amplitude suppression is through activation of OC efferent neurons by 

contralateral sound. This possibility is supported by several observations: First, the effect 

is blocked by anticholinergic drugs which are known to block OC efferent activity (Barron 

& Guth, 1987; Bobbin & Konishi, 1974; Galley, et al., 1973). Second, the magnitude of 
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the suppressive effect (a maximum of approximately 3 - 4 dB) is qualitatively similar to 

effects observed on DPOAEs during electrical stimulation of OC efferent neurons at the 

floor of the fourth ventricle (Siegel and Kim, 1982) and during the intracochlear application 

of ACh (Kujawa, et al., 1992b). In the Siegel & Kim (1982) investigation, the 

electrically-induced effect was blocked by intracochlear perfusion of curare, and in the 

Kujawa, et al. (1992b) experiments, the ACh-induced effect was blocked by intracochlear 

strychnine and curare. Puel and Rebillard (1990) found a similar magnitude of suppression 

during acoustic stimulation of the contralateral ear and in that investigation, suppression 

disappeared immediately following section of efferent fibers to the cochlea. 

Additional support for an efferent-mediated response suppression was provided in 

previous experiments from this laboratory (Kujawa, et al., submitted). In those experiments, 

contralateral stimulation effects on DPOAEs were observed to dissipate over time. During 

long-term stimulation (500 seconds), DPOAE amplitudes fell with the onset of contralateral 

stimulation and gradually returned toward pre-stimulus levels during continued contralateral 

stimulation. These time-varying effects of contralateral stimulation on DPOAEs are 

reminiscent of OC efferent effects on a variety of cochlear and eighth nerve potentials. 

Electrical activation of OC efferent neurons produces effects on cochlear and eighth nerve 

responses that tend to decline, or adapt during continuous stimulation (Dewson, 1967; Fex, 

1962; Konishi and Slepian, 1971b; Wiederhold and Kiang, 1970). Dewson (1967), for 

example, observed substantial adaptation of OC stimulation effects on CAP amplitude. 

Approximately 500 ms following the onset of OC stimulation (rate = 250 Hz), CAP 

amplitude was reduced by approximately 75% from baseline values. This effect had 

declined to an approximately 25% reduction from baseline values when measured 7 - 8 sec 

after the onset of OC efferent stimulation. Although the time course of the 
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contralateral-stimulation related changes are much longer than those described by Dewson 

(1967), Warren and Liberman (l989a) note that at rates typically employed, electrical 

stimulation drives neurons at higher rates than sound - thus, sound-induced effects may take 

more time to develop and decay than do electrically-evoked effects. 

In the present study, this adaptation of contralateral effects on DPOAEs was 

observed in individual animals (see, for example, Figures M-l through M-4, Appendix M); 

however, this trend is not apparent in the mean data. Two explanations (which may be 

related) are proposed to account for the inability to observe adaptation of contralateral 

suppression across the present series of animals: First, variability in the magnitude and 

time course of the contralateral stimulation effect was greater in the present series of animals 

than in the previous series. This variability would be expected to mask the response 

adaptation when responses are averaged across animals. Second, age differences between 

the two groups of animals may have contributed to differences in OC efferent effects and 

thus added to the variability between animals. The result, again, would be to mask the 

response adaptation demonstrated by some of the animals. The possibility that 

developmental differences are responsible, at least in part, for the greater variability between 

animals will be considered in a later section of this paper. 

OC Efferent Fibers Mediating Response Suppression 

As reviewed previously, the OC efferent innervation to the cochlea is comprised of 

two major groups of fibers: LOC efferents which synapse axodendritically on afferent fibers 

beneath mcs, and MOC efferents which synapse axosomatically on OHCs. The effects 

observed on DPOAE amplitude are most easily explained by an action of uncrossed MOC 

efferent fibers on their direct synaptic targets - OHCs. Stimulation of MOC efferents must 
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affect OHCs in a way that alters the mechanical response of the cochlea to peripheral sound 

- changes that are reflected in suppression of OAEs. Conversely, efferent synapses on the 

afferent dendrites below mcs (as occurs for the LOC efferents) would not be expected to 

have an effect on OAEs (Siegel & Kim, 1982). 

Application of the Cochlear Perfusion Technique 

When contralateral sound activates MOC efferent neurons, suppression of cochlear 

afferent outflow and of otoacoustic emissions is suggested to occur through an action of 

ACh on OHCs. Previous experiments from this laboratory have demonstrated that 

suppressive effects of OC efferent activation on DPOAEs can be mimicked by the local 

(intracochlear) application of exogenous ACh and this ACh-induced response suppression 

can be blocked reversibly by strychnine and curare (Kujawa, et al., 1992). Previous 

experiments also have revealed that the suppression of DPOAEs by contralatera1 sound, 

which is presumed due to release of the endogenous neurotransmitter (ACh), can be blocked 

reversibly by intracochlear strychnine, curare and atropine (Kujawa, et al., submitted). In 

the present investigation, these observations were extended to demonstrate that the 

suppression ofDPOAEs by contralateral sound can be blocked in a dose-responsive fashion 

by intracochlear perfusion of a variety of selective AChR antagonists. 

The practice of placing drugs of interest within cochlear perilymphatic spaces via a 

perfusion technique is a method with a history of successful application in investigations of 

drug effects in the cochlea (e.g., Fex, 1968; Konishi, 1972). The technique itself has been 

shown to have little effect on a variety of gross cochlear and neural potentials as recorded 

from sites within and near the cochlea (Bobbin, Fallon, & Kujawa, 1991; Jenison, Winbery, 
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& Bobbin, 1986). Further, it has the following advantages over other routes of drug 

administration: 

1. The specific action(s) of drugs on the cochlea can be more critically 

evaluated by their local application into the cochlea than by systemic 

injection or oral administration (Konishi, 1972). For example, nonspecific 

effects which may be produced when drugs are administered systemically 

(e.g., acidosis) can be bypassed with direct application into cochlear 

perilymph. 

2. Local application avoids the problem of drugs that cannot cross the 

blood-cochlea barrier. Of importance to the present investigation, several of 

the cholinergic antagonists employed do not cross this barrier and act only 

when applied locally (see review in Galley, et al., 1973). 

3. The technique can be employed to study the effects of a drug unaltered 

by metabolic changes which inevitably occur with other routes of 

administration. 

4. Following local application, the drug can be washed from cochlear 

perilymphatic spaces in attempts to control the length of exposure of cochlear 

tissues to the drug. 

Use of the Perfusion Technique with DPOAE Recording 

Recent experiments from this laboratory (Kujawa, et aI., 1992a; 1992b; submitted) 

suggest that the cochlear perfusion technique can be used reliably in studies of the cochlear 

mechanical effects of certain pharmacologic agents. In general, the DPOAEs under study 
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were not altered substantially by the surgical preparation of the cochlea for perfusion or by 

perfusion of the cochlear perilymph with the control solution. 

That the effects of these cholinergic antagonists on DPOAE amplitude and on 

contralateral suppression ofDPOAEs are genuine and not non-specific or mechanical effects 

of the perfusion per se, is supported by the following observations: 

1. Following establishment of a post-perfusion DPOAE amplitude baseline, 

additional artificial perilymph perfusions had no significant effect on 

DPOAE amplitude or on the magnitude of contralateral suppression. 

2. The reductions in the amount of contralateral suppression observed 

following intracochlear application of the various antagonists occurred in a 

dose-responsive fashion. 

3. In addition, the continued responsiveness and partial to complete recovery 

of DPOAE amplitudes and of contralateral stimulation effects were 

demonstrated through wash perfusions with the control solution alone. 

These perfusions verified (with the possible exception of a-bungarotoxin) 

that the DPOAE and contralateral suppression alterations seen during 

antagonist perfusions were not related to a general deterioration in the 

integrity of the cochlea during the course of the experiment. 

Drug Availability at the Synapse 

Drugs perfused into the perilymph compartment of scala tympani have ready access 

to the synaptic regions of hair cells. Although tight junctions between adjacent cells prevail 

for those cells forming the superior and lateral borders of scala media, junctions of this type 
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have not been identified between basal regions of hair cells and their supporting cells (Salt 

& Konishi, 1986). This suggests that there is little or no barrier to diffusion of substances 

between scala tympani and the fluid spaces within the organ of Corti. This view has received 

additional support from investigations in which various stains demonstrated ready access to 

structures within the organ of Corti when introduced via the scala tympani perilymph 

compartment (e.g., Tonndorf, Duvall, & Reneau, 1962). 

A potential problem in any in vivo investigation of agonist/antagonist effects is the 

issue of drug concentration at the synapse. Due to various phannacokinetic factors 

influencing drug availability at the synapse and dilution of drugs with existing perilymph, 

as well as the continual addition to this fluid pool via the cochlear aqueduct, the actual drug 

concentrations reached within the organ of Corti are unknown. Based on a comparison of 

the concentrations of cholinergic antagonists required to block the cochlearefferents in vivo 

and those effective at the neuromuscular junction, Galley, et al., (1973) suggested that the 

fmal concentration within the organ of Corti is reduced by a factor of 10 or more. 

Comparisons with In Vitro Studies 

In spite of this problem, similarities between concentrations found effective in this 

in vivo study and those using in vitro methods are encouraging. The relative order of potency 

of the drugs in blocking contralateral suppression ofDPOAEs was: a-bungarotoxin = curare 

= strychnine = K-bungarotoxin > 4-DAMP > atropine> AF-DX 116> pirenzepine. Recent 

experiments from this laboratory using in vitro isolated OHCs from guinea pig have revealed 

a similar order of potency in blocking an ACh-induced hyperpolarization: strychnine> 

curare> 4-DAMP > atropine (Erostegui, Norris & Bobbin, in press). Housley & Ashmore 
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(1991) similarly found curare to be substantially more effective than atropine in blocking 

an ACh-induced hyperpolarization when those drugs were applied at equimolar 

concentrations (0.1 11M) to OHCs isolated from guinea pig cochleae. At concentrations less 

than 0.1 11M, atropine was ineffective in blocking the ACh-induced OHC hyperpolarization, 

as was pirenzepine at 50 11M. This response was, however, blocked totally and reversibly 

by 10 11M strychnine. In the present investigation, the lowest concentration of atropine 

tested was 0.2 11M. At that concentration, atropine had no observable effect on contralateral 

sound suppression of DPOAEs. However, at a lower concentration (0.1 11M), curare 

produced roughly 25% blockade of contralateral suppression, and at 0.3 11M, roughly 55% 

blockade was observed. Pirenzepine (33 11M) had no observable effect on contralateral 

suppression and, at a concentration of 100 11M, reduced suppression by only approximately 

15% from baseline values. The potency of strychnine also was apparent in the present 

experiments: contralateral sound suppression of DPOAEs was blocked totally and 

reversibly by 3.3 11M strychnine (ICso = 2.96 x 1O-7M). 

Fuchs & Murrow (1992b) reported that, in short (outer) hair cells (SHCs) isolated 

from chick cochleae, strychnine (311M) produced an approximately 79% blockade of an 

ACh-induced hyperpolarization. This response, further, was blocked totally and reversibly 

by 1 11M a-bungarotoxin and by 1 11M lC-bungarotoxin. The ICso estimated for 

a-bungarotoxin was 2.6 x 1O-8M. The present experiments reveal qualitatively similar 

results: a-bungarotoxin, at a concentration of 111M, blocked contralateral suppression by 

roughly 90%; the same concentration of lC-bungarotoxin produced total blockade of 

contralateral suppression. In the case of the a-bungarotoxin, repeated artificial perilymph 

washes (3) produced significant recovery of contralateral suppression from drug-induced 
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blockade. Kappa-bungarotoxin, however, was not effectively washed from the cochlear 

perilymph with 4 consecutive 10 minute perfusions of artificial perilymph. 

Kakehata, et al. (1992) reported the following ICSOs for muscarinic antagonism of 

ACh-induced outward currents recorded from isolated guinea pig OHCs: atropine (4.8 x 

1O-6M); AF-DX 116 (2.1 x 1O-SM); pirenzepine (2.9 x 1O-'M). These values are in 

surprisingly close agreement with ICSOs obtained in the present series of experiments: 

atropine (9.5 x 1O-6M); AF-DX 116 (2.7 x 1O-SM); pirenzepine (8.24 x 1O-'M). 

Although blockade of ACh- or carbachol-induced OHC hyperpolarizations tends to 

be achieved more potently by nicotinic receptor antagonists, investigations of cholinergic 

ligand-stimulated IP formation or ligand-stimulated increases in intracellular Ca ++ 

concentration tend to reveal more potent blockade by antagonists of muscarinic receptors. 

Guiramand, et al. (1990), for example, reported the following ICSOs for muscarinic 

antagonism of carbachol-stimulated IP formation: atropine (7.0 x 1O-9M); 4-DAMP (3.0 x 

1O-8M); pirenzepine (2.0 x 1O-6M); AF-DX 116 (3.3 x 1O-SM); methoctramine (6.3 x 

1O-SM). One possible interpretation of the differences in relative potency is that the 

cholinergic ligand-stimulated responses under study (hair cell hyperpolarization; changes 

in PI metabolism and/or intracellular Ca ++ concentration) are mediated by different 

cholinergic receptors. 

By using a large variety of selective antagonists, it is possible to provide support for 

or against the involvement of a particular receptor subtype in mediating a given response. 

Toxins isolated from various Elapid and Hydropizid snake venoms, for example, have been 

instrumental in differentiating nAChR SUbtypes. These toxins comprise a family of several 

dozen closely-related polypeptides (6500-8000 MW) which block cholinergic transmission 

in the periphery (at vertebrate neuromuscular junctions and in electric fish electric organ) 
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and in central nervous tissue and ganglia by binding with very high affinity to 

postsynaptically-located nicotinic receptors. The nAChRs found in vertebrate skeletal 

muscle and electric organs are blocked potently and (pseudo-) irreversibly by one of these 

neurotoxins, a-bungarotoxin. In vertebrate brain, a-bungarotoxin binding has been 

observed; however this substance only rarely blocks (reversibly) nicotinic cholinergic 

transmission. In contrast, a related toxin, lC-bungarotoxin (toxin F, bungarotoxin 3.1) blocks 

many vertebrate and insect neuronal nAChRs. In chick ciliary ganglion, for example, 

lC-bungarotoxin, at a concentration of 7.5 x 1O-8M, produced long-term (5 hr) blockade of 

ganglionic transmission that was prevented by pre-exposure of ganglia to curare 

(Chiappinelli,1983). 

This differential sensitivity of various nicotinic nAChRs to a- and lC-bungarotoxins 

has thus been helpful in distinguishing peripheral from neuronal nicotinic receptors in these 

systems. In the present experiments, however, both a- and lC-bungarotoxin potently blocked 

contralateral suppression of DPOAEs. This fmding is consistent with the experiments of 

Fuchs & Murrow (1992b) in which both of these selective nicotinic antagonists were 

observed to block a cholinergic agonist-stimulated hyperpolarization of isolated chick 

SHCs. Of additional interest, Marshall, et al. (1990) and Pinnock, Lummis, Chiappinelli, 

& Sattelle (1988) have described neuronal nicotinic receptors in insects that demonstrated 

a similar pharmacology: In those preparations, potent blockade of cholinergic 

ligand-stimulated depolarizations was demonstrated by both a- and lC-bungarotoxin. 

Furthermore, the neuronal nAChR described by Marshall, et al. (1990) also was blocked by 

strychnine, a glycine receptor antagonist and by bicuculline, a GABA receptor antagonist. 

The identification of increasingly selective ligands with antagonist properties at 

muscarinic synapses has been instrumental in characterizing the various muscarinic receptor 
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subtypes, as well. Based on other reports (e.g., Birdsall & Hulme, 1983; Buckley, Bonner, 

Buckley, & Brann, 1989; Doods, et al., 1987; Hammer, Berrie, Birdsall, Burgen, & Hulme, 

1980; Hammer, Giraldo, Schiavi, Montefereni, & Ladinsky, 1986), the phannacology of 

MI, M2 and M3 receptor subtypes can be characterized as follows: MI receptors express 

high apparent affmity to pirenzepine and intermediate affinity to AF-DX 116; M2 ('cardiac 

type') receptors express high affinity to AF-DX 116 and low affinity to pirenzepine and 

4-DAMP; M3 (previously M2 'glandular type') receptors express high affinity to 4-DAMP 

and low affinity to both pirenzepine and AF-DX 116. In the present experiments, 

pirenzepine did not block contralateral suppression until high concentrations of this drug 

were introduced into the cochlear perilymph (ICso = 8.24 x 104 M). This suggests that the 

response monitored in this investigation is not mediated by the interaction of ACh with an 

MI receptor. A similar low apparent affmity of pirenzepine was recently reported in 

blocking 3H-QNB binding to cochlear membranes (James, et al., 1983; van Megen, et al., 

1988) and in inhibiting IP synthesis in rat cochlea (Guiramand, et al., 1990). Although 

Drescher, et al. (1992) recently presented biochemical evidence for m I-like activity in mouse 

cochleae, those experiments were performed on whole cochlea homogenates; thus, this 

mrlike activity may not necessarily reflect the involvement of this receptor subtype in 

synaptic transduction at the MOC efferent - OHC synapse. Furthermore, the experiments 

of Guiramand, et al. (1990), which also used whole cochleae (from rat) did not support the 

presence of a functional M I receptor. 

The present experiments also revealed a relatively low potency of AF-DX 116 in 

inhibiting contralateral suppression (lCso = 2.72 x lO-sM). This finding suggests that 

involvement of an M2 receptor in mediating contralateral suppression also can be excluded 

since M2 receptors express high affmity to AF-DX 116. 
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Of the muscarinic antagonists tested, 4-DAMP demonstrated the highest potency in 

blocking contralateral suppression (ICSO = 1.88 x 10-6). The pharmacologic profile 

4-DAMP > AF-DX 116> pirenzepine most closely parallels that described previously for 

the M3 muscarinic receptor SUbtype. It should be noted, however, that 4-DAMP has not 

been tested for its ability to inhibit binding of muscarinic ligands to m4 or mS receptor 

subtypes, or for its actions on the functional consequences of m4 or ms receptor activation. 

According to recent reports, receptors of the m4 subtype are coupled to adenylate cyclase 

inhibition rather than to IP formation, which is the second messenger associated with the 

m l' m3 and mS subtypes (see Hulme, et al., 1990 for review). In view of those findings, the 

response observed by Guiramand, et al (1990) (a cholinergic ligand-stimulated increase in 

IP formation) probably is not mediated by an m4 receptor. Ruling out interaction with an 

mS receptor is more difficult. Although the existence of an ms subtype has been supported 

by biochemical studies (Bonner, Young, Brann, & Buckley, 1988; Liao, Themmen, Joho, 

Barberis, Birnbaumer, & Birnbaumer, 1989), the expression of ms receptors has not yet 

been observed in any tissue or cell line (Hulme, et al., 1990). Thus, the lack of 

pharmacologic data concerning this receptor SUbtype does not allow the present experiments 

to rule out the possibility of ms mAChR mediation of contralateral suppression in this 

preparation. 

Even when substantial pharmacologic data are available, inferring receptor subtypes 

from such data is not without problems. Behavior of an antagonist at a particular receptor 

does not implicate directly that the drug is selective for that receptor subtype in terms of 

affinity. As noted previously, pharmacokinetic factors present in vivo prevent rigid control 

of agonist/antagonist concentrations at the receptor. Therefore, ICso values in vivo cannot 

be employed as a direct measure of the affinity of a drug for the receptor in vivo (Doods, et 
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al., 1987). Moreover, at high concentrations, most drugs have non-selective effects and may 

block receptors other than those under study. Finally, and of particular importance to this 

investigation, curare and atropine can act as channel-blocking agents. That is to say, these 

antagonists may act to block the ion channel opened by ACh rather than interfering with 

ACh at the AChR (see Ascher, Large, & Rang, 1979 for review). Fuchs & Murrow (1992b), 

however, present several findings that argue against a channel-blocking action of AChR 

antagonists in chick SHCs: First, trimethaphan camsylate, a relatively specific neuronal 

nicotinic antagonist without channel-blocking activity (Ascher, et al., 1979), totally and 

reversibly blocked the ACh-induced hyperpolarization of isolated chick SHCs at 3 and 30 

J.LM and produced approximately 77% blockade of the response at 0.3 J.LM. Furthermore, 

all blockers tested by Fuchs & Murrow (1992b) (a- and K:-bungarotoxins, trimethephan 

camsylate, strychnine) eliminated both inward and outward components of the ACh 

response and lacked a voltage-dependence in their blocking effects. These findings support 

the hypothesis that the agents were acting at the AChR rather than as K+ channel blockers. 

The cholinergic pharmacology of OC efferent transmission continues to resist 

traditional classification: Although these receptors have been described as nicotinic-like 

(Fuchs & Murrow, 1992a; 1992b; Housley & Ashmore, 1991; Plinkert, et al., 1990; 1991), 

ACh-induced K+ currents in isolated OHCs of guinea pig (Kakehata, et al., 1992) and SHCs 

of chick (Fuchs & Murrow, 1992a; 1992b) are not activated by nicotine or muscarine, classic 

antagonists of nAChRs and mAChRs, respectively, and (in chick SHCs) are blocked 

potently by strychnine, which is classically considered a glycine antagonist. As previously 

reviewed, potent blockade of OC activity by strychnine also has been repeatedly 

demonstrated in vivo. 
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Recent molecular cloning experiments may provide some insights concerning the 

apparent pharmacologic heterogeneity of nicotinic receptors. Nicotinic receptors are 

comprised of 4 basic subunits having the molecular stoichiometry ~J3y8. In central nervous 

tissue and ganglia, a number of unique neuronal nAChR subunits have been identified. To 

date, three functional alpha subunits (~,~, <X4) and two functional beta subunits (~2' ~4) 

have been described. When these subunits are expressed in various combinations in oocytes, 

they exhibit different single channel properties and different sensitivities to various agonists 

and antagonists. This differential pairing of <X and ~ subunits, according to Luetje & Patrick 

(in press), may be a mechanism by which multiple subtypes of neuronal nAChRs are 

generated in the nervous system. To address this issue, these investigators examined the 

agonist sensitivity of various combinations of the six functional <x-~ subunits as expressed 

in Xenopus oocytes. In those experiments, each subunit combination displayed a distinct 

pattern of sensitivity to four nicotinic agonists [ACh, nicotine, cytisine, 

1,1-dimethyl-4-phenylpiperazinium (DMPP)]. Of importance here, the <X3~ receptor 

differed from the other five subunit combinations examined in its relative insensitivity to 

nicotine. Thus, the nicotine-insensitive putative nAChR described for in vitro hair cells by 

Fuchs & Murrow (1992a; 1992b) and Kakehata, et al. (1992) and by others working in vivo 

(e.g., Bobbin & Konishi, 1974) may be of this SUbtype. Recent experiments by Wackym, 

Popper, Wada, Wenthold, & Micevych (1992), however, did not reveal expression of~, 

<X3' <X4 or ~2 nAChR subunit genes by OHCs, suggesting to the authors that the cholinergic 

efferent innervation of OHCs may utilize non-neuronal nAChRs. Rather, these investigators 

proposed that OHCs may express muscarinic AChR genes or novel nAChR subunits. 

Additional possibilities can be considered as well: The receptor involved may be 

"mixed" nicotinic and muscarinic as proposed in other systems (Kmjevic, 1974; Morley & 
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Kemp, 1981). The greater potencies of the nicotinic antagonists and strychnine than of 

muscarinic antagonists in blocking ligand-stimulated r currents and in blocking 

contralateral suppression is of interest, and may ultimately relate, in part, to the location(s) 

of these cholinergic receptor subtypes at the MOC efferent - OHC synapse. Bartolami, 

Planche, RipoU, Pujol, & Lenoir (1992) recently suggested that mAChRs (possibly of the 

M3 subtype) are located presynaptically (at the efferent fiber) in the cochlea. This 

arrangement would be consistent with that found in insect CNS (see Breer & Sattelle, 1987 

for review): In that system, nAChRs are located postsynaptically and are blocked by 

nanomolar concentrations of a-bungarotoxin; mAChRs are located presynaptically, and in 

the presence of elevated concentrations of ACh or muscarine, there is reduced ACh release 

from the presynaptic element. This fmding suggests that the mAChRs are involved in a 

regulation of ACh release by a negative feedback mechanism. This autoregulation of ACh 

release by mAChRs, may provide a means to modulate excitability at these synapses. The 

DPOAE response, which is widely regarded to reflect the status of the OHCs, may be more 

sensitive to cholinergic receptor-mediated events on the OHC or postsynaptic side of this 

synapse. This issue cannot be resolved using the methods employed in this investigation. 

In vitro methods will be required to physically or pharmacologically isolate pre- from 

postsynaptic structures. 

Influence of Anesthesia 

Any discussion of the magnitude of the contralateral suppression of DPOAEs or of 

the potencies of these drugs in blocking this suppression effect must address the potential 

influence of anesthesia on characteristics of the DPOAE response itself, as well as on OC 
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efferent effects on this distortion product. Investigations of 2f1-f2 DPOAE characteristics 

in guinea pig (Brown, 1988; Cazals & Homer, 1987) and in rabbit (Lonsbury-Martin, Martin, 

Probst, & Coats 1987) have not demonstrated effects clearly attributable to anesthesia. 

Further, there was no effect of anesthesia (ketamine) on the alterations in 2f1-f2 DPOAEs 

associated with contralateral sound stimulation (Brown, 1988). Depth of anesthesia has 

been reported to influence the f2-f1 difference tone, however (Brown, 1988). The level of 

this response was reported to behave "erratically" and growth of f2-f 1 with increasing 

stimulus level was unpredictable in "deeply anesthetized" animals. In the "lightly 

anesthetized" subjects, slow, reversible alterations in the amplitude of the f2-f1 distortion 

product were observed. Brown suggested that the slow alterations in the f2-f1 difference 

tone seen in lightly anesthetized animals but not in deeply sedated animals might result from 

an efferent influence on the mechanisms underlying DPOAE generation. In support, 

recovery of difference tone levels following a rest period from ipsilateral stimulation was 

reduced by presentation of an acoustic stimulus to the contralateral ear. However, the 

magnitudes of these slow amplitude fluctuations were much larger (often to 15 dB) than the 

efferent-induced changes in DPOAEs reported by others (3-4 dB) (e.g., Kujawa, et al., 

submitted; Puel and Rebillard, 1990; Siegel and Kim, 1982). Further, it is unclear why the 

2frf2 DPOAE would not have been similarly affected. Recently, Whitehead, 

Lonsbury-Martin, & Martin (1991a) detected similar slow fluctuations in frfl amplitude in 

awake rabbits. The magnitudes of these amplitude fluctuations were much smaller (3 dB or 

less) than those repOlted by Brown. Although the magnitude of change reported by 

Whitehead, et al., (1991a) is consistent with other reports of efferent-mediated effects on 

DPOAEs, these variations were not influenced by contralateral sound stimulation during 
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the rest period from ipsilateral stimulation. The authors thus suggested that their results 

provided no support for an efferent influence on this distortion product in awake rabbits. 

The possibility that these slow alterations were related to compromised reverse 

transmission through a middle ear that was not properly aerated was investigated by both 

Brown (1988) and Whitehead, et al., (1991a). One possible explanation for the greater 

fluctuations in the lower frequency distortion components (f2-f1) than of the distortion at 

the 2frf2 frequency, for example, might relate to a greater effect of impaired middle ear 

transmission on low frequency signals. In both investigations, however, results suggested 

that the middle ear was not the source of these changes in response. In previous 

investigations using Nembutal anesthesia (Kujawa, et al., 1992a; 1992b), abnormal pressure 

in the bulla exerted a major influence on DPOAE amplitude in the anesthetized animal. In 

experiments using urethane as the anesthetic agent (Kujawa, et al., submitted; present 

investigation), DPOAE amplitude fluctuations that could be attributed to negative bulla 

pressures were only rarely encountered at the left ear which had an intact bulla. Differences 

in the anesthetic agents employed in these investigations, as well as the necessity for artificial 

ventilation of the Nembutal-anesthetized animals, may account for reported differences in 

the middle ear influence on distortion products. 

In spite of the possible contaminating influence of the middle ear in some of these 

investigations, the preponderance of evidence supports the notion that the MOe efferent 

system can reduce cochlear afferent and otoacoustic outflow. This system can be activated 

by sound in awake (Banks, Saunders, & Lowry, 1979; Innitzer & Ehrenberger, 1977) and 

in anesthetized (Libennan & Brown, 1986; Robertson & Gummer, 1985; Warren & 

Liberman, 1989a; 1989b) animals. According to Wiederhold (1986), " .. .it is clear that the 
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medial olivocochlear system ... can be activated reflexively, even under anesthesia, and could 

thus function in a lower brainstem feedback system (p. 367)". 

It is also clear, however, that certain response characteristics may be altered in 

anesthetized animals. Barbiturates have been reported to potentiate inhibitory effects on 

mammalian central neurons in tissue culture preparations (Barker & Ransom, 1978) and 

barbiturate anesthesia affects spontaneous activity and acoustically-evoked responses from 

afferent and efferent neurons (e.g., Borbely & Hall, 1970; Brown, 1989; Church & Shucard, 

1987; Evans & Nelson, 1973; Kiang, Neame, & Clark, 1961; Kuwada, Batra, & Stanford, 

1989; Liberman & Brown, 1986; Robertson & Gummer, 1985; Shaw, 1986). Efferent 

response characteristics are less-affected by urethane anesthesia. Specifically, under 

urethane anesthesia, efferent neuron spontaneous rate is greater and the minimum response 

latency to peripheral sound stimulation is reduced as compared to these same measures 

obtained under Nembutal anesthesia (Robertson and Gummer, 1985; 1988). With regard 

to the present investigation, inability of certain cholinergic antagonists to cross the 

blood-cochlea barrier necessitated local (intracochlear) application. That technique requires 

anesthesia. Urethane was employed to minimize depressive effects, and contralateral 

suppression of DPOAEs was observed in urethane-anesthetized animals. A possible 

influence of the anesthesia on the magnitude or fine structure of this effect cannot be ruled 

out, however. 

In the present experiments, the magnitude of contralateral suppression of ipsilateral 

DPOAEs present under urethane-induced anesthesia was reduced following the 

administration of a second anesthetic agent, Nembutal. Although an interaction of these 

two anesthetics in the same animals cannot be ruled out, the magnitude of suppression 



123 

measured following Nembutal administration (0.57 dB) is virtually identical to the 0.5 dB 

of suppression observed in preliminary experiments. 

Tonic Efferent Influences on Cochlear Mechanics 

An unexpected finding in the present investigation was the tendency for DPOAE 

amplitude to increase following antagonist perfusions. For individual animals, these 

increases were occasionally substantial (see, for example, Figures J-1 through J-4, Appendix 

J). This trend, however, appears less robust in the mean data. The fmding of a DPOAE 

amplitude increase following antagonist perfusions prompted a re-evaluation of data from 

two recent studies (Kujawa, et al., 1992b; Kujawa, et al., submitted). Inspection of those 

data revealed similar, occasionally significant increases in distortion product amplitude 

following perfusions of cholinergic antagonists (p < 0.001) and following consecutive 

perfusions of ACh (P < 0.05) which may have produced cholinergic blockade through 

desensitization (Bobbin & Konishi, 1974) (see Figures A-2 and B-2 through B-4; 

Appendices A and B). These results may support an hypothesis of a tonic efferent influence 

on OHCs - an influence that can be inhibited by the intracochlear application of antagonists 

of OC efferent activity. 

The possibility of a tonic efferent influence on cochlear mechanics is intriguing. 

This type of efferent control is known to exist in other systems. In muscle, for example, 

gamma motor neurons innervate intrafusal fibers of the muscle spindle. When activated, 

these neurons cause the distal poles only of the intrafusal fibers to contract, ultimately 

increasing tension in muscle spindle receptor regions (see Cohen & Sherman, 1988 for 

review). By increasing or decreasing tension on muscle spindle receptors, this central 
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control allows the muscle spindle to respond with high precision over a broad range of 

muscle lengths. Moreover, this response window can be re-adjusted to accommodate further 

changes in muscle length, thus maintaining muscle spindle fibers at an optimum "set-point" 

for operation. In this fashion, contractile force can be optimized and response latency to 

contraction minimized. 

Several investigators have proposed a similar feedback control role for the MOC 

efferent - ORC subsystem in the cochlea (e.g. Brown, 1989; Brownell, et al., 1985; Fex, 

1962; Geisler, 1986; LePage, 1989). A tonic input of MOe neurons to OHCs may provide 

for establishment of such a set point of operation. Geisler (1986), for example, has 

suggested that the MOC innervation to OHCs may function to insure that the resting lengths 

of the OHCs are properly adjusted between their limits. In this fashion, they would be 

poised to respond optimally to displacements within the cochlear partition. LePage (1989) 

has proposed that the OHCs and associated MOC neurons fonn an array of motor units. 

These "active units" may perfonn a feedback control function to optimize the response of 

the cochlear partition to displacements initiated peripherally and thus optimize the stimulus 

to the IRCs. 

Several approaches have been employed to investigate the presence and influence 

of a tonic efferent input to the cochlea. Methods have included OC bundle transection, 

contralateral cochlea destruction, and investigations designed to study the protective effect 

of the contralateral cochlea to ipsilateral noise exposures. These investigations have 

produced conflicting results. If the OC efferent innervation to the cochlea does exert a tonic, 

inhibitory influence on cochlear activity, it might be expected that responses reflecting this 

activity would be increased following OC bundle transection or contralateral cochlea 

destruction. Indeed, Daigneault, Brown, & Blanton (1970) found an increase in the 
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amplitude of the N 1 component of the CAP as well as changes in N 1 waveform in 

anesthetized cats after transection of both crossed and uncrossed olivocochlear efferent 

neurons. Bonftls, Remond, & Pujol (1986) observed no changes in CAP input/output 

functions for intensities below 75 dB SPL; however, at higher intensities, CAP amplitudes 

were increased following section of the entire OC bundle. In the majority of the 

investigations of this type, however, no changes in N 1 thresholds or growth functions have 

been observed subsequent to either partial or total OC bundle transection (Bonflls & Puel, 

1987; Bonflls, Puel, Ores, & Pujol, 1987; Carlier & Pujol, 1982; Iurato, et al., 1978; Rajan, 

Robertson, & Johnstone, 1990). Furthermore, OC bundle transection has not been 

associated with alterations in behavioral thresholds (Igarashi, Cranford, Nakai, & Alford, 

1979; Trahiotis & Elliot, 1970). Finally, Rajan & Johnstone (1983; 1989) reported no 

alterations in N 1 thresholds or growth functions following contralateral cochlea destruction. 

Another question concerns whether tonic input from olivocochlear neurons is 

necessary to produce the exquisite sensitivity and frequency selectivity of the cochlear 

mechanical response to sound. Littman, Cullen, & Bobbin (1992) observed no alterations 

in DPOAE growth functions or in CAP/ABR tuning curves following complete OC bundle 

transection in anesthetized guinea pigs. Furthermore, Igarashi, et al. (1979) did not observe 

reduced frequency discrimination in awake cats and Rajan, et al. (1990) observed no changes 

in forward or simultaneous masking CAP tuning curves in Nembutal- or 

urethane-anesthetized guinea pigs following OC transection. 

Conversely, a number of studies have provided support for the notion that the 

olivocochlear efferents are instrumental in preserving frequency selectivity. Capps & Andes 

(1968) observed worsened frequency disclirnination in squirrel monkeys following OC 

bundle transection. Dewson (1967; 1968) and Sachs and colleagues (1992) observed 
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decrements in behavioral detection of signals present in noise following DC bundle 

transection. Carlier & Pujol (1982) reported a mean decrease in CAP tuning curve QlO 

values of 30-40% following total OC bundle transection in cat and rat with no effect on CAP 

threshold. Similarly, Bonfils et al., (1986) and Bonflls & Puel (1987) reported that CAP 

tuning was broadened following section of crossed DC efferents in guinea pig. Again, CAP 

thresholds were reported to be unaffected by this surgical manipulation. This is important, 

because threshold elevations are associated with altered tuning (Brown & Abbas, 1987; 

Harrison, Aran, & Erre, 1981). As noted previously, although Bonfils, et al. (1986) observed 

no changes in N} thresholds subsequent to efferent fiber section, alterations in the 

high-intensity (> 75 dB SPL) portion of the CAP input-output function were observed. 

This primarily high-intensity effect may be related to results reported by Handrock 

& Zeisberg (1982) in guinea pig. In that investigation, the inferior vestibular nerve (which 

carries the crossed DC efferents in guinea pig) was severed, the contralateral cochlea was 

destroyed, a chronic round window electrode was placed and animals were allowed to 

recover. Animals were then exposed to high intensity (120 dB SPL; 5 minutes) noise. 

Temporary threshold shifts (TIS) and permanent threshold shifts (PTS) were measured in 

awake animals 1 minute to 8 days after noise exposure. Results revealed that both TIS and 

PTS were significantly increased in experimental animals as compared to control animals 

that did not receive these surgical manipulations. Rajan & Johnstone (1983; 1989) destroyed 

the contralateral cochlea and then exposed the ipsilateral cochlea to a high intensity pure 

tone at 10 kHz (97 - 110 dB SPL; 10 seconds - 1 minute). In animals with this manipulation, 

threshold losses at the ipsilateral ear caused by the exposure were reduced compared to 

results obtained from control animals without contralateral cochlea destruction. 
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These results have been taken as evidence for a protective function of the efferent 

innervation to the cochlea. Further support for this notion has been provided by the work 

ofCanlon,Borg, & Flock (1988), Cody & Johnstone (1982b) and Raj an & Johnstone (1988a; 

1988b). In those experiments, TIS due to loud sound exposures in one ear were reduced 

by presentation of a low-intensity sound of the same frequency to the contralateral ear. This 

protective effect also has been observed when the cochlear efferents were stimulated 

electrically during loud sound exposures (Rajan, 1988; Rajan & Johnstone, 1988b). In 

experiments by Cody & Johnstone (1982b) and Rajan & Johnstone (1983), prior 

administration of strychnine blocked this protective effect These findings also are 

consistent with psychophysical evidence presented by Hirsh (1958) and Ward (1965) that 

binaural noise exposures produce less TIS than monaural exposures, although in those 

studies an influence of the acoustic reflex cannot be ruled out. 

The issue of a tonic efferent influence on the cochlea thus remains unresolved. In 

the guinea pig, the crossed efferent pathways to the cochlea are almost exclusively comprised 

of crossed MOC fibers (Aschoff & Oswald, 1988; Brown, 1987; Robertson, 1985; 

Robertson, Cole, & Harvey, 1987; Strutz & Bielenberg, 1984). Rajan et al. (1990) suggest 

that, although these crossed fibers are capable of altering cochlear mechanics when 

stimulated electrically, they do not do so tonically to determine cochlear sensitivity or 

frequency selectivity - at least in anesthetized nonnal hearing animals. 

That notion again raises the possibility of contamination by anesthetic influences. 

Indeed, most of the experiments finding no evidence for tonic efferent influences in the 

cochlea have been carried out in anesthetized animals. It is possible that the 

generally-reported absence of changes in gross cochlear responses after OC bundle lesioning 

or contralateral cochlea destruction may have been associated with an anesthesia-related 
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inhibition of the OC neurons. If that is the case, the efferent innervation to the cochlea may, 

in fact, exercise tonic effects in unanesthetized normal animals but these effects may be 

reduced or abolished in anesthetized animals and are therefore not revealed by subsequent 

lesioning of OC neurons or contralateral cochlea destruction. Thus, a tonic efferent 

influence on cochlear activity cannot be ruled out by such experiments. The present 

demonstration of occasionally-significant increases in DPOAE amplitude in anesthetized 

guinea pigs following antagonist perfusions is subject to the same limitation in 

interpretation. That is to say, the magnitude of this effect might be more robust in the 

unanesthetized animal. 

Integration with Cochlear Models 

OC efferent effects on gross cochlear and eighth nerve potentials have been modeled 

by several investigators using an equivalent electrical circuit (Fex, 1967a; Geisler, 1974a; 

1974b; 1986; Wiederhold, 1986). Figure 23 illustrates the circuit analogy offered by Geisler 

(197 4b) to account for the effects of OC efferent activation on CM and CAP. In this model, 

separate branches represent the afferent current pathways through inner and outer hair cells, 

respectively. The hair cells are each represented as having a variable apical ciliary resistance 

(Ri' Ro)' and cell membranes (assumed identical for the two hair cell types) represented by 

a battery (Er) in series with a resistance (Rr). More recently, investigations using isolated 

ORCs (Ashmore & Meech, 1986; Gitter, Zenner, & Fromter, 1986) have identified several 

basolateral membrane conductances specific for potassium (gK +) and chloride (gCl-)' and a 

non-specific "leakage" channel. Although not illustrated in this figure, these conductances 

could be incorporated as variable basolateral resistances (Stypulkowski, 1990). A third 
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Figure 23. Electrical circuit model of the cochlear partition (after Geisler. 1974). Parallel branches 
represent IHCs and OHCs: Subcuticular portions of HCs are assumed identical and are 
represented by a battery (Er) in series with a resistance (Rr); apical portions arc represented by 
the variable resistances Ri and Ro; postsynaptic (OHC) membrane at the MOC efferent synapse 
is represented by a variable resistance (Rj) in series with a battery (Ej) and Ej>Er (Eccles. 1964). 
Resistances associated with scala media. scala tympani. and basilar membrane are designated 
Rsm. Rst. and Rbm. respectively. Activation of the inhibitory efferent synapse reduces resistance 
Rj. Current flows through this path of least resistance. effectively "shunting" it from the parallel 
IHC pathway. There arc two consequences of this current shunting: modulation of a larger 
current at the OHC branch (increased CM) and less current at the IHCs resulting in decreased 
neurotransmitter release. decreased probability of fIring of single afferent units. decreased CAP. 

branch, consisting of a variable resistor (Rj ) in series with a battery (Ej ) at the OHCs, 

represents the efferent current pathway. 

The CM, produced when ciliary deflection modulates the standing or "silent" K+ 

current (Brownell, Zidanic, & Spirou, 1986), represents the voltage variation created by this 

modulation according to the equation: CM = 81 x RTotal (Stypulkowski,1990). During 
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efferent activation, it is proposed that the basolateral conductance for K+ (gK +) is increased 

(that is, Rr is reduced) and increased K+ current flows through these cells. Because M is 

proportional to ITotal' a greater CM voltage should be recorded during efferent stimulation 

for a given amount of ciliary deflection. The studies previously reviewed clearly 

demonstrate that this is the case. 

This shunting of current through the ORCs during efferent activation should have 

an opposite effect on the CAP response of the eighth nerve: With current following the 

path(s) of least resistance (now the ORCs), the available current at the IRCs is reduced. 

This is reflected as a reduction in the IRC receptor current (Brown & Nuttall, 1984), less 

neurotransmitter release from IRCs, a reduced probability of afferent fIring, and a reduction 

in the CAP. Again, this prediction is clearly upheld by experimental observation. 

Row does the DPOAE fit into this scheme? According to Stypulkowski (1990), the 

ionic changes in ORCs produced by efferent activation would be expected to influence 

response properties (mechanical, electrical, or both) of these cells. The reduction in 

amplitude of DPOAEs suggests a change in the mechanical properties of the regions along 

the basilar membrane generating these components. To date, there are no reports of in vivo 

recordings from ORCs during efferent stimulation. In vitro, ORCs and the avian 

equivalents, SRCs, are hyperpolarized by ACh. Whether the changes in membrane 

conductance and receptor potential of the ORCs that result are associated with a change in 

ORC length in vivo is currently a matter of speculation. It has been suggested, however, 

that, as a result of efferent activation, the aRC-mediated enhancement of the local cochlear 

mechanical response to low-level sound is lessened; that is to say, the gain of the cochlear 

amplifIer is reduced. This reduced mechanical response is reflected as a decrease in 

DPOAEs during OC efferent activation. 
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Functional Significance of an OC Efferent Effect on Cochlear 

Mechanics 

The auditory efferents have been suggested to be involved in selective attention; for 

example, they may improve signal-to-noise relationships by acting as a peripheral filter 

(Dewson, 1967; Lukas, 1980). A protective function for the efferents in reducing the effects 

of acoustic overstimulation also has been proposed (Canlon, et al., 1988; Cody & Johnstone, 

1982b; Handrock & Zeisberg, 1982; Puel, Bobbin, & Fallon, 1988; Rajan & Johnstone, 

1983). Much recent work has focused on an MOC modulation of the cochlea's mechanical 

response to sound stimulation. Geisler (1974a), for example, suggested that, by reducing 

the stimulus to the mcs, the efferents extend the range of intensities to which auditory nerve 

neurons are rate-sensitive. In this manner, the OC efferents effectively increase the dynamic 

range over which the auditory nerve can use rate to encode changes in intensity. Kim (1980) 

incorporated this concept into a cochlear mechanical model employing nonlinear equivalent 

damping. He described the efferent influence on nonlinear (cf. Rhode, 1971) and active 

cochlear behavior as follows: 

Nonlinear equivalent damping of cochlear partition, which increases with 
increasing response ... produces a functionally useful automatic-gain-control 
effect by compressing the amplitude of cochlear-partition motion for 
moderate and high stimulus levels without excessive signal 
distortions .... Such amplitude compression of the cochlear-partition motion 
may playa key role in achieving as wide a dynamic range of hearing as 100 
dB by converting the wide range of acoustic signal amplitudes into a much 
narrower range of amplitudes of hair-cell cilia deformation, thereby 
protecting the delicate hair cells from overstimulation (p. 314). 
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It has been argued that this peripheral efferent influence is consistent with a system 

that functions to reduce input to higher centers (Fex, 1962; Wiederhold & Kiang, 1970; 

Warren & Liberman, 1989a) when that input would compromise detection of a signal in 

unwanted noise. In contrast to the efferent-mediated inhibition of cochlear afferent outflow 

discussed thusfar, there are certain conditions under which an efferent-mediated response 

enhancement can be observed. Specifically, when tones or clicks are presented in a 

background of ipsilateral noise, the amount of CAP masking produced by the noise is 

reduced during electrical stimulation of OC efferent neurons. Thus, response amplitudes 

are enhanced compared to those obtained without efferent activation (Dolan & Nuttall, 1988; 

Nieder & Nieder, 1970a; 1970b; Winslow & Sachs, 1987). These anti-masking effects have 

been hypothesized to result from an efferent-controlled suppression of the auditory nerve 

response to the background noise. In support, recent experiments by Kawase & Liberman 

(1992) demonstrated increased amplitudes of the round window-recorded CAP, increased 

single afferent fiber discharge rate and increased "detectability" of tones in single fiber 

discharges to ipsilateral tones in noise when WBN was presented simultaneously to the 

contralateral ear. Furthermore, this contralateral stimulation-associated response 

enhancement was prevented by sectioning the OC bundle. These investigators suggested 

that, in the behaving animal, this efferent effect could be utilized " ... by orienting the head 

to maximize the noise intensity in one ear and using the OC activity it generates to unmask 

the response to the signal in the other ear (p. 21)." 



133 

Directions For Further Study 

Much of the early work directed toward characterizing the cholinergic phannacology 

of OC efferent transmission explored the effects of various neuroactive substances on gross 

cochlear and eighth nerve potentials. Those studies did not allow differentiation of efferent 

influences on OHCs and on IHCs. More recently, work has focused on characterizing the 

pharmacology of cholinergic receptors on in vitro isolated OHCs. In the present 

experiments, the phannacology of efferent inhibition was studied in vivo, in response to the 

natural peripheral stimulus, sound. The results of this investigation are consistent with the 

hypothesis that efferent control of cochlear mechanical events is mediated by a nicotinic-like 

receptor demonstrating unique pharmacologic properties. An apparent cross-reactivity 

between receptors belonging to the GAB A family and those belonging to the nicotinic 

cholinergic family has been revealed in a number of systems, and could be probed in the 

cochlea using isolated OHC electrophysiologic techniques in conjunction with the in vivo 

techniques described herein. This cross-reactivity should not be unexpected. According to 

Benson (1988): 

Based on degrees of sequence similarity, one gains the impression that there 
is often a smaller difference between members of different families within 
one superfamily [ie. ligand-gated receptors such as GABA and nicotinic 
receptors] than was hitherto supposed on the basis of classical pharmacology. 
On the other hand, the sequences of the members ... of a particular family seem 
to differ more from one another than was realized .... The apparently great 
variety of receptor and channel subtypes admits the possibility that some of 
the classical diagnostic agonists and antagonists might not be as uniform in 
their actions as hitherto assumed and that they might show variation in their 
activities among receptors and channels of differing anatomic and 
phylogenetic origins (p. 194). 
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These findings, along with evidence supporting GABA as a separate efferent 

neurotransmitter (or co-transmitter) in apical cochlear regions (Altschuler & Fex, 1986; Fex, 

Altschuler, Kachar, Wenthold, & Zempel, 1986) suggest the need for further study. Because 

DPOAEs provide the opportunity to scan the cochlear epithelium from base to apex with 

frequency-specific stimuli, these emissions could be used in conjunction with the perfusion 

technique to investigate the influence on cochlear mechanical function of this putative 

neurotransmitter of the apical cochlear efferent fibers. A limitation of this technique lies in 

its inability to differentiate pre- from post-synaptic events. Thus, investigations using in 

vitro isolated OHCs would provide crucial additional information. 

Although not systematically studied, two additional areas emerged that could be 

investigated further. The first of these, a possible tonic efferent influence on cochlear 

activity, has been the subject of much previous work. The issue, however, remains 

unresolved, and may be difficult to address in anesthetized preparations. Nevertheless, in 

this investigation and in previous work from this laboratory, DPOAEs frequently were 

increased in amplitude following antagonist drug perfusions or following consecutive ACh 

perfusions which may have produced blockade through desensitization. These experiments 

were perfonned in urethane- or Nembutal-anesthetized animals. It is possible that a tonic 

effect would be more robust if a different anesthetic regimen was employed, or if the effect 

was studied in a larger number of subjects. Furthennore, several investigators have 

suggested that the effect is frequency- and intensity-dependent. Thus, a tonic influence 

might be revealed under different stimulus conditions (ie. using higher frequency or lower 

intensity primaries). 

One additional issue raised by this investigation is the possible influence of efferent 

system development on the suppression ofDPOAEs by contralateral sound. The guinea pig 
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is a precocial animal with regard to hearing. Cochlear potentials can be recorded in response 

to acoustic stimulation as early as 15 - 17 days before birth (pujol & Hilding, 1973). Dum 

(1984) showed that, at birth, the brainstem responses of guinea pigs already have thresholds 

corresponding to those of adult animals. However, the latencies of the individual wave 

peaks were prolonged compared to those recorded for adults until approximately the fourth 

post-natal week. Bobbin, Fallon, Li Li, & Berlin (1991), however, observed no post-natal 

ontogenetic changes in the function of the cochlear basal turn that were reflected in eM. 

Less information is available with regard to the post-natal development of the 

efferent pathways in this species. According to Pujol, Carlier, & Lenoir (1980), 

development of mcs and their afferent and efferent innervation preceeds that for the OHCs 

in kittens, guinea pigs, hamsters and rats. Moreover, efferent synaptogenesis in the 

mammalian organ of Corti occurs predominantly during the post-natal period after the mcs 

and OHCs have differentiated. Follow-up investigation of possible efferent system 

development effects on contralateral suppression might be better addressed using animals 

that are altricial with regard to hearing. 

Many questions regarding the nature of the OC efferent influence on cochlear 

mechanical function remain unanswered. The conclusion reached by this investigation is 

that the major transmitter substance of the MOC efferents, ACh, has an in vivo action on 

OHCs that is mediated through a receptor that most closely resembles receptors belonging 

to the nicotinic cholinergic family. Through these effector cells, peripheral mechanical 

events occurring at the level of the cochlear partition can be modulated by higher centers. 

Further clarification of the pharmacology of the MOC efferents will undoubtedly provide 

crucial information regarding the nature of the efferent influence in the auditory periphery. 
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APPENDIX A 

Effect of ACh on DPOAEs 
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Contralateral Suppression Blockade 

by Cholinergic Antagonists 
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Figure B-2. Effect of intracochlear strychnine on contralateral suppression ofDPOAEs in one representative animal. DPOAE amplitudes are 
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Figure B-3. Effect of intracochlear curare on contralateral suppression of DPOAEs in one representative animal. DPOAE amplitudes are 
shown after the second artificial perilymph perfusion (AP) and afterperfusions of 10 J.1.M curare (CUR) which were followed by 
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APPENDIX C 

Animal Care Approval Forms 



MEMORANDUM FROM THE PROTOCOL OFFICE 

DATE: 

TO: 

FROM: 

RE: 

October 7, 1992 

Sharon G. Kujawa 
Speech and Hearing Sciences 

UNIVERSITY AHIHAL CARE 

2205 E. SPEEDWAY BLVD. 

(602) 621 ·9305 

Linda S. Musgrave, Protocol coordinator/~~~ 
for IACUC VI ~ 
Verification of Approval Forms 

Enclosed please find the Verification of Approval Form(s) for the 
following protocol(s): 

#92-0207 "Effect of Cholinergic Antagonists on Contralateral 
Suppression of Distortion Product otoacoustic Emissions" 

Please remember that it is your responsibility to send a copy of 
the Verification form to your study section, or granting agency. 

Please also remember to use the control number(s) listed above for 
all animal-use related requests and amendments associated with the 
above noted protocol (s) . The approval is good for three years 
starting october 7, 1992 through October 6, 1995. 

Any revisions to this work must be forwarded to the Committee for 
approval. 

The IACUC understands that all animal work has been reviewed and 
approved at LSUHC and all work conducted on their premises. 

Thank you for your consideration in this matter. 

Ilsm 
Enclosure 
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THE UNIVERSITY or 

Instllullonal Animal CUt 
and Use Commilte-t 

ARIZONA Tucson. AnzoJ\l 85721 

ilJcsoN AluzrA.lA 

VERIFICATION OF REVIEW 
BY THE INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE 

PHS Assurance No. A-3248-0l - USDA No. 86-3 

IACUC Control # ~9~2~-~O~2~O~7~ ______ _ 

Title: Ettect ot Cholinergic Antagonists on Contralateral 

Suppression ot Distrotion Product otoacoustic Emissions 

principal Investigator:~S~h~a~r~o~n~G~.~~~u~j~a~v~a~ ________________________ _ 

Department: ____________ ~S~p~e~e~c~h~~'~H£e~a~r~i~n~g~S~c~i~e~n~c~e~s ______ ___ 

Submission Date: ________ ~S~euP~t~e~mb~e~r~2~32L,~1~9~9~2~ ____________ __ 

Agency: ____________ ~R~ic~h~a~r~d_p~._B~o~b~b~i~n~,_P~h~.p~.~/N~IH2_ ________ _ 

The University of Arizona Institutional Animal Care and Use 
committee reviews all sections of proposals relating to animal care 
and use. The above-named proposal: 

Has been reviewed and approval withheld. 

[XX) Has been reviewed and approved by IACUC on 
Octo!2er 7, 1992 

Revisions (if any), are listed below: 
All animal work approved and conducted at LSUMC 

Approval valid through October 6, 1995 

Michael A. Cusanovich, Ph.D. 
Vice President for Research 

Date: October 7, 1992 



From: 

To: 

LOUISIANA STATE UNIVERSITY 
MEDICAL CENTER 

LSUMC Institutional Animal Care and Use Committee 

Dr. Marilyn Zimny 
Vice-Chancellor of Academic Affairs 
LSU Medical Center 

Re: Grant Application By: Richard P. Bobbin, P~. D. 

Entitled: ;]jI9, Pharmacology of Isolated Outer Hair Cells 

This is to document review of the above research proposal. In the judgement of this 
Committee, the procedures delineated in said application conform to the pertinent federal 
rules and regulations regarding use and care of animals. 

THE lNVESTIGATORagrees to report to the Committee any emergent problems, 
serious adverse reaction, or procedural changes that may affect the status of the 
investigation, and that no such change will be without Committee approval, except where 
necessary to eliminate apparent immediate hazards. The investigator also agrees to 
periodic review of this project by the Committee at intervals appropriate to assure that the 
Committee's understanding and recommendations. 

l\I:vvayrHurSt, Ph.D. 
Chairman 

DATE: -1- . 'C; ~ QIo.~1 I 
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APPENDIX D 

Calibration Procedures 
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CALIBRATION PROCEDURES 

Acoustic calibration of sound pressure was be conducted using a Bruel and Kjaer 

(B&K) 1I4-inch microphone (4135) and a B&K 2610 measuring amplifier. Frequency 

response and distortion characteristics of the system were calibrated using a Hewlett Packard 

3561A spectrum analyzer. 

DPOAE Primary Stimuli 

At the outset of these experiments, and weekly thereafter, the following calibration 

procedures were performed: The B&K 4135 microphone was inserted into a B&K 4230 

Calibrator that generated a 1 kHz signal at 94 dB SPL. The output of the microphone was 

monitored at the measuring amplifier and the amplifier adjusted, if necessary, to display 94 

dB SPL on its meter. The acoustic probe containing the ER -10 microphone was then inserted 

into the calibrator and the signal detected by the microphone was monitored at the spectrum 

analyzer. According to manufacturer's specifications for the spectrum analyzer, the 94 dB 

SPL signal should read -26 dBV at 1 kHz at the analyzer. This situation was verified for 

each calibration session. To duplicate conditions that were present during the experiments, 

the acoustic probe assembly used to deliver the primary stimuli and house the probe 

microphone that detected the distortion product responses was coupled to a hollow earbar 

and a 0.18 cc cavity (a volume approximately equal to the volume of a guinea pig external 

auditory canal). These, in turn, were coupled to the B&K 4135 microphone. Thus, the 

sound pressure levels of the signals were measured at the medial end of the earbar, 

representing the point of delivery to the animal's ear. Amplitudes of the primary signals 
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were then measured as follows: With the fl attenuator fully open (providing 0 dB of 

attenuation), an oscillator-generated signal was led to a frequency counter and frequency 

was adjusted to equal the fl frequency (6.25 kHz or 10 kHz). This signal was then led to 

the appropriate ER-2 receiver. The signal detected by the B&K 4135 microphone was led 

to the measuring amplifier, where its amplitude was measured in dB SPL. The signal 

detected by the ER-lO microphone was led, via the microphone preamplifier, to the signal 

analyzer, where its amplitude in dBV was measured. This value was used as a reference for 

setting the attenuator to obtain the appropriate primary levels during experiments. This 

procedure was repeated for f2 (7.5 kHz or 12 kHz). Attenuator linearity was verified at the 

outset of this investigation. Prior to each experiment, then, primary intensities were 

adjusted to appropriate levels in dBV as recorded at the spectrum analyzer and frequency 

accuracy was verified using a frequency counter. 

The noise floor of the measuring system averaged between -7 and -11 dB SPL at 

points ± 150 Hz of the DPOAE frequency (5 kHz or 8 kHz) for a sampling window of 5000 

Hz (BW = 18.75 Hz) centered at either distortion product frequency, and fell to 

approximately -18 dB SPL for the 1 kHz sampling window (BW = 3.75 Hz) centered on the 

5 kHz distortion product frequency. System hannonic and intermodulation distortion was 

at least 75 dB below the level of the primaries. 

Contralateral WBN 

The frequency spectrum of the WBN used in this investigation is displayed in Figure 

D-1. The WBN signal from the ER-2 was fed down the hollow earbar using a polyethelene 

tube (1.35 mm Ld., 292 mm length) to the entrance of the bony canal. For calibration 

purposes, the sound-delivery system was coupled to the B&K 4135 microphone as described 
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previously, and the WBN signal detected by that microphone was led to the measuring 

amplifier for measurement of overall SPL. The WBN signal also was detected by the ER-lO 

microphone and was led, via the microphone preamplifier, to the spectrum analyzer for 

display and analysis of the noise spectrum. 

-37 
dBV 

12 
dB 
/DIV 

-133 

A: MAG 

START: a Hz 
X: 15650 Hz 

RANGE: -25 dBV 

BW: 75 Hz 
Y: -54.56 dBV 

STATUS: PAUSED 
RMS: 25 

STOP: 20 000 Hz 

Figure D-l. Spectrum of the WBN employed in contralateral suppression studies as detected by the ER-lO 
probe microphone and displayed at the spectrum analyzer (20 kHz window; BW = 75 Hz; CF = 
10 kHz). The frequency spectrum of this noise is fairly flat (± 10 dB) from 0.9 - 15.65 kHz, and 
rolls off above 15.65 kHz (refer to "X" on figure) at a rate of approximately 50 dB/octave. 
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CAP Tone Burst Stimuli 

An exhaustive calibration of the accuracy of the computer-generated tone burst 

stimuli used for CAP measures was accomplished prior to the start of this investigation, and 

again following its completion. The tone burst signals were calibrated in dB re: peak SPL 

(pSPL). To duplicate the conditions present during the experiments, the speaker used to 

deliver the stimuli was coupled to the measuring microphone via the hollow earbar and 0.18 

cc cavity. The output of this microphone was then routed through the measuring amplifier 

to an oscilloscope, where the tone burst was captured, and its peak -to-peak voltage measured. 

A continuous oscillator-generated pure tone of identical frequency was then introduced in 

place of the tone burst, and adjusted until its peak-to-peak voltage, as measured at the 

oscilloscope, equaled that recorded for the tone burst. The SPL value of the pure tone was 

read from the measuring amplifier, and 3 dB added to that value to obtain the equivalent dB 

pSPL. Temporal properties of the signal (duration, rise/fall) also were verified from the 

oscilloscope display. Frequency accuracy of signals was measured using a frequency 

counter. In addition to these exhaustive calibrations, daily frequency and intensity 

calibrations also were accomplished using an internal, computer-generated reference signal 

that monitored the linear amplitude (voltage) and frequency accuracy of a 10kHz tone burst. 
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APPENDIX E 

Drug Preparation 
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URETHANE 

Drug: Urethane (Ethyl carbamate) 
From: Sigma Chemical Co. (Sigma # U2500) 

To prepare: A 20% solution of urethane anesthesia 

1. Weigh out 10 gm of urethane and place in 50 m1 graduated cylinder 
2. Weigh out 0.3875 gm of NaCI and add to cylinder 
3. q.s. to 50 m1 with tepid deionized and filtered water 
4. Stir on heat/stir plate until dissolved 

Prepare fresh daily 

Initial and Supplemental Doses: 
A 1.5 g/kg dose is given i.p. as the initial dosage. Supplemental doses of .15 g/kg 

are given as required to maintain an adequate depth of anesthesia. Guinea pigs can be 
maintained under urethane-induced anesthesia for 10-12 hours. 

Recommended for: Acute experiments only 
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NORMAL GUINEA PIG ARTIFICIAL PERILYMPH 

Reagents Molecular Weights Concentrations (mM) 

NaCl 58.44 137 

KCl 74.56 5 

CaCl2'2H20 147.00 2 

NaH2P04.H20 137.99 1 

MgC12'6H20 203.30 1 

D-Glucose 180.16 11 

NaHC03 84.00 12 

NaCl: 137mM 1M 58.44g = 8.0063 g = 2.0016 g 
1L 1000mM M L 250m! 

KCL: 5mM 1M 74.56g = 0.3728 g = 0.0932 g 
1L 1000mM M L 250m! 

CaC12·2H2O: 2mM 1M 147.00g = 0.2940 g = 0.0735 g 
1L 1000mM M L 250m! 

NaH2P04·H20: 1mM 1M 137.99g = 0.1380 g = 0.0345 g 
lL 1000mM M L 250m! 

MgC12·6H2O: 1mM 1M 203.30g = 0.2033 g = 0.0508 g 
lL 1000mM M L 250m! 

D-Glucose: 11mM 1M 180.16g _ 1.9818 g = 0.4954 g 
1L 1000mM M L 250m! 

NaHC03: 12mM 1M 84.00g _ 1.0080 g = 0.2520 g 
1L 1000mM M L 250m! 
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CONCENTRATED GUINEA PIG ARTIFICIAL PERILYMPH 

Reagents Molecular Weights Concentrations (mM) 

NaCI 58.44 137 

KCI 74.56 5 

CaC12·2H20 147.00 2 

NaH2P04.H20 137.99 1 

MgC12·6H20 203.30 1 

D-Glucose 180.16 11 

NaHC03 84.00 12 

NaCI: 137mM 1M 58.44g = 8.0063 g = 2.0016 g 
1L 1000mM M L 200m! 

KCL: 5mM 1M 74.56g = 0.3728 g = 0.0932 g 
1L 1000mM M L 200ml 

CaCI2·2H2O: 2mM 1M 147.00g = 0.2940 g = 0.0735 g 
lL 1000mM M L 200ml 

NaH2P04·H20: ImM 1M 137.99g = 0.1380 g = 0.0345 g 
lL 1000mM M L 200ml 

MgCI2·6H2O: ImM 1M 203.30g = 0.2033 g = 0.0508 g 
lL 1000mM M L 200ml 

D-Glucose: 11mM 1M 180.16g = 1.9818 g = 0.4954 g 
lL 1000mM M L 200m! 

NaHC03: 12mM 1M 84.00g = 1.0080 g = 0.2520 g 
lL 1000mM M L 200m! 



Drug: 
From: 
Molecular Wt: 

To prepare: 

ALPHA-BUNGAROTOXIN 

Alpha-bungarotoxin 
Biotoxins Inc. (lot # ABT/92A) 
8000 daltons 

157 

Warm peptide to room temperature in a dessicator prior to opening the container. 
Dissolve in distilled water. Limited lifetime in solution: Long-term storage is not 
recommended. Buffer or saline should be added only after peptide is fully in solution. If 
necessary, a few drops of dilute acetic acid or ammonium hydroxide can be added to help 
solubilize. If solubilization is still not achieved, the solution may be sonicated briefly. 
Solutions should be stored in the pH range of 5-7, in usable size aliquots at -20°C. 

1. To Img vial of alpha-bungarotoxin, add: 2.5ml deionized, filtered water 
2. add lOml concentrated artificial perilymph to this solution = lOJlM 
3. dilute 2ml of lOJlM with 4ml nonnal artificial perilymph = 3.3JlM 
4. dilute Iml of lOJlM with 9ml nonnal artificial perilymph = IJlM 
5. dilute 2ml of IJlM with 4ml nonnal artificial perilymph = 0.33JlM 
6. dilute Iml of IJlM with 9ml nonnal artificial perilymph = O.IJlM 
7. dilute 2ml of O.lJlM with 4ml nonnal artificial perilymph = 0.33JlM 
8. dilute Iml of O.lJlM with 9ml nonnal artificial perilymph = O.01JlM 

Recommended for: nAChR (peripheral) blockade. 



CURARE 

Drug: d-Tubocurarine Chloride 
From: Sigma Chemical Co. (Sigma # T-2379; lot # IIH3252) 
Molecular Wt: 681.7 (anhydrous)* 
*Since curare contained 3.5 H20 per mole, the actual molecular wt. is 745. 

To prepare: 

1. Weigh out O.0745g curare 
2. q.s. to lOml with nonnal guinea pig artificial perilymph 
3. dilute Iml of lOmM with 9ml artificial perilymph 
4. dilute Iml of ImM with 9ml artificial perilymph 
5. dilute Iml of 100J,1M with 9ml artificial perilymph 
6. dilute 2ml of lOJ,1M with 4ml artificial perilymph 
7. dilute Iml of lOJ,1M with 9ml artificial perilymph 
8. dilute 2ml of IJlM with 4ml artificial perilymph 
9. dilute Iml of IJlM with 9ml artificial perilymph 
10. dilute 2ml of O.IJ,1M with 4ml artificial perilymph 
11. dilute Iml of O.IJ,1M with 9ml artificial perilymph 

Recommended for: nAChR (non-selective) blockaade 

=lOmM 
=lmM 
= 100J,1M 
= lOJ,1M 
=3.3J,1M 
= IJ,1M 

= 0.33JlM 
= O.IJ,1M 
=O.033J,1M 
= O.01J,1M 
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STRYCHNINE 

Drug: Strychnine Hemisulfate 
From: 
Molecular Wt: 

Sigma Chemical Co. (Sigma # S-7001; lot # 19F0374) 
766.9 (anhydrous) 

To prepare: 

1. Weigh out 0.0383g strychnine 
2. q.s. to lOml with normal guinea pig artificial perilymph 
3: dilute 1ml of lOmM with 9ml artificial perilymph 
4. dilute 1ml of 1mM with 9 ml artificial perilymph 
5. dilute 1ml of 100JlM with 9ml artificial perilymph 
6. dilute 2ml of lOJlM with 4ml artificial perilymph 
7. dilute 1ml of 10JlM with 9ml artificial perilymph 
8. dilute 2ml of 1JlM with 4ml artificial perilymph 
9. dilute 1ml of 1JlM with 9ml artificial perilymph 
10. dilute 2ml of 0.1 JlM with 4ml artificial perilymph 
11. dilute 1ml of O.lJlM with 9ml artificial perilymph 

= lOmM* 
=lmM 

= 100JlM 
= 10 JlM 
=3.3JlM 
=lJlM 
=0.33JlM 
= O.lJlM 
=O.033JlM 
=O.01JlM 
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*Since strychnine sulfate dissociates into 2 strychnine molecules, this is equal to lOmM 
strychnine. 

Recommended for: OC efferent blockade 



KAPPA-BUNGAROTOXIN 

Drug: 
From: 

Kappa-bungarotoxin (neuronal; Toxin F; Bungarotoxin 3.1) 
Biotoxins, Inc. 

Molecular Wt: 7300 daltons 

To prepare: 

1. to lOOjlg vial, add 1.25m1 nOI1l1al guinea pig artificial perilymph 
2. dilute 200jll of lOjlM with 400jll artificial perilymph 
3. dilute lOOjll of lOjlM with 900jll artificial perilymph 
4. dilute 200jll of 1jlM with 400jll artificial perilymph 
5. dilute lOOjll of 1J.1M with 900jll artificial perilymph 
6. dilute 200jll of O.ljlM with 400J.1l artificial perilymph 
7. dilute 100jlI of O.lJ.1M with 900J.1l artificial perilymph 

Recommended for: nAChR (neuronal) blockade 

= lOjlM 
= 3.3jlM 

= 1J.1M 
=0.33J.1M 
= O.ljlM 
=0.033jlM 
= 0.0 1 J.1M 

160 



4-DAMP 

Drug: 4-Diphenylacetoxy-N-methylpiperidine methiodide 
(4-DAMP Methiodide) 

From: 
Molecular Wt: 

Research Biochemicals Incorporated (RBI # D-104) 
451.45 

To prepare: 

1. Weigh out O.00451g 4-DAMP 
2. q.s. to lOml with normal guinea pig artificial perilymph 
3. dilute 1ml of 1mM with 9ml artificial perilymph 
4. dilute 1ml of lOOJ-lM with 9ml artificial perilymph 
5. dilute 2ml of lOJ-lM with 4ml artificial perilymph 
6. dilute 1ml of lOJ-lM with 9ml artificial perilymph 
7. dilute 2ml of 1J-lM with 4ml artificial perilymph 
8. dilute 1ml of 1J-lM with 9ml artificial perilymph 

Recommended for: mAChR (M3) blockade 

= 1mM 
= lOOJ-lM 
= lOJ-lM 
= 3.3J.lM 
= 1J-lM 
= O.33J-lM 
= O.1J-lM 
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ATROPINE 

Drug: Atropine Sulfate 
From: 
Molecular Wt: 

Sigma Chemical Co. (Sigma # A-0257; lot # 60H3260) 
676.8 (anhydrous) 

To prepare: 

1. Weigh out 0.0677 g atropine 
2. q.s. to lOml with normal guinea pig artificial perilymph 
3. dilute 1m! of 20mM with 9m! artificial perilymph 
4. dilute 1m! of 2mM with 9m! artificial perilymph 
5. dilute 2m! of 200J.LM with 4m! artificial perilymph 
6. dilute 1ml of 200J.LM with 9m! artificial perilymph 
7. dilute 2m! of 20J.LM with 4ml artificial perilymph 
8. dilute 1m! of 20J.LM with 9m! artificial perilymph 
9. dilute 2m! of 2J.LM with 4m! artificial perilymph 
10. dilute 1m! of 2J.LM with 9m! artificial perilymph 

=20mM* 
=2mM 
= 200J.LM 
= 66.6J.LM 
= 20J.LM 
= 6.6J.LM 
= 2J.LM 
= 0.66J.LM 
= 0.2J.LM 

*Since atropine sulfate dissociates into 2 atropine molecules, this is equal to 20 mM 
atropine. 

Recommended for: mAChR (non-selective) blockade 
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AF-OX 116 

Drug: 

From: 

11-[[2-[(Diethylamino)methyl]-I-piperidinyl]acetyl]-5, 
ll-dihydro-6H-pyrido[2,3-b][I,4]benzodiazepin-6-one 
Boehringer Jngelheim Pharmaceuticals 

Molecular Wt: 421.55 

Readily soluble in IN HCI (1:3); readily soluble in dimethylformamide and H20 (1:7); 
slightly soluble in methanol (1 :300); practically insoluble in H20 (1: 10000). 

To prepare: 

1. Weigh out 0.0042g AF-DX 116 
2. place in small test tube and add 1 drop of 1 N HCL 

to get into solution (2-3 min) 
3. add Iml normal guinea pig artificial perilymph 

and vortex to get into solution 
4. place solution in lOml graduated cylinder 
5. rinse test tube with Iml artificial perilymph (x3), 

adding to lOml cylinder 
6. q.s. to lOml with artificial perilymph 
7. check pH (should be approx. 7.4 one hour later) 
8. dilute 2ml of ImM with 4ml artificial perilymph 
9. dilute Iml of ImM with 9ml artificial perilymph 
10. dilute 2ml of lOOIlM with 4ml artificial perilymph 
11. dilute Iml of lOOIlM with 9ml artificial perilymph 
12. dilute 2ml of 10llM with 4ml artificial perilymph 
13. dilute Iml of 10llM with 9ml artificial perilymph 

Recommended for: mAChR (M2) blockade 

=lmM 

= 330.311M 
= 100lJ.M 
= 33.311M 

= 10llM 
= 3.311M 
= 111M 
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PIRENZEPINE 

Drug: 

From: 

5,II-Dihydro-ll-[4-methyl-l-piperazinyl)acetyl]-
6H-pyrido[2,3-b] [1,4 ]benzodiazepin-6-one (Pirenzepine) 
Sigma Chemical Co. (Sigma # P-7412) 

Molecular Wt: 424.3 (formula wt.) 

Soluble in water; slightly soluble in methanol; practically insoluble in ether 

To prepare: 

1. Weigh out O.0442g pirenzepine 
2. add approx. 9ml normal guinea pig artificial perilymph 
3. adjust pH to 7.4 with 1 N NaOH (about 2 drops) 
4. q.s. to lOml with artificial perilymph 
5. dilute Iml of lOmM with 9ml artificial perilymph 
6. dilute 2ml of ImM with 4ml artificial perilymph 
7. dilute Iml of ImM with 4ml artificial perilymph 
8. dilute 2ml of lOOIlM with 4ml artificial perilymph 
9. dilute Iml of lOOIlM with 9m1 artificial perilymph 

Recommended for: mAChR (M!) blockade 

=lOmM 
=lmM 
= 330llM 
= lOOIlM 
= 331lM 
= 10IlM 
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CURVE-FITTING PROGRAM 

The dose:'response data of antagonist effects on contralateral suppression of 

DPOAEs were submitted to a curve-fitting program (SigmaPlot 5.0®; Norby, et al., 1992). 

SigmaPlot® describes its curve-fitting routine as follows: 

The SigmaPlot curve fitter uses the Marquardt-Levenberg algorithm. This 
method uses a least squares procedure to minimize the sum of the squares of 
the differences between the equation values and (actual) data values .... This 
process is iterative - SigmaPlot makes a "guess" at the parameters, checks to 
see how well the equation fits, then continues to make a better guess until 
the data and equation curves converge. (Convergence is achieved when the 
step size tolerance is satisfied) (Kuo, Fox, Mitchell, & Tuerke, 1992; p. 7-1). 

This software allows the user to choose an equation that represents the curve 

generated by the actual data, and then to enter the initial estimates of equation parameters. 

For the present data, a sigmoid curve (log scale) was chosen for each drug. The equation 

that defmes this curve is as follows: 

x = log of drug concentration (in JlM) 
A = Y value (% baseline response) at bottom plateau 
B = Yvalue (% baseline response) at top plateau 
C = 10g(ICso) 
D = Hill coefficient (slope) 

The program also provides the user with the errors associated with estimation of 

these values from the entered data. 
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Table G-1. Repeated Measures ANDV A Summary Table for Absolute DPOAE Amplitude Across 
PeIfusions for the N=5 Control Animals Receiving Artificial Perilymph. 

Source df SS MS F P 
Total 44 342.2531 

Subjects 4 313.3044 

Treatments 8 1.7239 0.2155 0.2533 0.9756 

Error 32 27.2248 0.8508 

..... 
0'\ 
00 



Table G-2. Repeated Measures ANOV A Summary Table for Suppression Magnitude Across 
Perfusions for the N=5 Control Animals Receiving Artificial Perilymph. 

Source df SS MS F P 
Total 44 7.2361 

Subjects 4 5.5306 

Treatments 8 0.5607 0.0701 1.9593 0.0845 

Error 32 1.1447 0.0358 

, 

J 

I 

1 

I 

..... 
$ 
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Table B-1. Repeated Measures ANOV A Summary Table for Suppression Magnitude Across 
Perfusions for the N=5 Animals Receiving Alpha-Bungarotoxin. 

Source df SS MS F P 

Total 49 35.8528 

Subjects 4 2.0557 

Treatments 9 26.9673 2.9964 15.7939 0.0000** 

Error 36 6.8298 0.1897 

i 

**Significant beyond the 1 percent level 
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Table H-2. Repeated Measures ANOVA Summary Table for Suppression Magnitude Across 
PeIfusions for the N=5 Animals Receiving Curare. 

Source df SS MS F P 

Total 54 45.2927 

Subjects 4 8.5387 

Treatments 10 32.2900 3.2290 28.9334 0.0000** 

Error 40 4.4640 0.1116 ~ 
**Significant beyond the 1 percent level 

--...) 
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Table H-3. Repeated Measures ANOYA Summary Table for Suppression Magnitude Across 
Perfusions for the N=5 Animals Receiving Strychnine. 

Source df SS MS F P 

Total 49 36.4836 

Subjects 4 9.0374 I 

Treatments 9 21.4324 2.3814 14.2555 0.0000** I 

Error 36 6.0138 0.1670 
~- ..... ---..... -

**Significant beyond the 1 percent level 

...... 
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Table H-4. Repeated Measures ANOV A Summary Table for Suppression Magnitude Across 
Perfusions for the N=2 Animals Receiving Kappa-Bungarotoxin. 

Source df SS MS F P 

Total 23 7.5557 

Subjects 1 0.3384 

Treatments 11 6.9350 0.6305 24.5738 0.0000** 

Error 11 0.2822 0.0257 J 
**Significant beyond the 1 percent level 

~ 
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Table H-5. Repeated Measures ANOVA Summary Table for Suppression Magnitude Across 
Perfusions for the N=5 Animals Receiving 4-DAMP. 

Source df SS MS F P 

Total 39 28.1893 

Subjects 4 7.3572 

Treatments 7 18.6085 2.6584 33.4744 0.0000** 

Error 28 2.2236 0.0794 

**Significant beyond the 1 percent level 
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Table H-6. Repeated Measures ANOV A Summary Table for Suppression Magnitude Across 
Perrusions for the N=5 Animals Receiving Atropine. 

Source df SS MS F P 

Total 49 18.8550 

Subjects 4 2.1520 

Treatments 9 14.9282 1.6587 33.6457 0.0000** 

Error 36 1.7748 0.0493 
~ ---- --------- --- --_ .... --

**Significant beyond the 1 percent level 
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Table H-7. Repeated Measures ANOV A Summary Table for Suppression Magnitude Across 
Perrusions for the N=5 Animals Receiving AF-DX 116. 

Source df SS MS F P 

Total 44 25.8975 

Subjects 4 3.2537 

Treatments 8 20.1626 2.5203 32.5046 0.0000** 

Error 32 2.4812 0.0775 

**Significant beyond the 1 percent level 

...... 
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Table H-8. Repeated Measures ANOV A Summary Table for Suppression Magnitude Across 
PeIfusions for the N=5 Animals Receiving Pirenzepine. 

Source df SS MS F P 

Total 39 37.0316 

Subjects 4 12.0351 

Treatments 7 20.3522 2.9075 17.5288 0.0000** 

Error 28 4.6443 0.1659 
-_._.-

I 

**Significant beyond the 1 percent level 

~ 

......:J 
00 
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where: x = Log Concentration 
y = % Baseline Response 
A = -4.69498 ± 3.96800 
8 = 89.12361 ± 5.03400 
C = -0.62302 ± 0.07565 
0= -0.96056 ± 0.17020 

Figure 1-1. Curve fit of mean data (N = 5 animals). 
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where: x = Log Concentration 
y = % Baseline Response 
A = -2.25071 ± 5.99200 
B = 96.91446 ± 6.68000 
C = -0.55454 ± 0.10000 
D = -1.23402 ± 0.33880 

Figure 1-2. Curve fit of mean data (N = 5 animals). 
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Strychinine 
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where: x = Log Concentration 
y = % Baseline Response 
A = -6.13281 ± 3.99800 
B = 112.95021 ± 4.27200 
C = -0.52828 ± 0.05306 
D = -1.41559 ± 0.23320 

Figure 1-3. Curve fit of mean data (N = 5 animals). 
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where: x = Log Concentration 
y = % Baseline Response 
A = -0.18005 ± 2.32700 
B = 92.69983 ± 2.32700 
C = -0.47526 ± 0.41860 
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o = -26.39681 ± 1774.00000 

Figure 1-4. Curve fit of mean data (N = 2 animals). 
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where: x = Log Concentration 

Figure 1-5. Curve fit of mean data (N = 5 animals). 

y = % Baseline Response 
A = -3.31598 ± 9.84400 
B = 87.34647 ± 6.04300 
C = 0.27336 ± 0.10300 
D = -2.17715 ± 0.77290 
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where: x = Log Concentration 
y = % Baseline Response 
A = -11.46514 ± 4.54500 
B = 106.03306 ± 3.52800 
C = 0.97866 ± 0.05298 
D = -1.24180 ± 0.18590 

Figure 1-6. Curve fit of mean data (N = 5 animals) 
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Figure 1-7. Curve fit of mean data (N = 5 animals). 

x = Log Concentration 
y = % Baseline Response 
A = -5.21111 ± 9.14800 
B = 105.99800 ± 6.82400 
C = 1.43390 ± 0.09581 
D = -1.42441 ± 0.42890 
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where: 

Figure 1-8. Curve fit of mean data (N = 5 animals). 

x = Log Concentration 
y = % Baseline Response 
A = -87.54941 ± 130.20000 
B = 110.65408 ± 9.69100 
C = 2.91685 ± 0.69190 
D = -0.78842 ± 0.38600 
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Figure J-l. Effect of intmcochlear 4-DAMP on absolute DPOAE amplitude. See legend for Figure 17 for additional details. 
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Figure J-2. Effect of intracochlear 4-DAMP on absolute DPOAE amplitude. See legend for Figure 17 for additional details. 
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Table K-l. Repeated Measures ANOVA Summary Table for Absolute DPOAE Amplitude Across 
Perfusions for the N=5 Animals Receiving Alpha-Bungarotoxin. 

Source df SS MS F P 

Total 49 685.4950 

Subjects 4 346.5991 

Treatments 9 55.0670 6.1186 0.7761 0.6402 

Error 36 283.8289 7.8841 
_ ..... _- '--- - - -- --.-.-.~ 
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Table K-2. Repeated Measures ANOVA Summary Table for Absolute DPOAE Amplitude Across 
Perfusions for the N=5 Animals Receiving Curare. 

Source df SS MS F P 
I 

i 

I 

Total 54 279.6799 

! 

Subjects 4 246.3276 

Treatments 10 18.5120 1.8512 4.9897 0.0002** I 

Error 40 14.8403 0.3710 _._--- --- - --

**Significant beyond the 1 percent level 
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Table K-3. Repeated Measures ANOV A Summary Table for Absolute DPOAE Amplitude Across 
Perfusions for the N=5 Animals Receiving Strychnine. 

Source df SS MS F P 

Total 49 191.2103 

Subjects 4 137.9006 

Treatments 9 19.7176 2.1908 2.3479 0.0333* 

Error 36 33.5921 0.9331 

*Significant beyond the 5 percent level 
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Table K-4. Repeated Measures ANOVA Summary Table for Absolute DPOAE Amplitude Across 
Perfusions for the N=2 Animals Receiving Kappa-Bungarotoxin. 

Source df SS MS F P 

Total 23 11.4738 

Subjects 1 0.2158 

Treatments 11 5.7250 0.5205 1.0347 0.4781 

Error 11 5.5330 0.5030 
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Table K-5. Repeated Measures ANOVA Summary Table for Absolute DPOAE Amplitude Across 
Perfusions for the N=5 Animals Receiving 4-DAMP. 

Source df SS MS F P 

Total 39 783.7245 

Subjects 4 660.9414 

Treatments 7 42.2360 6.0337 2.0975 0.0769 

Error 28 80.5471 2.8767 
'--------
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Table K-6. Repeated Measures ANOVA Summary Table for Absolute DPOAE Amplitude Across 
Perfusions for the N=5 Animals Receiving Atropine. 

Source df SS MS F P 

Total 49 78.9458 

Subjects 4 54.5104 

Treatments 9 12.9538 1.4393 4.5128 0.0007 ** 

Error 36 11.4817 0.3189 -

I 

, 

i 

**Significant beyond the 1 percent level 
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Table K-7. Repeated Measures ANOVA Summary Table for Absolute DPOAE Amplitude Across 
Perfusions for the N=5 Animals Receiving AF-DX 116. 

Source df SS MS F P 

Total 44 149.7533 

Subjects 4 109.9091 

Treatments 8 18.4036 2.3004 3.4334 0.0060** 

Error 32 21.4406 0.6700 

**SignifIcant beyond the 1 percent level 

~ o 



Table K-8. Repeated Measures ANOVA Summary Table for Absolute DPOAE Amplitude Across 
Perfusions for the N=5 Animals Receiving Pirenzepine. 

Source df SS MS F P 

Total 39 206.8245 

Subjects 4 181.7285 

Treatments 7 5.2559 0.7508 1.0596 0.4147 

Error 28 19.8402 0.7086 
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Figure L-1. Effect of signal crossover on the ipsilateral DPOAE at 5 kHz. Displayed are results for two 
separate 25 spectra averages: the first, obtained without contralateral WBN stimulation (darker 
trace); the second, obtained during presentation of a 70 dB SPL WBN to the contralateral ear of 
an animal rejected as a subject in this investigation (lighter trace). 
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Figure M-l. Adaptation of contralateral suppression. See legend for Figure 10 for additional details. 
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Figure M-2. Adaptation of contralateral suppression. See legend for Figure 10 for additional details. 
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