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Abstract

The mammalian inner ear is innervated by the efferent olivocochlear
system which is divided into medial and lateral systems. In anaesthetised animals,
medial olivocochlear (MOC) axons can be electrically stimulated at the floor of
the IVth ventricle. MOC stimulation suppresses the spontaneous activity and
sound-evoked responses of primary afferents by its actions on outer hair cells.
Effects of MOC stimulation have been also reported on responses of neurons in
the cochlear nucleus, the first central auditory center receiving cochlear input.
However, very little is known about the net results of MOC effects in higher order
neurons. This issue was investigated by electrically stimulating MOC axons at the
IVth ventricle and recording extracellular single unit activities in the central
nucleus of the inferior colliculus (CNIC) of anaesthetised guinea pigs. For the first
part of the study, anatomical and neurophysiological studies were carried out to
establish that the focal midline MOC stimulation can selectively stimulate MOC
axons without any current spread to adjacent ascending fibers. The MOC
stimulation and CNIC recordings were then carried out in a series of experiments
that included normal hearing animals, animals treated acutely with gentamicin (in
which the acetylcholine-mediated peripheral suppression of the olivocochlear
efferents is selectively eliminated) and partially deafened animals. The effects of
MOC stimulation was studied on the spontaneous activity as well as responses of
the CNIC neurons to contralateral CF tones (in quiet and in background noise).
The main findings from this thesis are: (1) In normal hearing animals,
input-output (I/O) functions of CNIC neurons for responses to contralateral tones
showed a variety of changes after MOC efferent stimulation. Some of the changes
can be explained by a direct translation of the MOC effects on the active process
of OHCs. However, there were also more complex changes in some CNIC
neurons (e.g. excitatory effects on the firing rates at medium-to-high tone levels)
which cannot be easily explained using the MOC-mediated peripheral
suppression. (2) In gentamicin-treated animals, MOC stimulation did not produce
any changes to the I/O functions of CNIC neurons to contralateral tones. This
finding indicates that both the simple and complex changes observed after MOC
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stimulation are likely to be mediated via the actions of MOC terminals in the
cochlea. (3) When similar experiments were carried out for responses to tones in
noise (in normal animals), a subset of CNIC neurons showed enhancement in their
responses after MOC activation. This effect was observed in both monotonic and
non-monotonic neurons and was qualitatively similar to the antimasking effects
that have been described at the primary afferent level. However, in other CNIC
neurons, effects could not be so explained, showing either additional suppression
or even marked excitatory effects. (4) MOC stimulation also suppressed the
spontaneous activity of CNIC neurons in normal hearing animals. When similar
efferent stimulation was carried out in partially deafened animals, the abnormally
high spontaneous activity of some CNIC neurons in the deafened frequency
regions was also transiently suppressed by MOC shocks.
The results from this study clearly demonstrate that the MOC system can
modulate the responses of midbrain neurons in a more complex manner compared
to the effects seen in the periphery. The more complex effects seen for responses
to tones in quiet and in noisy background are likely to result from a complex
interplay between altered afferent input in the cochlea and central circuitry. In
addition, the ability of MOC efferents in suppressing the normal and abnormal
spontaneous activity in the midbrain also could have implications for the role of
the descending system in the pathophysiology and treatment of tinnitus.
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CHAPTER 1

LITERATURE REVIEW AND GENERAL
INTRODUCTION

1.1 Scope of the review
The first part of this review provides a general overview of the mechanoelectrical transduction process in the cochlea and transmission of auditory signals
along the central auditory system. These topics are dealt with briefly and where
necessary, a number of recent reviews are provided for further reference. Since
this thesis is concerned with the effects of the efferent system on the responses of
CNIC neurons, emphasis is given to reviewing the structural and functional
properties of the CNIC. The second part of the chapter deals with the descending
pathways, in particular, the olivocochlear system. This is followed by the
consideration of possible functional roles of the olivocochlear descending system
in auditory signal processing.

1.2 Signal processing in the cochlea
The structure and innervation of the cochlea have been reviewed in detail by
others (Raphael and Altschuler, 2003; Slepecky, 1996). The turns of the cochlea
are divided into three longitudinal compartments or scalae (Fig. 1.1A). The three
divisions are known as scala vestibuli, scala media and scala tympani. Both scala
vestibuli and scala tympani are filled with perilymph, a fluid with high Na+ and
low K+ concentration while the scala media is filled with endolymph which has a
low Na+ but high K+ concentration. The positive potential of the endolymph of
about 80 mV is known as the endocochlear potential (EP) and is produced by the
ATP-dependent electrogenic pump in the cells of stria vascularis (Johnstone and
Sellick, 1972). The EP acts as the battery that drives the mechano-electrical
transduction process in the organ of Corti (Johnstone et al., 1989; Sellick and
Bock, 1974; Sellick and Johnstone, 1975).
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The organ of Corti has two types of auditory receptor cells, outer (OHC)
and inner (IHC) hair cells (Fig. 1.1B). Both types of hair cells have a series of
microvillar extensions called stereocilia on their apical surface. Sound-evoked
pressure waves in the cochlear fluid interact with the stiffness and mass of the
basilar membrane to set up a travelling wave on the membrane. The travelling
wave, which travels from the base to the apex of the cochlea, causes deflection of
the stereocilia that changes the resistance of mechanically-gated ion channels
located on the apical region of the stereocilia. An increase in the conductivity of
the ion channels promotes the entry of K+ and Ca2+ ions into the hair cells which
depolarises the cells. The depolarisation leads to transmitter release (glutamate) at
the basal margin of the hair cells which generates action potentials in the dendrites
of primary afferent neurons (Eatock, 2000; Eybalin, 1993; Hudspeth et al., 2000;
Trussell, 2002).
IHCs contact dendrites of type 1 (myelinated) afferent fibers which make
up 90-95% of all primary afferent neurons (Brown, 1987a; Liberman et al., 1990;
Morrison et al., 1975; Spoendlin, 1969; Spoendlin, 1972). The principal role of
the IHCs and type 1 fibers that contact them is for the mechanoelectrical
transduction and transmission of peripheral signals from the cochlea to the central
auditory system. The remaining 5-10% of the afferents are unmyelinated (also
termed type 2 fibers) and contact OHCs (Morrison et al., 1975; Spoendlin, 1972).
However, due to their scarcity and difficulties in recording their responses, their
physiological role in auditory processing is still unclear (Brown, 1994; Robertson,
1984; Robertson et al., 1999).
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Fig. 1.1: A Cross-section of the cochlea showing the three scalae. The modiolus is the central
chamber of the cochlea and contains the spiral ganglion in which the cell bodies of the afferent
fibers are located. The organ of Corti is indicated by a square. B Cross section of the organ of
Corti. The modiolus is to the left of the figure. MOC, medial olivocochlear; LOC, lateral
olivocochlear (Figures adapted from Pickles, 1988c).
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OHCs act as a cochlear amplifier by enhancing the sound-evoked basilar
membrane vibration via an active feedback process. The mechanism underlying
this feedback process has been recently reviewed (Ashmore and Mammano, 2001;
Brownell et al., 2001; Fettiplace and Hackney, 2006). Two modes of force
production have been proposed. The main response involves a rapid change in the
length and stiffness of the OHC cell body which is closely coupled to the
changing transduction current using the motor protein, prestin (Dallos and Fakler,
2002; Dallos et al., 2006; Liberman et al., 2002; Robles and Ruggero, 2001;
Santos-Sacchi and Dilger, 1988; Zheng et al., 2000). The second mechanism
involves the active motion of their stereocilia (Fettiplace and Hackney, 2006;
Kennedy et al., 2005). Both motile responses provide amplification in the
movement of the basilar membrane and enhance the transduction process at IHCs.
The myelinated type 1 fibers can be further classified according to their
spontaneous rates. In anaesthetised guinea pigs, the spontaneous firing rate of
primary afferents range from 0 up to 140 spikes/s (Evans, 1972; Manley and
Robertson, 1976; Tsuji and Liberman, 1997; Winter et al., 1990). The percentage
of high spontaneous rate fibers (>20 spikes/s) vary from one study to another but
is usually >50% of the total population (Evans, 1972; Manley and Robertson,
1976; Tsuji and Liberman, 1997). The remaining fibers exhibit low to medium
spontaneous rates (0-20 spikes/s). In both cats and guinea pigs, high spontaneous
rate fibers can be distinguished morphologically from the low spontaneous ones
based on the differences in their dendritic size and location of their contact sites
with IHCs (Liberman, 1978; Liberman, 1982; Liberman and Oliver, 1984;
Merchan-Perez and Liberman, 1996; Tsuji and Liberman, 1997). High
spontaneous rate afferents have thicker radial dendrites which contact IHCs on the
pillar sides. On the other hand, lower and medium spontaneous rate afferents have
thinner dendrites and are more numerous on the modiolar side of IHCs.
Interestingly, the low and high spontaneous rate primary afferents can innervate
the same IHC (Merchan-Perez and Liberman, 1996). However, it is still unclear
whether different spontaneous rate groups actually represent distinctive fiber
populations.
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Primary afferents are sensitive to a range of sound frequencies and
intensities and their responses to tones can be depicted using tuning curves 1 . The
most sensitive frequency in the tuning curve is called the characteristic frequency
(CF). In general, high CF afferents have sharply tuned curves with a steep high
frequency cut-off and relatively shallow low frequency tail region. In contrast,
low CF afferents tend to have broader tuning curves with a more symmetrical
shape at either side (Evans, 1972; Kiang et al., 1967). The frequency selectivity in
primary afferents is determined largely by the mechanical tuning properties of the
basilar membrane and is enhanced by the OHCs active amplification process
(Patuzzi and Robertson, 1988). The mechanical tuning of the basilar membrane is
based on a systematic change of its resonance properties along the length of the
organ of Corti. The basilar membrane’s vibration is tuned to higher frequencies at
the base of the cochlea and to lower frequencies at a more apical location.
Similarly, the CF of primary afferents is also tonotopically arranged along the
organ of Corti with high CF fibers innervating the more basal part while low CF
fibers located at the more apical site of the cochlea. This tonotopic arrangement is
preserved in the successive central auditory centers up to the cortex.

1.3 Translation of peripheral signals to the central auditory
system
The ascending pathways from the cochlea to the higher centers have been
reviewed in detail by a number of authors (Brugge, 1992; Cant and Benson, 2003;
Irvine, 1992; Oliver, 2000; Pickles, 1988b; Pollak et al., 2003; Thompson and
Schofield, 2000) and are summarized in Fig. 1.2. Although the fine details of the
projections vary slightly from one species to another, the general organisation of
central auditory centres and the main pathways are similar across a variety of
mammalian species.

1

A tuning curve is a plot of the lowest sound levels needed to elicit firing in an auditory neuron
against a range of different sound frequencies.
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Fig. 1.2: The main ascending auditory pathways from the cochlea to the auditory cortex (minor
pathways are not shown). AVCN, anteroventral cochlear nucleus; CN, cochlear nucleus; DCN,
dorsal cochlear nucleus; DNLL, dorsal nucleus of lateral lemniscus; IC, inferior colliculus; INLL,
intermediate nucleus of lateral lemniscus; LSO, lateral superior olive; MGB, medial geniculate
body; MSO, medial superior olive; MTB, medial nucleus of the trapezoid body; NLL, nucleus of
the lateral lemniscus; PVCN, posteroventral cochlear nucleus; SOC, superior olivary complex;
VNLL, ventral nucleus of lateral lemniscus.

The information from primary afferents first reaches the ipsilateral
cochlear nucleus (CN) which has 3 major divisions, the anteroventral (AVCN),
posteroventral (PVCN) and dorsal (DCN) cochlear nuclei (Hackney et al., 1990;
Osen, 1972). Both AVCN and PVCN project to the superior olivary complex
(SOC) via the ventral and intermediate acoustic striae. The ascending tracts from
the AVCN make contact with both the ipsilateral and contralateral SOC while the
projections from the PVCN reach mainly the ipsilateral SOC (Adams and Warr,
1976; Cant and Benson, 2003; Smith et al., 2005). Some of the neurons from the
PVCN also ascend directly to the nucleus of lateral lemniscus (NLL) and inferior
colliculus (IC) on the contralateral side. On the other hand, the output from the
DCN which is known as the dorsal acoustic stria (DAS) bypasses the SOC to
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reach the NLL and IC directly, predominantly on the opposite site (Adams and
Warr, 1976; Fernandez and Karapas, 1967; Semple and Aitkin, 1980). Apart from
this, there are also minor projections from the CN to the contralateral MGB
(Anderson et al., 2006; Malmierca et al., 2002), commissural connections to the
opposite CN (Cant and Gaston, 1982; Shore et al., 1992) and a complex intrinsic
circuitry within the CN (all of which are not shown in Fig. 1.2).
The SOC consists of several component nuclei. The afferent inputs to the
SOC and intrinsic connections within this auditory center have been reviewed by
Thompson and Schofield (2000). The 3 main nuclei are the medial superior olive
(MSO), lateral superior olive (LSO) and medial nucleus of trapezoid body (MTB).
Both the MSO and LSO have neurons which respond to binaural stimuli and are
suggested to play an important role in detection of sound direction in space based
on interaural intensity and timing cues. The MTB acts primarily as a relay nucleus
which conveys information from the opposite CN to the ipsilateral LSO. The
LSO, together with the surrounding peri-olivary nuclei (not shown in Fig. 1.2), is
also the source of a centrifugal pathway, the olivocochlear bundle. The anatomy
and physiology of this descending system will be discussed in the later part of this
review.
The next main auditory center in the ascending pathway is the NLL. It has
3 main nuclei; the dorsal, intermediate and ventral nuclei of the lateral lemniscus
(DNLL, INLL and VNLL). The CN and SOC are major sources of projections to
the NLL (Adams, 1979; Cant and Benson, 2003; Henkel, 1997; Oliver, 2000;
Schofield and Cant, 1997; Shneiderman et al., 1988). The PVCN neurons project
to the contralateral INLL and VNLL. There are also projections from the DCN to
the VNLL. The inputs from the LSO and MSO to the NLL mainly arise from
collaterals of axons that reach the IC.
The next auditory center in the midbrain is the inferior colliculus (IC). The
IC can be divided into 3 subdivisions; the central nucleus (CNIC), dorsal cortex
(DCIC) and external cortex (ECIC) (not shown in Fig. 1.2). The CNIC is covered
dorsally by the DCIC and surrounded laterally and ventrally by the ECIC. Among
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the 3 subdivisions, the CNIC is the main integrative and convergence center for
ascending auditory inputs from lower brainstem centers.
The CNIC receives ascending inputs from multiple auditory nuclei
including the CN, SOC and NLL. As mentioned earlier, both the dorsal and the
ventral CN project directly to the CNIC primarily from the contralateral side
(Adams, 1979; Beyerl, 1978; Brunso-Bechtold et al., 1981; Osen, 1972; Semple
and Aitkin, 1980). The LSO gives bilateral projections to the CNIC, while the
tracts from the MSO are mainly ipsilateral (Adams, 1979; Beyerl, 1978; BrunsoBechtold et al., 1981). All 3 divisions of the NLL which receive inputs from the
SOC and CN, also project to the CNIC (Brunso-Bechtold et al., 1981;
Glendenning et al., 1992; Glendenning et al., 1981; Gonzalez-Hernandez et al.,
1996; Shneiderman et al., 1988). In addition to the glycinergic neurons from the
ipisilateral LSO (Glendenning et al., 1992; Saint Marie et al., 1989), both the
ipsilateral and contralateral DNLL (GABAergic) and the ipsilateral VNLL
(glycinergic) provide inhibitory projections to the IC (Faingold et al., 1993;
Glendenning et al., 1992; Glendenning et al., 1981; Li and Kelly, 1992; Pollak et
al., 2003; Shneiderman et al., 1988). Besides these ascending inputs, there are also
commissural projections from the contralateral CNIC (Aitkin and Phillips, 1984;
Malmierca et al., 1995; Saldana and Merchan, 1992). The commissural fibers are
mainly excitatory (Malmierca et al., 2003; Malmierca et al., 2005) but recently a
GABAergic inhibitory portion has been also identified (Hernandez et al., 2006).
Within the IC, the CNIC is also intrinsically connected to DCIC and ECIC
subdivisions (Malmierca et al., 1995; Saldana and Merchan, 1992). Based on
Golgi preparations, the dorsal cortex (DCIC) can be distinguished into three to
four distinctive layers (Faye-Lund and Osen, 1985; Meininger et al., 1986; Morest
and Oliver, 1984). The ascending projections to the DCIC from the CN and NLL
appear sparse. However, the DCIC receives dense descending cortical inputs to all
its layers (Winer et. al., 1998). The external cortex (ECIC) consists of a group of
nuclei which are scattered around the central nucleus (Morest and Oliver, 1984).
Apart from the auditory input from CNIC and NLL, this subdivision also receives
somatosensory inputs mainly from the dorsal column nuclei, spinal cord and
sensory trigeminal nuclei (Aitkin et al., 1981; Huffman and Henson, 1990). Thus,
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ECIC neurons respond to either auditory or somatosensory stimuli, or in some
cases both (Aitkin et al., 1981). In comparison to the sharply tuned CNIC neurons
that produce robust responses to pure tones, ECIC and DCIC neurons are usually
broadly-tuned and respond better to broadband stimuli (Syka et al., 2000).
From the IC, auditory signals reach the medial geniculate body (MGB) in
the thalamus. The ascending projections at this level can be classified into two
main groups; the specific (lemniscal) and non-specific (extra lemniscal) pathways.
The specific pathway conveys the response from the CNIC to the ventral division
of the MGB (vMGB), predominantly on the ipsilateral side. The vMGB then
relays the information mainly to the primary auditory cortex. On the other hand,
the non-specific pathways from the ECIC and DCIC reach the medial and dorsal
divisions of the MGB before giving rise to diffuse projections to the non-primary
auditory cortex and other non-specific areas in the cortex (Huffman and Henson,
1990; Oliver and Huerta, 1992).

1.4 The central nucleus of inferior colliculus (CNIC)
1.4.1 Structural properties
With the exception of mammals with specialized auditory system such as
bats, the basic structural properties of the CNIC have striking similarities across a
variety of nonspecialized mammalian species such as rodents, cats and primates
(including humans) (FitzPatrick, 1975; Geniec and Morest, 1971; Huffman and
Henson, 1990; Meininger et al., 1986; Morest and Oliver, 1984). The CNIC is
primarily composed of sheets of frequency band laminae, arranged one on top of
another. Anatomical studies (based on either 2-deoxyglucose metabolic labeling
or anterograde tracer injections) showed that the laminae are orientated obliquely
on the frontal plane from dorsomedial to ventrolateral (Brown et al., 1997a;
Brown et al., 1997b; Malmierca et al., 2003; Martin et al., 1988). The laminae
associated with low frequencies are located dorsolaterally while those associated
with high frequencies are located more ventromedially (Kelly et al., 1991; Martin
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et al., 1988; Oliver and Morest, 1984). Each lamina is about 100-200 µm thick
and consists of synaptic domains. The synaptic domains are made up of terminals
of ascending afferent neurons with similar CFs converging with the dendrites of
local interneurons in the CNIC (Oliver, 1987; Oliver and Huerta, 1992; Oliver and
Morest, 1984; Semple and Aitkin, 1979).
Based on morphological criteria in Golgi studies, there are two types of
neurons in the CNIC, disc-shaped and stellate cells (Malmierca et al., 1995;
Morest and Oliver, 1984; Oliver, 1987; Oliver and Morest, 1984). The
predominant neuron type is the disc-shaped cell which has a narrow dendritic
field. The compact dendrites of disc-shaped cells along the fibrodendritic laminae
are orientated parallel to the terminals of ascending projections from lower order
brainstem centers and are the principal targets for the incoming fibers (Okoyama
et al., 2006; Oliver and Morest, 1984). On the other hand, stellate cells have more
broadly distributed dendrites that typically extend beyond one lamina (Oliver and
Morest, 1984). They are thought to synthesize information across adjacent
synaptic domains (Miller et al., 2005; Oliver and Huerta, 1992).
Electrophysiological recordings in the CNIC agree with the tonotopic
organization of the frequency band laminae. Dorsal-to-ventral microelectrode
penetration made in 100-200 µm steps in the CNIC encounters neurons with
increasing CFs (Kelly et al., 1991; Merzenich and Reid, 1974; Schreiner and
Langner, 1997; Syka et al., 2000). However, the dorso-to-ventral CF increase is
typically a stepwise rather than a continuous change. The intermediate frequencies
are thought to be represented within each frequency band lamina. A continuous
representation of a narrow frequency range (corresponding to approximately 0.5-1
critical band) within each lamina was seen in cats (Schreiner and Langner, 1997)
indicating a finer frequency organisation orthogonal to the main dorso–ventral
tonotopic axis. In addition to the frequency organisation, there are also other
orderly spatial maps within a single lamina with respect to response features such
as sharpness of frequency tuning, tone response thresholds, responses to frequency
sweeps, first spike latency and sensitivity to amplitude-modulated tones (Ehret et
al., 2003; Hage and Ehret, 2003; Rees and Moller, 1983; Schreiner and Langner,
1988; Stiebler, 1986). However, information regarding the correlation between
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each of the above mentioned maps is scarce and the relationship need to be
studied in further detail in order to provide a more complete picture of the 3dimensional map in the CNIC.

1.4.2 Pharmacological properties
There is a strong evidence that glutamate acts as the main excitatory
neurotransmitter in the CNIC and its action involves both AMPA and NMDA
receptors (Faingold et al., 1989b; Feliciano and Potashner, 1995; Kelly and
Zhang, 2002; Zhang and Kelly, 2001). Iontophoretic application of an AMPA
antagonists in the CNIC of rats produces a pronounced suppression of the onset
component of the responses of CNIC neurons. Similar application of NMDA
antagonist was more effective in suppressing the sustained component of the tonic
responses (Kelly and Zhang, 2002; Zhang and Kelly, 2001). This corresponds
with the known actions of AMPA for rapid depolarisation of the cell membrane
compared to the NMDA receptors which results in slower depolarisation.
The responses of CNIC neurons are also strongly influenced by inhibitory
transmitters, gamma-aminobutyric acid (GABA) and glycine. Evidence for this
comes from a large number of studies that observed changes in the responses of
CNIC neurons following micro-iontophoresis of drugs to selectively block the
GABAergic and glycinergic neurotransmission in the nucleus. These studies were
carried out in a variety of species including guinea pigs (Le Beau et al., 1996;
LeBeau et al., 2001), cats (Davis et al., 1999), rats (Faingold et al., 1991; Faingold
et al., 1989a) and bats (Burger and Pollak, 1998; Burger and Pollak, 2001;
Fuzessery and Hall, 1996; Klug et al., 1999; Klug et al., 1995; Lu and Jen, 2001;
Pollak et al., 2002; Pollak and Park, 1993; Yang et al., 1992). The source of the
inhibition in the CNIC is derived from either extrinsic or intrinsic inputs. The
main extrinsic inhibitory inputs are GABAergic projections from the contralateral
DNLL (Burger and Pollak, 2001; Shneiderman et al., 1988) and glycinergic inputs
from the ipsilateral LSO (Klug et al., 1995; Saint Marie et al., 1989). The intrinsic
inhibition is produced by local interneurons in the CNIC that are highly
immunoreactive for GABA (Caspary et al., 1990; Oliver et al., 1994; Roberts and
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Ribak, 1987). Besides the above mentioned transmitters, acetylcholine (Faingold
et al., 1989b) and serotonin (Hurley and Pollak, 1999; Hurley et al., 2002) have
also been reported to modulate the responses of CNIC neurons to contralateral
tones.

1.4.3 Functional properties
1.4.3.1 Responses to contralateral stimulation
Contralateral CF tones typically produce robust responses with short
response latencies in the CNIC (Kelly et al., 1991; Palombi and Caspary, 1996;
Popelar and Syka, 1982; Rees et al., 1997; Syka et al., 2000). Similar to primary
afferents, each CNIC neuron is tuned to a particular CF. The frequency selectivity
or sharpness of tuning is quite variable among the CNIC neurons, but generally
increases with CF (Astl et al., 1996; Kelly et al., 1991). The response thresholds
of the most sensitive CNIC neurons for each sound frequency closely match the
thresholds of the behavioural audiogram. However, the threshold at CF of the
majority of CNIC neurons are much higher (up to 40-50dB above the behavioural
thresholds in rats) (Kelly et al., 1991; Kelly and Masterton, 1977).
Extracellular responses of CNIC neurons to contralateral tones have been
studied using several measures such as the post stimulus time histogram (PSTH),
input-output (I/O) functions and frequency-intensity response maps. In guinea
pigs, PSTH response patterns to contralateral tone bursts can be typically
classified as either onset or tonic type (Astl et al., 1996; Neuert et al., 2001; Rees
et al., 1997; Syka et al., 2000). Onset neurons generally have a response duration
less than 30 ms. Tonic neurons produce a sustained response throughout the
duration of the stimuli and are encountered more frequently than the onset
neurons.
In general, I/O functions of CNIC neurons can be classified as either
monotonic or non-monotonic. Monotonic neurons typically produce a continual
increase in firing rate with an increase in the sound intensity. Some of the CNIC
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neurons can saturate at higher sound levels and are usually referred to as the
saturated type to differentiate from the non-saturating monotonic responses. On
the other hand, non-monotonic neurons produce a decrease in firing rate at higher
sound levels after an initial increase at near threshold level. The percentage of
non-monotonic neurons in the CNIC varies widely from study to study. It ranges
from about 20-30% (rabbits, Kuwada et al., 1984; guinea pigs, Rees and Palmer,
1988), to roughly 50% (gerbils, Semple and Kitzes, 1985; cats, Irvine and Gago,
1990) and to more than 70% (cats, Ehret and Merzenich, 1988; cats, Aitkin, 1991;
bats, Pollak and Park, 1993) of the sampled population. The wide variation may
be attributable to differences in classification criteria, anaesthetic agents, methods
of acoustic stimulation and also possible species differences.
There is evidence that the non-monotonic response is produced by the
activation of local inhibitory circuits in the CNIC. Intracellular and patch-clamp
recordings have shown convergence of excitatory and inhibitory inputs onto nonmonotonic CNIC neurons (Covey et al., 1996; Kuwada et al., 1997; Pedemonte et
al., 1997; Reetz and Ehret, 1999; Sivaramakrishnan et al., 2004). Activation of the
inhibitory inputs, particularly intrinsic GABAergic neurons, is thought to occur
primarily at higher intensities (Covey et al., 1996; Sivaramakrishnan et al., 2004).
Such high-threshold inhibitory inputs can produce a decline in discharge rates at
higher tone intensities in the non-monotonic neurons. This was inferred from
studies which showed that the firing rate reduction in non-monotonic CNIC
neurons at high sound levels can be selectively blocked when a GABA antagonist
is iontophoretically applied in the CNIC of rats (Faingold et al., 1991; Faingold et
al., 1989a) or bats (Pollak and Park, 1993).
In addition to PSTHs and I/O functions, CNIC neurons can also be
classified according to frequency-intensity response maps based on responses to
contralateral tones. The 3 basic types of response maps are type V, I and O (see
Fig 1.3 for further illustration) and they differ from one another mainly due to the
strength and distribution of inhibitory inputs. This has been examined in a number
of studies in different mammalian species such as cats (Davis et al., 1999;
Ramachandran et al., 1999; Wang et al., 1996), rats (Hernandez et al., 2005;
Malmierca et al., 2003), mice (Egorova et al., 2001) and guinea pigs (LeBeau et
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al., 2001). Type V units usually have V-shaped tuning curves with no inhibition;
type I units are sharply tuned even at high intensities and the response area is
flanked by strong inhibition while type O units produce islands of excitation with
predominantly inhibition above the islands (Hernandez et al., 2005; Malmierca et
al., 2003; Ramachandran et al., 1999). The type V response is always associated
with low CF units (dorsal region of the CNIC), while the type I and O units are
distributed more evenly across the entire frequency range (Ramachandran et al.,
1999).

Fig. 1.3: Examples of frequency response maps recorded from the IC of rats; A: Type V, B: Type I
and C: Type O units. The neuronal firing in response to sound stimulus is plotted as bars against a
range of sound levels and frequencies. The length of each bar corresponds to number of spikes for
each stimulus presentation. Adapted from Malmierca et. al. (2003).

1.4.3.2 Responses to binaural stimulation
Some of the CNIC neurons which are excited by the sound input to the
contralateral ear also respond to sound in the ipsilateral ear. These binaurally-
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responsive neurons can be classified as either contralateral excitatory-ipsilateral
excitatory (E-E) or contralateral excitatory-ipsilateral inhibitory (E-I) types
(Irvine, 1992). The relationship between the binaural response properties of the
CNIC neurons with their I/O function and response map types (to contralateral
tones) has been described in cats (Davis et al., 1999; Ramachandran et al., 1999).
The type V units are excited by sound to either ear (E-E units) and show
monotonic responses. Both the type I and type O units have predominantly E-I
response properties. The type I units have a mixture of monotonic and nonmonotonic responses. On the other hand, the type O units produce strongly nonmonotonic I/O functions.
The different response map types are thought to reflect different sources of
input from lower auditory centres. The type V neurons, which occur more
frequently at low CF regions in the CNIC are believed to receive inputs from the
MSO. Like these units, MSO neurons also predominantly show E-E responses and
are devoted mainly to low frequency processing (Caird and Klinke, 1983; Oliver,
2000). Type I units (with mostly E-I responses) may receive their primary source
of input from neurons in the LSO, which also show I-E responses 2 with a mixture
of monotonic and non-monotonic neurons (Caird and Klinke, 1983). The inputs to
the type O units are thought to be derived mainly from the principal cells (type
IV) in the DCN which have highly non-monotonic functions (Davis, 2002).
Pharmacological lesion of the DCN either silenced or markedly reduced the
responses of most (80%) type O units in the contralateral CNIC (Davis, 2002).
The binaurally-responsive CNIC neurons are also sensitive to interaural
intensity (IID) and interaural timing differences (ITD) (Irvine, 1992; Pollak et al.,
2002). Since the IC is the principal obligatory target of ascending neurons from
the SOC, the IID and ITD sensitivity in these neurons could be a reflection of the
binaural mechanism in the LOC and MOC. MSO neurons respond mainly to lowfrequency stimuli and are involved in detection of the ITD while the neurons in
the LSO predominantly represent high-frequency cues and play a role in the
detection of the IID. In conjunction with this, type I and type V units in the CNIC
2

LSO projections cross the midline before terminating in the contralateral inferior colliculus and
therefore IE neurons in the LSO will create EI properties in the CNIC.
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which are thought to receive inputs from the LSO and MSO respectively show
high sensitivity to ITD and IID. On the other hand, the type O CNIC neurons
which are thought to receive inputs from the DCN are relatively insensitive to
both ITD and IID (Ramachandran and May, 2002). This is consistent with the
mainly monaural projection from the DCN to the contralateral CNIC. Similarities
between the response properties of different CNIC unit types and of the lower
brainstem neurons suggest that parallel ascending pathways from the CN and SOC
may remain functionally segregated in the CNIC. However, other ascending
pathways from NLL and periolivary nuclei, intercollicular commissural pathways,
intrinsic interneurons and descending corticollicular inputs can also converge and
modify the response properties of neurons in the CNIC (Park, 1998; Pollak et al.,
2002).

1.5 The descending auditory system
Apart from the ascending circuitry, the central auditory system also
consists of descending or efferent pathways. Both ascending and descending
projections run through central auditory structures via adjacent parallel routes as
depicted in Fig. 1.4.

1.5.1 Descending pathways from the cortex, thalamus and midbrain
There are two major tracts that originate from the auditory cortex, namely
the corticothalamic pathway to the MGB and corticocollicular tracts to the IC
(Coomes et al., 2005; Ojima, 1994; Winer, 2005; Winer et al., 2002; Winer et al.,
1998). Apart from direct descending projections from the cortex, the IC also
receives an indirect descending tract from the MGB. Both the direct and indirect
descending pathways mainly end in the DCIC, although weaker projections to
CNIC and ECIC also exist (Herbert et al., 1991; Saldana et al., 1996). Consistent
with the anatomy, a mixture of excitatory and inhibitory responses is seen in both
MGB and IC neurons after electrical stimulation to the primary auditory cortex
(Bledsoe et al., 2003; He, 2003; He et al., 2002; Syka and Popelar, 1984;
Torterolo et al., 1998; Villa et al., 1991). Apart from being the target for
descending pathways, the IC itself is also a source for efferent pathways which
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contact the NLL, SOC and CN (Malmierca et al., 1996). In addition, descending
tracts from the auditory cortex also reach the SOC and CN in the lower brainstem
(Coomes and Schofield, 2004; Doucet et al., 2003; Doucet et al., 2002; Jacomme
et al., 2003; Mulders and Robertson, 2000b; Schofield and Coomes, 2005).
Within the SOC, descending tracts from the cortex and IC directly synapse
with some of the olivocochlear neurons which project back to the cochlea (FayeLund, 1986; Horvath et al., 2003; Mulders and Robertson, 2000b; Vetter et al.,
1993). The olivocochlear system, which forms the final part of the efferent system
in the mammalian auditory pathway, provides means for the central nervous
system to modulate afferent signals at the earliest stage of information processing.

Fig. 1.4: Summary of the main ascending and descending pathways (from cortex, thalamus and
midbrain) in central auditory processing. The olivocochlear system forms the final efferent
pathway from the SOC to the cochlea and gives collaterals to the CN. NLL, nucleus of lateral
lemniscus. (Bilateral projections are not indicated for simplicity)
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1.6 The olivocochlear system
1.6.1 Anatomy
The OCB was first described in cats (Rasmussen, 1946; Warr, 1975; Warr
and Guinan, 1979). Since then, it has been described in a range of other
mammalian species including bats (Aschoff and Ostwald, 1987; Bishop and
Henson, 1987), gerbils (Aschoff et al., 1988; Ryan et al., 1987), guinea pigs
(Aschoff and Ostwald, 1987; Aschoff and Ostwald, 1988; Robertson, 1985;
Robertson et al., 1987b; Robertson and Gummer, 1985), rats (Aschoff and
Ostwald, 1987; Aschoff and Ostwald, 1988; White and Warr, 1983), mice
(Campbell and Henson, 1988), hamsters (Sanchez-Gonzalez et al., 2003)
monkeys (Thompson and Thompson, 1986) and humans (Arnesen, 1985). The
bundle consists of a compact collection of nerve fibers that originates from the
superior olivary complex (SOC) and terminates mainly in the cochlea. Although
there is some degree of variation in the site of origin, the course of the fibers in the
brainstem and their termination sites in the cochlea show a similar pattern across
the various mammalian species studied (reviewed by Warr, 1992).
The OCB fibers course dorsomedially from the superior olivary complex
(SOC) to the floor of the IVth ventricle, where they form a compact bundle
beneath the facial genu. From here, some of the fibers cross the midline to reach
the contralateral cochlea while others loop back just medial to the facial genu and
proceed to the ipsilateral cochlea. This observation lead to the initial grouping of
the OCB into crossed and uncrossed fibers (Rasmussen, 1946; Warr, 1975). Both
the crossed and uncrossed fibers run just ventral to the vestibular nuclei and exit
the brain stem with the vestibular nerve. They then join the auditory nerve at
vestibulocochlear anastomosis of Oort before entering the cochlea (Rasmussen,
1946).
A new classification of the efferent system was introduced by Warr and
Guinan (1979) in which the OCB is divided into 2 groups, the medial and the
lateral systems. This grouping was based on the morphology and location of their
cell bodies in the SOC and their termination sites in the cochlea (Fig. 1.5). As a
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general pattern, medial olivocochlear (MOC) fibers have larger cell bodies located
medial, ventral and rostral to the medial superior olive (MSO) and terminate
directly on the outer hair cells (OHC) (Guinan et al., 1983; Liberman and Brown,
1986; Robertson, 1985; Vetter and Mugnaini, 1992; Warr, 1980; White and Warr,
1983). On the other hand, lateral olivocochlear (LOC) fibers have smaller cell
bodies located in and around the lateral superior olive (LSO) and terminate mainly
on the dendrites of type I afferent fibers beneath the inner hair cells (IHC)
(Aschoff and Ostwald, 1987; Brown, 1987b; Liberman and Brown, 1986; Warr et
al., 1997). The total number of lateral fibers is always more than the medial fibers
and they project mostly, or in some species such rats and guinea pigs, almost
exclusively to the ipsilateral cochlea (Aschoff and Ostwald, 1987; Robertson,
1985; White and Warr, 1983). For the medial system, the number of crossed MOC
fibers is substantially more than the uncrossed fibers but their ratio varies from
one species to another. The ratio is about 3:1 in cats (Warr, 1975; Warr, 1980) and
2:1 in guinea pigs (Robertson et al., 1987b).
The medial and lateral systems also differ in the appearance of their axons
and branching patterns. LOC fibers consist of thinner, unmyelinated axons
compared to MOC axons which are thicker and myelinated (Liberman and Brown,
1986; Ryan et al., 1987). Branches from LOC fibers typically end near their origin
in the LSO or in the lateral vestibular nucleus, whereas MOC fibers give branches
to the inferior vestibular nucleus or to the cochlear nucleus (Benson et al., 1996;
Brown, 1993; Horvath et al., 2000; Winter et al., 1989). In the cochlea, the
greatest innervation of MOC fibers in both ipsilateral as well as contralateral
cochlea is at the mid-frequency to high-frequency region and the innervation
declines both apically and towards the extreme base (Liberman et al., 1990;
Robertson et al., 1987a). In contrast, the distribution of LOC fibers is relatively
constant along the ipsilateral organ of Corti although the sparse projection to the
contralateral cochlea is predominantly to the apex (Guinan et al., 1984; Liberman
et al., 1990; Robertson et al., 1987a).
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Fig. 1.5: A: Transverse section of a cat brainstem showing the origin and course of medial (MOC)
and lateral (LOC) olivocochlear system. VCN: ventral cochlear nucleus; AN: auditory nerve; IVN:
inferior vestibular nucleus (adapted from Warren and Liberman, 1989a). B: Simplified schematic
diagram showing the origin and the termination sites of MOC and LOC neurons in the superior
olivary complex and the cochlea (adapted from Brown, 1999).

21
LOC and MOC neurons also receive inputs from different sources. MOC
neurons receive inputs from the AVCN and PVCN bilaterally (Brown et al., 2003;
Brown et al., 1988; Horvath et al., 2000; Robertson and Winter, 1988). In
addition, the CNIC, ECIC and auditory cortex also send descending inputs to
MOC neurons (Faye-Lund, 1986; Mulders and Robertson, 2000b; Thompson and
Thompson, 1993; Vetter et al., 1993). In contrast, inputs to LOC neurons originate
almost exclusively from the ipsilateral PVCN (Thompson and Thompson, 1991).
Presently, there is no direct evidence for any descending inputs to LOC neurons.
More recently, the LOC system was further divided into two
subpopulations; the intrinsic neurons which arise within the LSO and the shell
neurons which have cell bodies at the edges of the LSO (Sanchez-Gonzalez et al.,
2003; Vetter and Mugnaini, 1992; Warr et al., 2002; Warr et al., 1997). Although
neurons in both groups terminate on primary afferent dendrites, shell neurons
differ from intrinsic neurons due to their larger cell bodies, presence of collaterals
to the VCN and a more diffuse termination along the organ of Corti (Horvath et
al., 2000; Sanchez-Gonzalez et al., 2003).

1.6.2 Physiology
In anaesthetised animals, effects of activating olivocochlear fibers in the
cochlea have been primarily studied using electrical stimulation at the floor of the
IVth ventricle (Buno and Garcia-Ausst, 1970; Desmedt, 1962; Fex, 1959;
Galambos, 1956; Gifford and Guinan, 1983; Gifford and Guinan, 1987; Guinan
and Gifford, 1988a; Guinan and Gifford, 1988b; Guinan and Gifford, 1988c;
Mulders et al., 2002; Teas et al., 1972; Wiederhold, 1970; Wiederhold and Kiang,
1970; Wiederhold and Peake, 1966). Using this method of stimulation, all of the
recorded effects on the gross cochlear potential and responses of single primary
afferents are attributed to the MOC system. This is because MOC fibers have
myelinated axons which are more readily stimulated electrically compared to the
unmyelinated axons of the LOC system (Gifford and Guinan, 1987; Guinan et al.,
1983; Guinan, 1996). LOC fibers are either not activated or do not produce any
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apparent effect in the cochlea after the electrical stimulation (Gifford and Guinan,
1987; Guinan, 1996).

1.6.2.1 Effects of electrical stimulation of MOC system on gross cochlear
responses
a) Compound action potential (CAP)
The synchronous discharge of primary afferents to brief clicks or tones can
be easily recorded in animals using a round window electrode. This response is
known as the compound action potential (CAP) and has been used as an indicator
of the gross activity in the auditory nerve (Johnstone et al., 1979). The CAP has 2
main peaks. The first negative peak is called N1 while the positive peak is called
P1. Stimulation of the OCB at the floor of the IVth ventricle can suppress the N1P1 amplitude of the CAP response (Buno and Garcia-Ausit, 1970; Desmedt, 1962;
Galambos, 1956; Wiederhold and Peake, 1966). This efferent-induced suppression
can be quantified using a standard index, the equivalent dB shift of the soundlevel function towards a higher sound level that produces similar CAP amplitude
(Desmedt, 1962; Mulders et al., 2002). In cats and guinea pigs, the CAP levelshift after OCB stimulation can be equivalent to reducing the acoustic stimulus by
as much as 20-25 dB (Gifford and Guinan, 1987; Mulders et al., 2002; Teas et al.,
1972; Wiederhold, 1970).
The OCB-induced CAP suppression is best seen for low and moderate
sound levels. There is almost no suppression at high sound levels. The effect is
greatest using shock trains with rates between 200-400/s (using brief 0.1-0.3 ms
pulses, 0.1-1 mA) and falls off markedly at lower rates (Desmedt, 1962; Gifford
and Guinan, 1987; Rajan, 1988). The suppression takes about 100 ms to build up
from the onset of OCB shocks and decays with a time constant of about 100-200
ms after the termination of shocks (Desmedt, 1962).
Several findings suggest that the CAP suppression produced by the
electrical stimulation of the OCB is mediated by the MOC and not the LOC
system. Focal stimulation of MOC cell bodies near their site of origin produced
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CAP suppression qualitatively similar to the midline stimulation at the floor of the
IVth ventricle (Guinan and Gifford, 1988a). The maximum CAP suppression was
seen at the mid-frequency region of the hearing range which is also the region that
receives the most innervation from MOC fibers in the cochlea (Gifford and
Guinan, 1987; Guinan et al., 1984; Rajan, 1988). Furthermore, the average CAP
level-shifts in the contralateral versus ipsilateral ears after stimulation of MOC
cell bodies in the SOC were also in proportion to the relative numbers of the
medial fibers projecting to each cochlea (Gifford and Guinan, 1987).
b) Cochlear microphonics (CM)
CM is a measure of the extracellular a.c. current flowing through the hair
cells during responses to sound (Pickles, 1988c; Russell and Sellick, 1978). In
contrast to the suppression of the CAP, OCB stimulation increases the peak-topeak amplitude of cochlear microphonics (CM) (Desmedt, 1962; Fex, 1959;
Gifford and Guinan, 1987; Guinan, 1996; Teas et al., 1972). The maximum
increase is equivalent to about 4 dB and is best seen with loud, low frequency
sounds. The paradoxical effect of MOC stimulation on the CAP and CM can be
explained using the effect of the medial fibers on OHCs.

1.6.2.2 Mechanism of action of the MOC system
The effects of MOC activation on OHCs is summarised in Fig. 1.6. It has
long been established that MOC terminals which synapse on OHC use
acetylcholine (ACh) as their principal neurotransmitter (Bobbin and Konishi,
1971; Bobbin and Konishi, 1974; Eybalin, 1993; Eybalin and Pujol, 1987). Recent
molecular studies have revealed that OHCs express α-9 (Elgoyhen et al., 1994;
Glowatzki et al., 1995) and α-10 subunits (Elgoyhen et al., 2001; Morley and
Simmons, 2002) of the nicotinic ACh receptor family. The activation of the α-9
nicotinic ACh receptors (α9nAChR) on the basal end of OHCs by MOC terminals
allows Ca2+ entry into the hair cells through ligand-mediated calcium channels
(Fuchs et al., 1990; Fuchs and Murrow, 1992). The initial rise in the intracellular
Ca2+ then activates the calcium-activated potassium (SK) channels which
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hyperpolarise the OHCs via the efflux of K+ (Blanchet et al., 2000; Evans, 1996;
Fuchs and Evans, 1990; Housley and Ashmore, 1991; Lustig, 2006).
Although the exact mechanism is not known, hyperpolarisation of OHCs is
thought to inhibit the active feedback process of OHCs (Brownell et al., 2001;
Dallos et al., 1997; Patuzzi and Rajan, 1990) which then reduces the amplification
of the basilar membrane vibration (Cooper and Guinan, 2003; Cooper and Guinan,
2006; Dolan et al., 1997; Murugasu and Russell, 1996; Russell and Murugasu,
1997). Since MOC efferents produce an increase in OHC basolateral wall
conductance, this effect partially short-circuits the basolateral wall and shunts the
hair cell current (Art et al., 1984; Fuchs and Evans, 1990; Fuchs and Murrow,
1992; Housley and Ashmore, 1991). The shunting of OHC current increases the
magnitude of the a.c. current flow via the OHC stereocilia, which is reflected as
an increase in the CM amplitude (Guinan, 1996).
The reduction of the basilar membrane motion after MOC activation leads
to a decrease in transmitter release from IHCs to afferent dendrites and
suppression of the sound-evoked responses of primary afferents. Hence, the CAP
level-shift seen during MOC stimulation is an effect of the MOC system turning
down the OHC active process or gain of the cochlear amplifier. The MOCmediated suppression of the basilar membrane responses is strongest for low and
moderate sound levels and therefore the CAP suppression is also best seen at these
sound intensities. The amount of MOC-mediated suppression becomes
progressively smaller at higher sound levels because the OHC mechano-electrical
transduction process reaches saturation at high intensities and there is very little
contribution of the active process to enhance the basilar membrane vibration
(Patuzzi and Rajan, 1990; Patuzzi et al., 1989).
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Fig. 1.6: MOC terminals in the cochlea release acetylcholine (ACh) which bind to the postsynaptic
α9-nicotinic ACh receptors (α9nAChR) on the basal end of the OHCs. This allows Ca2+ entry into
the hair cells which activates the Ca2+ activated K+ channels (SK channels) and hyperpolarizes the
cell via efflux of K+. Figure adapted from Lustig (2006).

Apart from the above described ‘fast’ effect, OCB stimulation also evokes
a slower suppressive effect on the cochlear nerve response with a time constant of
more than 30s (Cooper and Guinan, 2003; Ota and Dolan, 2000; Reiter and
Liberman, 1995; Sridhar et al., 1997; Sridhar et al., 1995). Interestingly, both the
fast and slow components of the MOC suppression can be eliminated by
gentamicin, an aminoglycoside antibiotic (da Costa et al., 1997; Smith et al.,
1994; Yoshida et al., 1999). Gentamicin inhibits the Ca2+ influx into OHCs by
reversibly blocking the α9nAChR on OHCs (Blanchet et al., 2000; Rothlin et al.,
2000). This finding suggests that both the fast and slow effects are mediated via
the same receptor mechanism. Apart from the influx of Ca2+ through ligandmediated Ca2+ channels, it has been suggested that ACh may use a second
messenger system and intracellular Ca2+ stores in order to evoke the slower
suppression (Kakehata et al., 1993; Sridhar et al., 1997).
Recently, Cooper and Guinan (2003) noted that the mechanical phase
changes in the basilar membrane response (at CF) evoked by the fast and slow
components of the MOC-mediated suppression were at opposite directions to one
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another. The basilar membrane responds slightly earlier in time than normal
(phase leads) for the ‘fast’ component while the ‘slow’ component produce basilar
membrane responses that is slightly later than normal (phase lags) (Cooper and
Guinan, 2003). Based on this observation, it is suggested that the fast and slow
components of the MOC suppression are caused by different functional changes in
the OHC. While the ‘fast’ MOC suppression is caused by a decrease in OHC
electromotility as described earlier, the ‘slow’ MOC suppression probably reflects
a decrease in the axial stiffness of the OHCs (Cooper and Guinan, 2003; Cooper
and Guinan, 2006; He et al., 2003).

1.6.2.3 Effects of MOC stimulation on the responses of single primary
afferents
a) Tuning curves
With MOC stimulation, tuning curves of primary afferents usually become
broader with lower Q20dB 3 values (Guinan and Gifford, 1988c) (Fig. 1.7A). The
change in the Q value also correlates with the shifts in their threshold at CF where
fibers with larger threshold shifts have a bigger decrease in their Q values. MOC
suppression is usually stronger for near-CF compared to off-CF sounds (Gifford
and Guinan, 1983; Guinan and Gifford, 1988c; Wiederhold, 1970). Therefore, the
upward shift in the tuning curve after MOC stimulation is not uniform across
different frequencies. The tuning curves become broader due to larger threshold
shifts at the tip of the curve (the CF region) and smaller shifts on either side of the
tip frequency. As described previously, the OHC active process plays an
important role in the sharp tuning of the basilar membrane and ultimately the
primary afferent responses to sound. The broadening of the tuning curves after
MOC stimulation provides additional evidence that the effects of medial efferents
are mediated via the suppression of the active OHC mechanism which produces
the sharp tuning.
3

The sharpness of a tuning curve is usually quantified using a quality factor (Q) which is defined
as the ratio of a fiber’s CF to the bandwidth of the tuning curve at fixed dBs above the fiber’s
threshold at CF. For example, Q20dB means CF per bandwidth at 20dB above the threshold. Fibers
with sharper tuning curves have higher Q values.
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Fig. 1.7 A: Tuning curves without (black line) and with (grey line) MOC stimulation recorded
from a primary afferent fiber in cat. Arrow indicates the CF of the neuron. B: Input-output
functions of a primary afferent fiber in cat without (open symbols) and with (filled symbols) MOC
stimulation showing the rightward level shift of the curve after MOC stimulation. Figures adapted
from Guinan (2006). Original data appeared in Guinan and Gifford (1988c) and Guinan and
Stankovic (1996).

b) Input-output (I/O) functions
With MOC stimulation, primary afferents regardless of their CF show a
rightward shift in their I/O functions. In the majority of afferent fibers, their I/O
curves with MOC stimulation have roughly the same shape as the curves without
shocks but are shifted to a higher stimulus level (Fig. 1.7B) (Gifford and Guinan,
1983; Guinan and Gifford, 1988a; Wiederhold, 1970; Wiederhold and Kiang,
1970; Winslow and Sachs, 1987). This level shift is consistent with the proposed
effect of the medial efferents in decreasing the gain of the cochlear amplifier.
MOC activation usually produce the strongest suppression at low and
moderate sound levels which corresponds to the rising phase of the I/O curves. At
high sound levels, where most of the I/O curves are nearly horizontal, MOC
stimulation usually produce either a small reduction or no change in the response.
This observation is also in line with the sound-level dependence of MOC effects
on the CAP suppression. Similar to descriptions given for the CAP suppression,
the strength of MOC-mediated level shifts can also be quantified using equivalent
dB shifts by comparing the rising portion of the I/O curves with and without MOC
stimulation. The level-shifts measured in primary afferents of cats vary
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considerably among the fibers (from 1-25 dB) (Guinan and Gifford, 1988a;
Wiederhold, 1970). Largest levels shifts were seen in primary afferents tuned to
mid-frequencies which is also the frequency region that receives the greatest
innervation of MOC fibers. In the majority of afferents, MOC stimulation
produces the greatest level-shifts for sound frequencies near the fiber’s CF and
less shifts at higher or lower frequencies (less contribution from the OHC active
process) (Guinan and Gifford, 1988c; Wiederhold, 1970).
However, MOC-induced changes in some primary afferents do not entirely
agree with the notion that MOC efferents suppress the responses of the afferents
by simply reducing of the gain of the cochlear amplifier. Firstly, following MOC
activation, a subset of low and medium spontaneous rate primary afferents show
suppression of firing rates even at sound levels as high as 100 dB SPL (Guinan
and Gifford, 1988a; Guinan and Stankovic, 1996; Warren and Liberman, 1989a).
As discussed earlier, at higher sound levels the active process of OHCs saturates
and contributes very little to the basilar membrane vibration. Secondly, in a group
of primary afferents, MOC stimulation inhibits the responses to tail-frequency
tones in the tuning curves (Guinan and Gifford, 1988c; Stankovic and Guinan,
1999; Stankovic and Guinan, 2000). In fact, in one example of primary afferent
shown (see Fig. 1F in Guinan and Gifford, 1988c), MOC activation produced a
larger suppression near the lower edges of its tuning curves compared to the tip,
suggesting that MOC-mediated suppression in the fiber was stronger at the tail
frequencies rather than at CF. The contribution of the active feedback process
should be also very little, if any, at the tail frequencies compared to tip
frequencies. Thirdly, MOC stimulation also suppresses the initial peak of the
primary afferent responses to click stimuli which receives minimal amplification
from the OHC active process (Guinan and Cooper, 2005; Guinan et al., 2005).
These findings do not agree with the idea that actions of the MOC system are
mediated via the suppression of OHC active process alone.
The strongest MOC-induced suppression of basilar membrane vibration
for CF tones is usually seen at low-to-moderate levels, while very little effect is
observed at higher sound intensities (Cooper and Guinan, 2003; Dolan et al.,
1997). However, one study suggested that MOC stimulation can still suppress
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basilar membrane responses at high tone levels (Russell and Murugasu, 1997).
Thus, changes seen in the responses of primary efferents at high tone levels after
MOC stimulation could originate from the mechanical changes in the basilar
membrane. Besides this, it is suggested that electrical changes in the EP after
MOC stimulation could also inhibit the responses of primary afferents at higher
tone levels or at their tail frequencies (Guinan and Stankovic, 1995; Guinan and
Stankovic, 1996; Guinan, 1996; Stankovic and Guinan, 1999). In addition, the
MOC system might suppress other motion in the cochlea which is separate from
the basilar membrane travelling wave (Guinan et al., 2005; Stankovic and Guinan,
1999).
c) Spontaneous activity
In addition to sound-evoked responses, OCB stimulation also suppresses
the spontaneous firing of afferent fibers (Guinan and Gifford, 1988b; Wiederhold
and Kiang, 1970). Wiederhold and Kiang (1970) initially reported that midline
OCB shocks suppress the spontaneous activity of a small number of very sensitive
primary afferents in cats. The suppression of spontaneous activity reaches a peak
within a few hundred ms after the onset of OCB shock trains (Wiederhold and
Kiang, 1970). Later, using focal stimulation at the region of MOC cell bodies in
cats, Guinan and Gifford (1988b) showed that the suppression is mediated via the
medial fibers. Using long duration MOC shock trains (3s), Guinan and Gifford
(1988b) noted that the suppression of spontaneous activity in primary afferents
during the first 1s after the onset of shocks was usually <35% from their original
spontaneous rate. The suppression was seen in more than half of the primary
afferents. However, the authors acknowledged that the finding may not represent
the true proportion of the afferents because the sampled population in the study
was highly biased towards medium and high spontaneous rate fibers (Guinan and
Gifford, 1988b).
The MOC-mediated suppression of the spontaneous activity is greatest in
fibers with mid-frequency CFs (6-12 kHz) (Guinan and Gifford, 1988b). Since
this frequency range is also the most sensitive region in a cat’s audiogram, it has
been argued that some of the spontaneous activity in these neurons may be
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contributed by uncontrolled background random noise and may not represent the
‘true’ spontaneous activity of the afferents. However, suppression of spontaneous
activity in some less sensitive primary afferents suggests that at least in these
fibers, the OCB stimulation does suppress the ‘true’ spontaneous rate (Guinan,
1996).
The suppression of the primary afferent spontaneous activity following
MOC stimulation is most likely mediated via changes in endocochlear potential
(EP). Sewell (1984) noted that systemic furosemide injection which reduces the
EP also decreases the spontaneous firing rate of primary afferents. Similarly,
MOC fibers when activated, shunt the OHC current and reduces the positive EP
(Desmedt and Robertson, 1975; Guinan and Stankovic, 1995; Guinan, 1996;
Konishi and Slepian, 1971b). A reduction in the EP will decrease the standing
current which flows from the scala media through the IHC (Guinan, 1996). This
can

hyperpolarize

the

IHC

and

reduce

the

spontaneous

release

of

neurotransmitters into afferent fibers, which is the likely origin for their ‘true’
spontaneous activity (Robertson and Johnstone, 1979). Sewell’s (1984) data
showed that for every 1 mV drop in the EP, the spontaneous rate of the afferents
can decrease up to 7% from the original rate. Based on this relationship, a
maximum EP drop of up to about 5 mV following MOC stimulation (Desmedt
and Robertson, 1975; Konishi and Slepian, 1971b) is sufficient to account for the
<35% spontaneous rate suppression seen in primary afferents (Guinan and
Gifford, 1988b).

1.6.2.4 Responses of MOC fibers to acoustic stimulation
Apart from electrical stimulation, MOC neurons can be also activated
using sound to the ipsilateral or contralateral ear (Buno, 1978; Folsom and
Owsley, 1987; Liberman, 1989; Liberman and Brown, 1986; Robertson and
Gummer, 1985). The correlation between the anatomy and the acousticallyevoked responses of MOC neurons was studied using the combination of
intracellular injection of horseradish peroxidase (HRP) and single efferent
recording (Liberman and Brown, 1986; Robertson and Gummer, 1985). MOC
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neurons are characterised by low, regular discharge rates (up to 100 spikes/s) and
long latency (10-40 ms) responses to sound. They are sharply tuned with a welldefined CF, and terminate in the cochlea region where the afferent fibers with
similar CF originate. The majority of MOC neurons responds preferentially to
stimulation of the ipsilateral ear, others to the contralateral ear and a small number
to both ears (Liberman and Brown, 1986; Robertson and Gummer, 1985).
The sound-evoked activation of MOC fibers is mediated via the MOC
acoustic reflex pathway. This reflex involves primary afferents, reflex
interneurons in the ipsilateral PVCN that contact MOC neurons on the
contralateral side and finally both crossed and uncrossed MOC fibers which
project back to the ipsilateral and contralateral cochleae (Brown et al., 2003; de
Venecia et al., 2005; Guinan, 2006; Thompson and Thompson, 1991). The MOC
activity recorded in the cochlea after presentation of sound to the ipsilateral ear is
mediated via the crossed MOC fibers 4 (Brown et al., 2003; Guinan, 2006). On the
other hand, the MOC responses recorded in the ipsilateral cochlea with
contralateral sound stimulation are mediated via the uncrossed MOC fibers
(Brown et al., 2003; Guinan, 2006). Although the majority of MOC fibers
responds to monaural stimulation, their responses can still be increased or reduced
by input from the other ear (Liberman and Brown, 1986; Robertson and Gummer,
1985). This suggests that the MOC acoustic reflex pathway can be more complex
than described above.
The activation of MOC neurons using acoustic stimulation offers a noninvasive method to study their effects in the periphery, both in animals (Cody and
Johnstone, 1982; Guitton et al., 2004; Kawase et al., 1993; Kawase and Liberman,
1993; Liberman, 1989; Warren and Liberman, 1989a; Warren and Liberman,
1989b) and humans (Chery-Croze et al., 1993b; Collet et al., 1990; Collet et al.,
1994; Moulin et al., 1993; Ryan et al., 1991). When care is taken to avoid any
acoustic crosstalk, sound delivered to the contralateral ear can suppress the
cochlear nerve responses in the ipsilateral ear due to the activation of the MOC
4

This is a double-cross reflex pathway in which signals from the cochlea crosses the midline twice
before reaching the cochlea again, first via the PVCN interneurons and second via the crossed
MOC neurons.
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reflex pathway. This acoustically-evoked suppression has been demonstrated in
both the gross cochlear responses (CAP) and single primary afferents and is
qualitatively similar to the results obtained from animal experiments using
electrical stimulation to the MOC fibers (Liberman, 1989; Warren and Liberman,
1989a; Warren and Liberman, 1989b). However, the magnitude of the level-shifts
in I/O functions after the presentation of contralateral sounds is significantly less
(mostly between 2-6 dB) (Warren and Liberman, 1989a; Warren and Liberman,
1989b) compared to the suppression seen after electrical stimulation at the floor of
the IVth ventricle. This is probably because the MOC acoustic reflex to
contralateral sound only involves the uncrossed MOC fibers (which means it only
elicits about one third of the MOC effects) while electrical stimulation is likely to
be mediated via the crossed as well as the uncrossed MOC fibers which course
sufficiently close to the midline (Gifford and Guinan, 1987). In addition, MOC
fibers generally respond to monaural sound at rates less than 60 spikes/s
(Liberman and Brown, 1986; Robertson and Gummer, 1985) but the train of
shocks for the electrical stimulation is usually carried out at much higher rates
(200-400/s) to produce optimal MOC effects in the cochlea.
Another interesting finding is that the suppression of the responses of
primary afferents in the ipsilateral ear is greatest when the contralateral tone
frequency was near the primary fiber’s CF and decreased as it moved away from
the CF (Warren and Liberman, 1989b). It appears that contralateral tones can
selectively activate the efferents tuned to the tonal frequency and produce a
frequency specific effect in the ipsilateral cochlea. Unfortunately, this sort of
frequency specific action of the MOC system in the cochlea cannot be achieved
using the usual method of electrical stimulation. Shocks to the OCB at the floor of
the IVth ventricle activate most, if not all, of the MOC fibers that innervate the
cochlea (Gifford and Guinan, 1987; Guinan, 1996).

1.6.2.5 MOC activation via IC stimulation
The descending tracts from the IC project to the MOC neurons in the
rostral periolivary region of the SOC in a tonotopic manner (Faye-Lund, 1986;
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Thompson and Thompson, 1993; Vetter et al., 1993). In line with the anatomical
data, electrical stimulation of the IC can activate MOC neurons and elicit CAP
suppression equivalent to about 6 dB in the contralateral cochlea (Groff and
Liberman, 2003; Mulders and Robertson, 2000a; Popelar et al., 2002; Rajan,
1990). In order to address the issue of the frequency-specific actions of the MOC
system, Ota et al. (2004) stimulated the MOC system indirectly via shocks to the
IC in guinea pigs and argued that IC stimulation produces maximum CAP
suppression at the frequency range which matched the best frequency domain in
the CNIC where the stimulating electrode is placed. This spatially restricted effect
of the MOC system after IC stimulation is greater in the contralateral compared to
the ipsilateral cochlea and is in agreement with the larger proportion of the
crossed versus uncrossed MOC fibers (Zhang and Dolan, 2006).

1.6.2.6 Effects of MOC activation on otoacoustic emissions
The discovery of otoacoustic emissions (OAE) has also added to our
understanding about the actions of the MOC system in the cochlea (Kemp, 1978;
Mountain, 1980). It has been shown that MOC activation can suppress the
spontaneous, click and tone burst-evoked OAEs (reviewed by Guinan, 1996). In
addition, MOC stimulation also suppresses the amplitude of the distortion product
otoacoustic emission (DPOAE), particularly the cubic distortion product at 2f1-f2
in which f1 and f2 are the frequencies of primary tones. In awake animals, the
addition of contralateral sound can suppress the DPOAE amplitude at 2f1-f2
equivalent to reducing the sound pressure level by as much as 6 dB (Guitton et al.,
2004). Besides this, the MOC reflex on the ipisilateral side has been shown to
produce a fast adaptation in the DPOAE amplitude following the onset of the 2
primary tones (Liberman et al., 1996). OAE and DPOAE represent the aspects of
basilar membrane motion which are produced by the OHC’s active motile process
(Guinan, 1996). The suppression of sound-evoked OAEs and DPOAE by efferent
stimulation also supports the idea that the medial efferent system inhibits the
active electromotile process of OHCs (Kujawa et al., 1992; Mountain, 1980; Puel
and Rebillard, 1990; Siegel and Kim, 1982). Furthermore, these emissions can be
measured non-invasively and thus have helped to extend observations regarding

34
the effect of OCB activation in the cochlea from animal experimentations to
humans (Chery-Croze et al., 1993b; Collet et al., 1990; Collet et al., 1994; Guinan,
2006; Moulin et al., 1993). For a recent review about the MOC acoustic reflex
activity in humans, refer to Guinan (2006).

1.6.2.7 Effects of the lateral olivocochlear (LOC) system
As mentioned earlier, LOC fibers cannot be activated using electrical
stimulation of the OCB at the floor of the IVth ventricle. In addition, it is also
difficult to record the acoustic responses of thin and unmyelinated LOC fibers
(Robertson and Gummer, 1985). Instead, effects of the lateral system in the
cochlea has been studied using the de-efferentation technique (Darrow et al.,
2006b; Le Prell et al., 2003; Liberman, 1990; Zheng et al., 1999). Liberman
(1990) reported a decrease in the spontaneous discharge rates of primary afferents
after 3-30 weeks of sectioning the OCB at the floor of the IVth ventricle in cats.
Similarly, Zheng et al. (1999) also noted a decrease in the spontaneous activity of
primary afferents after chronic lesion of the OCB at the level of the internal
auditory meatus in chinchillas. In addition, Zheng et al. (1999) also reported an
increase in sound-driven discharge rates of primary afferents in animals with OCB
lesions. Although the OCB cuts also disrupted MOC pathways, the decrease in
spontaneous activity and increase in sound-evoked responses of primary afferents
were hypothesised to be caused by the loss of LOC tonic activity. Later, Le Prell
et al. (2003) reported that the destruction of LOC cell bodies near the LSO in
guinea pigs produces a decrease in sound-evoked CAP amplitudes. However,
more recently, instead of a decrease, Darrow et. al. (2006b) showed that a similar
destruction of LSO cell bodies in mice produces enhancement of cochlear nerve
response (measured using auditory brainstem response). The reason for the
contradictory effect of LOC lesions on the sound-evoked cochlear responses in
both these studies is not clear and may be related to species differences (Le Prell,
2007).
A wide range of other studies were also carried out to study the effects of
neurotransmitters (or their agonists) immunolocalized in LOC terminals on the
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cochlear output (see Eybalin, 1993 for review). This includes ACh (Felix and
Ehrenberger, 1992), GABA (Arnold et al., 1998), dopamine (Ruel et al., 2001),
opioid agonists (Sahley et al., 1991; Sahley and Nodar, 1994) and calcitonin generelated peptide or CGRP (Bailey and Sewell, 2000; Maison et al., 2003). Based on
these studies, LOC terminals have been implicated in a combination of excitatory
or inhibitory actions on cochlear neural responses.
The action of the lateral system in the cochlea has been also addressed
using indirect electrical stimulation of the IC in guinea pigs (and in one case using
focal stimulation of the LSO) (Groff and Liberman, 2003). In addition to the
classical effects of the medial system, IC stimulation can produce suppression or
excitation which last up to 20 minutes in CAP recordings (Groff and Liberman,
2003). These effects were attributed to the actions of the lateral system. The longlasting changes were seen only in the ipsilateral ear which is consistent with the
finding that almost the entire LOC fibers in guinea pigs are uncrossed (Robertson,
1985). Furthermore, the changes are different from the slow MOC effects because
they were not accompanied by an increase in CM and the effects were
independent of sound level (Groff and Liberman, 2003). Using IC stimulation,
another study also proposed a possible excitatory role for the LOC terminals in the
cochlea (Mulders and Robertson, 2005a). IC stimulation produces excitatory
changes in the I/O function of a small number (5%) of primary afferents in guinea
pigs. Because this effect cannot be explained by purely suppressive actions of the
MOC terminals in the cochlea, it was attributed to the activation of LOC efferents
(Mulders and Robertson, 2005a).
In a separate study, application of noradrenaline at the site of origin of
LOC cell bodies also produced enhancement in the sound-evoked CAP amplitude
and spontaneous activity of primary afferents (measured using spontaneous neural
noise) (Mulders and Robertson, 2005b). LOC neurons in the SOC are contacted
by noradrenergic nerve endings (Mulders and Robertson, 2001). Hence, the
excitatory effects elicited in the cochlea following the noradrenaline application
near the LSO could have been mediated by the LOC neurons.
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1.6.3 Functional role of the MOC system
1.6.3.1 Detection of signals in noise
In quiet, MOC activation suppresses the responses of primary afferents to
low and medium level tones. However, in the presence of background masking
noise, MOC stimulation produces an increase in the response of primary afferents
to transient tones. This increase is due to the release of the afferents from the
noise-induced masking and hence has been referred to as an antimasking effect.
The antimasking effect of the MOC system has been repeatedly confirmed using
midline OCB stimulation at the floor of the IVth ventricle (Dolan and Nuttall,
1988; Nieder and Nieder, 1970a; Nieder and Nieder, 1970b; Nieder and Nieder,
1970c; Winslow and Sachs, 1987) as well as contralateral sound in both animals
(Kawase et al., 1993; Kawase and Liberman, 1993) and humans (Kawase and
Takasaka, 1995).
The effects of activating the MOC system on the responses of primary
afferents to tones in noise have been reviewed in detail by Guinan (1996) and are
summarised in Fig. 1.8. As mentioned earlier, with MOC stimulation in quiet, I/O
curves of primary afferents to CF tones simply shift to the right (Fig. 1.8B versus
A). The presence of background noise, when sufficiently loud, produces an
increase in the basal firing rate in primary afferents (Costalupes et al., 1984;
Young and Barta, 1986). The increase in the basal firing rate causes adaptation 5 in
the response of primary afferents and decreases their saturation rate. The increase
in basal firing rate at low sound levels and concomitant decrease in saturation rate
at high sound levels reduce the range of discharge rates from threshold to
saturation level available for coding intensity changes (Kawase et al., 1993;
Winslow and Sachs, 1987). This is reflected as a compression in the rising phase
of the I/O curve (see Fig. 1.8C). In addition to the compressive effect, the
background noise also shifts the I/O function to the right (Kawase et al., 1993;
Winslow and Sachs, 1987).
5

Since the IHC summating potential do not show any adaptation (Russell and Sellick, 1978), it is
likely that the adaptation of the primary afferent response arises at the synapse with IHCs due to
the depletion of transmitter pool during the noise-evoked activity.
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The activation of the MOC system reduces the noise-driven discharge rates
at low tone levels. By decreasing the response to noise, it increases the saturation
rate at high tone levels due to less adaptation. These changes lead to the
decompression of the I/O curve (see Fig. 1.8D), which is opposite to the
compression seen during the masking effect. The decompression of the curve
increases the dynamic range of the firing rate (Guinan, 1996; Kawase et al., 1993;
Winslow and Sachs, 1987; Winslow and Sachs, 1988). In addition, the slope of
the initial rising phase of the I/O curve also increases after the MOC activation.
The increase in the dynamic range and the steepening of the I/O curve is
associated with a better detection and discrimination of tones in noise (Guinan,
1996; Kawase et al., 1993; Winslow and Sachs, 1987; Winslow and Sachs, 1988).
Hence, this neural mechanism provides a basis for a possible role of the MOC
system in improving the detection of salient sounds in noisy environments.

Fig. 1.8: Typical effects of MOC stimulation on input-output functions of primary afferents
responding to CF tone bursts in quiet (A,B) and in background noise (C,D). Adapted from Guinan
(1996).
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Although there seems to be a neural basis for the role of MOC efferents in
the detection of signals in noise, results from behavioural studies are rather
equivocal. In one study, OCB lesions in cats produced a performance deficit in the
discrimination of 8 kHz pure-tone intensity changes in continuous background
noise (May and McQuone, 1995). However, in other studies, OCB cuts did not
produce any significant effect on the ability of cats to detect pure tones or
intensity differences of tones in the presence of masking noise (Igarashi et al.,
1972; Igarashi et al., 1979). More recently, the thresholds for pure tone detection
and intensity discrimination were tested in α9nAChR knockout mice (the MOC
actions in the cochlea are mediated via these receptors) and the auditory functions
were preserved in these animals (May et al., 2004; May et al., 2002).
Instead of using simple tones, Dewson (1968) trained rhesus monkeys to
discriminate human vowel speech sounds in noise and found large deficits in this
task after OCB lesions. Similarly Hienz et al. (1998) showed deterioration in
discrimination of vowel sounds in noise in cats with OCB lesions, particularly in
the presence of high levels of background noise. The positive results in these two
studies may be attributed to measuring more complex sounds and not just simple
tones in noise, suggesting that MOC efferents may be involved in detection of
more complex signals in noise.
Apart from animal experiments, psychophysical experiments involving
human subjects have also been carried out to test the role of the MOC system in
detection of signals in noise. The addition of contralateral noise which activates
the MOC-reflex pathway, improves the detection of multitone complexes in noise
(Micheyl and Collet, 1996; Micheyl et al., 1995) and reduces the intensity
discrimination limens of tones in noise in the ipsilateral ear (Micheyl et al., 1997).
The addition of contralateral sound also improves the intelligibility of speech
(monosyllabic words) in noise for the ipsilateral ear in both children (Kumar and
Vanaja, 2004) and adults (Giraud et al., 1997). Functioning of the MOC system in
humans can be tested using contralateral suppression of OAE (Collet et al., 1990).
The OAE suppression in the ipsilateral ear was positively correlated with the
improvement of the speech in noise intelligibility scores (Giraud et al., 1997;
Kumar and Vanaja, 2004) produced by the contralateral noise, suggesting that the
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improvement was mediated by the MOC system. Furthermore, this improvement
was not found in vestibular neurectomy patients in whom the efferents are
presumably severed (Giraud et al., 1997). However, studies carried out by Scharf
and co-workers did not find any worsening in detection and intensity
discrimination of tones in noise for vestibular neurectomy patients, but instead
suggested that the efferent system could be important in selective attention in the
frequency domain (Scharf et al., 1997; Scharf et al., 1994).

1.6.3.2 Protection from noise damage
The MOC system may also be important in protecting the cochlea from
traumatic sounds. Intense sound produces temporary threshold shifts (TTS) in
primary auditory neurons. The TTS can be reduced using midline OCB
stimulation (Rajan, 1988; Rajan and Johnstone, 1988a; Rajan and Johnstone,
1988b; Rajan and Johnstone, 1988c), contralateral IC stimulation (Rajan, 1990) or
contralateral sound (Cody and Johnstone, 1982; Rajan and Johnstone, 1988a;
Reiter and Liberman, 1995). In guinea pigs, the magnitude of the protective effect
is proportional to the intensity of the traumatising acoustic stimulus and persists
for about 7 minutes post-exposure (Rajan and Johnstone, 1988a). Reiter and
Liberman (1995) later showed that OCB shocks delivered simultaneously with the
acoustic overstimulation produces significant reduction in the TTS only for short
duration acoustic exposures (1 and 2 min) and suggested that the protective effect
is mediated by the ‘slow’ instead of the ‘fast’ component of the MOC effect in the
cochlea 6 . Apart from the protection from TTS, guinea pigs and chinchillas with
chronic OCB lesions are also more vulnerable to permanent threshold shifts (PTS)
after acoustic injury compared to control animals (Kujawa and Liberman, 1997;
Liberman and Gao, 1995; Zheng et al., 1997a; Zheng et al., 1997b).
The strength of the MOC reflex (based on the degree of post-onset
adaptation of the DPOAE) was inversely correlated with the magnitude of hearing
loss after acoustic trauma (Kujawa and Liberman, 1997). In addition, the
overexpression of α9nACh receptors in the OHCs also significantly reduces the
6

This is because the ‘slow’ MOC effect also diminishes after 1-2 min of continuous stimulation
while the ‘fast’ effect is maintained during this time frame
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TTS and PTS resulting from acoustic overexposures (Maison et al., 2002). Both
these findings strongly implicate the MOC system in the protective effect against
acoustic trauma. However, the effect cannot be fully explained by the commonly
accepted action of MOC efferents on the OHCs because it occurs at loud sound
intensities at which the OHC active process is probably no longer making any
contribution.

1.6.3.3 Other possible roles of the MOC system
Behavioural studies also suggest that the OCB may play an important role
in the modulation of cochlear responses during attentional processes. This may
involve discrimination of auditory signals based on frequency-selective attention
(Giard et al., 1994; Maison et al., 2001; Scharf et al., 1997). In addition, the OCB,
in particular the medial system, could be used to attenuate auditory signals during
integration of information from another sensory modality. For example, cochlear
nerve responses can be suppressed during visual attention (Froehlich et al., 1990;
Oatman, 1971; Oatman and Anderson, 1977; Puel et al., 1988). Attention is a
cognitive process that is mediated by higher order centres such as the cortex.
Because the auditory cortex and other subcortical auditory nuclei form a chain of
descending tracts that contact MOC neurons (Faye-Lund, 1986; Horvath et al.,
2003; Mulders and Robertson, 2000b), it is possible that the MOC system
mediates cortical tasks such as attention by directly influencing the cochlear
responses (Khalfa et al., 2001; Perrot et al., 2005).
MOC efferents may be also useful in cochlear homeostasis. For example,
the MOC system has been implicated in the EP regulation mechanism in the
cochlea (Patuzzi, 2002). MOC activation can shunt the OHC current and act as a
feedback control system to lower the EP when it is too high. In addition, the MOC
system may also play a role in OHC gain control. The influence of the MOC
system on the cochlear amplifier allows the control of dynamic range of hearing.
MOC activation shifts the dynamic portion of I/O curves to higher sound
intensities, therefore allowing representation of sounds at high sound levels
(Geisler, 1974; Guinan, 1996).
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1.6.4 Functional role of the LOC system
LOC terminals which synapse directly onto the dendrites of primary
afferents have been suggested to play an important role in modulating the
excitability of primary afferents and compensate for alterations in the level of
spontaneous activity in the afferents (Felix and Ehrenberger, 1992; Liberman,
1990). Based on their slow effects on cochlear responses, LOC feedback is
suggested to produce an adjustment in the adaptation level of primary afferents
and maintaining the balance of cochlear activation in both ears (Groff and
Liberman, 2003). In addition, LOC fibers are postulated to be involved in
maintaining the interaural correlation between cochlear response amplitudes for
sounds of equal intensity (Darrow et al., 2006a). In a separate study, Darrow et. al.
(2006b) demonstrated that a similar selective lesion of the LOC cell bodies in
mice can also make the cochlea more vulnerable to acute acoustic trauma. This
finding suggests that the LOC system may also be involved in the protection of
the cochlea from noise damage.

1.6.5 MOC effects in the central auditory system
The description given so far about the role of the MOC system was based
on their effects at the primary afferent level. The data regarding the effects of
MOC efferents on central neurons is limited. To date, effects of electrical
stimulation of MOC fibers at the floor of the IVth ventricle have only been
reported on the responses of single units in the cochlear nucleus (CN), the first
auditory center receiving cochlear input (Mulders et al., 2003; Mulders et al.,
2002; Starr and Wernick, 1968). Apart from the CN, MOC-mediated effects in
higher auditory centers have been studied using only field potential recordings
(Desmedt, 1962).
MOC-mediated changes described for response of primary afferents
including rightward shifts of the I/O function were also seen in the monotonic and
non-monotonic CN neurons (Mulders et al., 2002; Starr and Wernick, 1968).
However, a subgroup of CN neurons showed effects that could not be predicted on
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the basis of peripheral MOC actions alone. These neurons showed leftward shifts
of the I/O curves which correspond to an excitatory effect (Mulders et al., 2002;
Starr and Wernick, 1968). In some cases, MOC stimulation produced a
combination of two effects in the same neuron, with suppression at lower sound
levels, but excitation at higher sound levels. Interestingly, some of the excitatory
changes in CN neurons after MOC stimulation persisted after the elimination of
peripheral MOC effects on OHCs, either by destruction of OHCs using chronic
administration of kanamycin or by acute perfusion of the cochlea with strychnine
(Mulders et al., 2002). This result suggests that the excitatory effects on responses
of CN neurons could be evoked centrally.
In addition to their terminals in the cochlea, MOC fibers give collaterals to
the CN which terminate predominantly in the granule cell region of the VCN
(Benson et al., 1996; Brown et al., 1988; Horvath et al., 2000; White and Warr,
1983; Winter et al., 1989). Microscopic observation of MOC collateral endings in
the VCN show that they contain small round vesicles which resemble excitatory
synapses (Benson et al., 1996). Single shocks delivered at the floor of the IVth
ventricle to activate the MOC collaterals produce EPSPs in CN neurons (Mulders
et al., 2003). As such, MOC collaterals could mediate the excitatory effects on the
responses of CN neurons after midline MOC stimulation (Mulders et al., 2003;
Mulders et al., 2002). This centrally-based excitatory action of MOC collaterals
has been hypothesised to compensate for the peripheral suppression in the cochlea
and relay information regarding the peripheral MOC activity to higher order
centers (Mulders et al., 2002).
Besides the recordings made in the cochlea and CN, Desmedt (1962) used
midline MOC stimulation and recorded click-evoked responses from the
ipsilateral superior olive, contralateral IC and contralateral auditory cortex in cats.
The dB equivalent shifts in evoked potentials recorded from all the higher
auditory centers after MOC activation closely matched the amount of peripheral
CAP suppression in the cochlea. Based on this result, Desmedt (1962) suggested
that the peripheral MOC effects are translated to higher order centres without
much change. However, gross potential measurements as reported by Desmedt
(1962) do not address the changes at the single neuron level. Information from the

43
periphery is not passively translated to higher order centers, but goes through a
series of neural computations that involve up to 9 subcortical nuclei. There are a
variety of neuronal types and response patterns along the central auditory system.
Most of the ascending neurons are not just simple relay neurons and the MOC
effect is unlikely to be uniform across different populations of neurons.
Furthermore, the ascending information can also be transformed through central
effects from MOC collaterals. Thus, a more detailed description of the MOC
effects in higher order neurons is needed.

1.7 Summary of the review
The mammalian auditory system, like other sensory systems, consists of
ascending and descending pathways. The ascending pathways send signals from
the peripheral receptor organ (cochlear hair cells) to the auditory cortex via a
number of auditory structures. This route involves a complex multisynaptic
circuitry. On the other hand, there are also descending pathways which project
from the cortex and other brainstem structures to lower structures. The final part
of the descending pathway, which arises from the brainstem and projects back to
the cochlea, forms the olivocochlear bundle (OCB) and is divided into medial and
lateral systems.
In anaesthetised animals, the medial olivocochlear (MOC) axons can be
electrically stimulated at the midline at the floor of the IVth ventricle. In the
cochlea, the stimulation of MOC axons suppresses the responses of primary
auditory fibers to low and medium level sounds by inhibiting the active
mechanical feedback of outer hair cells (OHC). While the MOC effects on the
primary afferents have been thoroughly studied, very little is known about the net
results in the higher auditory centres. The intervening central circuitry which
includes complex ascending pathways and MOC collaterals to the CN may change
the net effects in the higher centres. Understanding this interaction is vital to
further our understanding about the functional role of the olivocochlear efferents.

44

1.8 Objective and organisation of the thesis
The main objective of this thesis is to describe the effects of MOC
stimulation on the responses of CNIC neurons. The upstream MOC effects in the
midbrain have never been addressed at the single neuronal level before.
Investigating this issue is important to determine how MOC-mediated effects in
the periphery are translated to higher order neurons for more complex processing
of auditory signals. For this purpose, this study explored the MOC-mediated
changes in the spontaneous activity and sound-evoked responses of CNIC neurons
to contralateral tones (in quiet as well as in background noise) in normal hearing
animals, animals treated acutely with gentamicin as well as partially deafened
animals.
The general experimental set-up and methodology are described in
Chapter 2. Specific methods that apply only to a particular chapter are given in
the subsequent chapters. The initial requirement in this study was to ascertain that
midline MOC stimulation at the floor of the IVth ventricle could be carried out
without any direct stimulation of the adjacent ascending fibers. This was
important because midline MOC shocks could also be activating other pathways
due to current spread from the stimulating electrode. The closest tract is the dorsal
acoustic striae (DAS) which transverses the midline at the floor of the IVth
ventricle just ventral to the OCB (Adams and Warr, 1976; Osen, 1972; Semple
and Aitkin, 1980). A set of anatomical and neurophysiological experiments was
therefore carried out to develop a method for focal stimulation of MOC fibers at
the floor of the IVth ventricle without current spread to the adjacent DAS. This
includes retrograde labelling studies and field potential recordings in the CNIC.
These findings are provided in Chapter 3.
In Chapter 4, single unit data were gathered from the CNIC and responses
to contralateral CF tones were classified using I/O functions and PSTHs. In
addition, CNIC neurons were also categorised according to their spontaneous
rates. The classification of the neurons formed the baseline data for describing the
various effects of MOC stimulation on the responses of CNIC neurons in
following chapters. In Chapter 5, the effects of focal MOC stimulation on the
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sound-evoked responses of CNIC neurons were characterised using I/O functions
to contralateral CF tones (in normal hearing animals). The MOC-induced effects
in CNIC were then compared with the peripheral MOC effects in the cochlea
using CAP measurements. In addition, the effects of MOC stimulation on the
spontaneous activity of CNIC neurons were also described.
In order to determine the contribution of MOC collaterals to the effects
seen in the CNIC after MOC stimulation, acute gentamicin injections or
gentamicin cochlear perfusions were used to eliminate the MOC effects in the
periphery. Experiments involving MOC stimulation and CNIC recordings were
again carried out in these animals to determine the effects of MOC collaterals on
the responses of CNIC neurons. The findings from the gentamicin treated animals
are presented in Chapter 6. In addition to responses to tones in quiet, the effects of
MOC stimulation on CNIC neurons were also determined for contralateral tones
in continuous background noise in Chapter 7. These experiments involved both
normal hearing and gentamicin treated animals. Further analysis of the I/O curves
was carried out to determine how the peripheral antimasking effects of the MOC
system can be translated to higher order neurons in the CNIC.
In Chapter 8, partially deafened animals were used to investigate the
effects of MOC stimulation on the abnormal spontaneous activity in the CNIC
after peripheral cochlear damage. Finally, Chapter 9 summarises all the above
findings and discusses the implication of the results for the present understanding
regarding the role of MOC system in signal processing. A possible central
circuitry is also proposed to explain some of the effects observed in the CNIC
neurons after MOC activation. The discussion ends with a consideration of the
methodological limitations and suggestions for future work.
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CHAPTER 2

GENERAL MATERIALS AND METHODS

2.1 Animal subjects
The schematic diagram summarising the experimental set-up is shown in
Fig. 2.1. Adult pigmented guinea pigs of either sex (250-400 g) with normal
preyer’s reflex were used for this study. The animals were supplied by the
Biological Science Animal Unit Colony, University of Western Australia. All
experimental protocols conformed to the Code of Practice of the National Health
and Medical Research Council of Australia and were approved by the Animal
Ethics Committee of the University of Western Australia.

2.2 Anaesthesia
Animals were pre-treated with a subcutaneous (s.c) injection of 0.1 ml
atropine sulphate (0.6 mg/ml) and anaesthetised with 30 mg/kg intraperitoneal
(i.p) Nembutal (sodium pentobarbitone) and 0.15 ml intramuscular (i.m) Hypnorm
(0.315 mg/ml fentanyl citrate and 10 mg/ml fluanisone). The maintenance regime
consisted of hourly Hypnorm (0.15 ml) and half-doses of Nembutal every 2 hours.
Prior to OCB electrical stimulation, the animals were also paralysed with 0.1 ml
i.m pancuronium bromide (2 mg/ml) (AstraZeneca). Before paralysis, adequate
depth of anaesthesia was monitored using the absence of hind paw withdrawal
reflex to pinch. In paralysed animals, a stable heart rate (based on continuous
ECG monitoring) was used as a guide for a sufficient depth of anaesthesia. The
animals were euthanised at the end of the experiments with 0.3 ml Lethabarb
(sodium pentobarbitone, 325 mg/ml).
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Fig. 2.1: Schematic diagram summarising the experimental set-up. (ECG measurement, artificial
ventilator and heating pad are not included for simplicity).
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2.3 Animal preparation
The animals were placed in a custom-made stereotaxic frame inside a
sound attenuating room. The trachea was cannulated and animals were artificially
ventilated with carbogen (95% oxygen and 5% carbon dioxide). The animals were
rested on a thermostatically controlled heating pad and their body temperatures
were monitored using a rectal probe. The thermostat was set to maintain the
animal’s core temperature between 37.5 and 38 ºC. In addition, the animals were
also covered with a blanket to reduce heat loss. The right front and hind paws
were each pierced with a 12G needle which served as electrodes for ECG
recording. The ECG signal was amplified (1000x) using a bioamplifier (WPI
Isolated Bio-amplifier, ISO-80) and displayed on a digital oscilloscope outside the
experimental room in order to monitor the heart rate throughout the experiment.
Ear canals were initially inspected for any obstruction (excessive wax) and
cleaned if necessary. A small incision was made on both tragi and the ear bars
were then fitted into the ear canals. The tympanic membranes were directly
visualized with a microscope via the hole of the ear bar to rule out any structural
abnormalities of the external ear canal and the tympanic membrane. This also
confirmed appropriate placement of the ear bars into the ear canals to convey
sound directly to the ear drum.
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2.4 Acoustic Stimuli
Acoustic stimuli were delivered via a closed sound system. All stimuli
were presented monaurally to the left ear through a custom-made speaker
consisting of a ½” condenser microphone driven in reverse as earphone (Bruel &
Kjaer, type 4134). Broadband noise (search stimulus) and pure tones were
synthesised digitally (cos2 gating, 1 ms rise-fall time) by a computer equipped
with a peripheral component interconnect card (DIGI 96) connected via optical
cables to an Analog/Digital interface (ADI-8 DS, RME Intelligent Audio
Solution). This interface was driven by a custom-made computer programme
(Neurosound, MI Lloyd). The output of the sound system was calibrated in situ
using a calibrated probe tube connected to a ½” condenser microphone and a
spectrum analyser (3561A, Hewlett Packard). The equivalent sound levels in dB
SPL (dB re: 20 µPa) were obtained using a sound level calibrator (piston phone,
Type 4230, 94 dB at 1 kHz). The maximum sound output from the microphone for
tone frequencies between 0.1-21.0 kHz is given in Fig. 2.2.

Fig. 2.2: Maximum output of the sound system for tonal frequencies (0.1-21.0 kHz).
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2.5 Gross cochlear recording
A scalp incision was made and the muscles attached to the temporal and
occipital bones were partly removed to expose the left tympanic bulla. A small
hole was made on the dorso-lateral surface of the left tympanic bulla and a Tefloninsulated silver wire was attached to the bony shelf just above the cochlear round
window. The electrode was used to record compound action potentials (CAP) and
cochlear microphonics (CM). The reference and earth electrodes were attached to
the tissues near the bulla and the neck muscles respectively. Signals from the
recording electrode were amplified (x1000) using a differential amplifier (model
DAM 50, WPI) and filtered (100 Hz high-pass and 5 kHz low-pass band) using a
bandpass filter (SR650 Dual Channel Filter, Stanford Research Systems). Then,
the signals underwent analog to digital conversion via an electronic data
acquisition system (Powerlab 4SP, AD Instruments) before being displayed on the
computer monitor using the Scope V3.1 software (AD Instruments). The CAP
waveforms were obtained using the average of 10 individual traces. CAP
thresholds were routinely estimated at the beginning of all experiments for
frequencies from 2 kHz to 20 kHz using 10 ms tone pips. Thresholds are defined
as the lowest sound levels (in dB SPL) needed to produce a visually detectable N1
component (first negative deflection) of the averaged CAP. The experiments were
terminated if there was more than 10 dB deterioration from the initial CAP
thresholds at any given frequency after the start of each experiment.
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2.6 Electrical stimulation of the OCB
The stimulating electrodes consisted of two tungsten wires (0.05 mm in
diameter) placed in a glass capillary (Theta-style, TCC200-15, CEI) which had a
partition to separate the two wires. First, the edges of the capillary were melted to
hold the wires with a tip separation of about 0.3 mm. Then, one end of the wires
was electrolytically etched in a solution of 5 M potassium cyanide and 10 M
sodium nitrite. The tips of the wires were then insulated with epoxy resin mixture
(Selleys Araldite) and left to dry overnight. The insulation was then scraped away
to expose about 0.1 mm of the tips.
An incision was made to expose the occipital bone. A large (approx. 3 mm
x 2 mm) craniotomy was made at the midline of the occipital bone, caudal to the
lambda using a dental drill. The overlying meninges were then removed to expose
the cerebellum. The cerebellar tissue, just caudal to the tectum, was aspirated to
visualize the floor of the fourth ventricle. The stimulating electrode was then
placed at the midline on the floor of the ventricle. The criteria used for the
accurate placement of the electrode are described in detail in chapter 3.
The current for the stimulation was generated by a pulse stimulator with
isolated output (Model 2100, A-M Systems). The triggering and gating of the
stimulation was controlled using the Neurosound software. Trains of biphasic
current pulses (100 ms duration, 300 Hz, 0.1 ms pulses, 2-3 V) were used to
stimulate the OCB. Stimulating current values were measured with a 1.0 kΩ
resistor in series with the electrode and shock strengths of 2-3 V corresponded to
current level between 200-300 µA. The delay between the OCB shocks and the
start of acoustic stimulation was set at 10 ms, unless otherwise stated.
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2.7 Single unit recording in the CNIC
The opening in the occipital bone was enlarged rostro-laterally to expose
the visual cortex overlying the right inferior colliculus (IC). The dura was
removed and the craniotomy was sealed with 3% agar in saline to prevent
desiccation and improve mechanical stability. Extracellular action potentials of
single units in the contralateral CNIC were recorded using glass-coated tungsten
microelectrodes (Ainsworth et al., 1977; Merrill and Ainsworth, 1972). After
initial placement of the electrode near the overlying cortical surface, it was
advanced vertically into the cortex and later the CNIC using a stepper motor
microdrive (µD-200). Two main electrophysiological criteria were used to
confirm the site of the recording microelectrode in the CNIC. The penetration into
the CNIC was indicated by the onset of strong sound-driven activity at the depth
of around 2.5 mm from the surface of the visual cortex. The CNIC neurons
typically produce short latency (about 13ms), robust responses with low
thresholds to contralateral tones. In addition, a systematic progression from low to
high CF of the excitatory response with increasing depth from the dorsal to ventral
borders of the CNIC was also noted.
Spike discharges were amplified (x1000) by an isolated bio-amplifier
(Model ISO-80, WPI) and filtered (100 Hz high-pass and 3 kHz low-pass band)
before being fed into the Analog/Digital (A/D) interface (sampling rate, 96 kHz).
The digital output from this interface was processed by the Neurosound software
and single unit spikes were discriminated from the background noise based on the
trigger setting. The software stored all single unit spike counts and its times on the
computer and the data were used for off-line analysis. In addition, another output
from the A/D interface was connected to the speaker for audio monitoring.
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2.8 Histological confirmation of the location of recording electrode
During the initial part of the study, the position of the recording
microelectrode in the CNIC was confirmed histologically in three animals. For
this purpose, an electrolytic lesion (constant DC current, 200μA for 20s) was
made at the end of the final electrode penetration. The animals were transcardially
perfused with 0.9% saline followed by 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4) at the end of the experiments. The brains were removed and
postfixed in similar fixative overnight at 4 °C. The brains were then immersed in
30% sucrose solution in 0.1 M phosphate for 48 hours at similar temperature
before sectioning on a freezing microtome (Leitz Kryomat). Serial sections (80
μm) were mounted onto gelatin-coated slides and left to dry overnight. They were
later stained with Toluidine Blue, dehydrated in a graded series of ethanol,
coverslipped via xylene in DePeX and analysed under a light microscope. The
electrode positions in the CNIC were determined based on strips of the blood
column along the electrode tracts and the electrolytic lesion. The histological
verification however was not done routinely for all the animals. The
electrophysiological criteria mentioned earlier were thought to be sufficient to
confirm electrode position within the CNIC.
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CHAPTER 3

FOCAL OCB STIMULATION AT THE BRAINSTEM

3.1 Introduction
The olivocochlear bundle or OCB converges and forms a compact
collection of nerve fibers just beneath the midline of the floor of IVth ventricle. At
this site, it can be electrically stimulated using a pair of stimulating electrodes.
The placement of the stimulating electrode at the floor of the IVth ventricle is
typically based on stereotaxic coordinates or direct visualization of the structures
after aspirating the cerebellum (Desmedt, 1962; Galambos, 1956; Mulders et al.,
2003; Mulders et al., 2002; Wiederhold and Kiang, 1970; Wiederhold and Peake,
1966). The schematic representation of relevant anatomical structures at this level
is given in Fig. 3.1.
The facial genu is located in close proximity to the OCB in the midline.
The current spread from the electrode used for the OCB stimulation will excite the
facial nerve and cause facial twitches. This effect can be used to confirm proper
placement of the stimulating electrode (Mulders et al., 2003; Mulders et al., 2002).
However, this method of OCB stimulation is not necessarily focal. Focal OCB
stimulation is particularly important in the context of the present study. Both the
olivocochlear efferents and the afferent pathways to the CNIC are located within
the vicinity of the floor of the IVth ventricle. Any current spread directly to the
afferents projecting to the CNIC during OCB stimulation can lead to spurious
results as it will not represent a pure efferent effect on the responses of CNIC
neurons (Desmedt, 1962; Ruben and Sekula, 1960).
The closest ascending auditory tract which courses adjacent to the OCB at
the site of stimulation is the dorsal acoustic stria (DAS), also known as the stria of
Monakow. It is mainly composed of axons from pyramidal or fusiform cells in the
dorsal cochlear nucleus (DCN) (Cant and Benson, 2003; Osen, 1972). The course
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of DAS fibers from the DCN to the contralateral CNIC was studied mainly in cats.
This fiber tract proceeds medially and rostrally from the DCN, crosses the midline
just ventral to the OCB and terminates most densely in the ventral aspects of the
contralateral CNIC (Adams and Warr, 1976; Fernandez and Karapas, 1967; Osen,
1972; Smith et al., 2005). Similar description regarding the pathway of the DAS
has been also described in guinea pigs (Anderson et al., 2006). However, the
detailed anatomical relationship between the DAS and OCB at the floor of IVth
ventricle is not available.
In the present chapter, a series of studies was undertaken to provide more
information regarding the anatomical relationship between the DAS and OCB at
the floor of the IVth ventricle in the guinea pig. An anterograde tracer injection in
the DCN was used to label DAS fibers and this was combined with visualization
of the OCB using acetylcholinesterase (AChE) staining. Then, two series of
neurophysiological experiments were carried out to assess the possibility of
electrically stimulating the OCB in the midline without any current spread to
adjacent DAS fibers. This included the accurate placement of stimulating
electrode at the floor of the IVth ventricle (using thresholds for facial twitch) and
recording field potentials in the CNIC after applying single shocks to the floor of
the IVth ventricle.

Fig. 3.1: Schematic cross-section of the brainstem showing the OCB (only the medial fibers are
shown), DAS and facial nerve at the floor of the IVth ventricle. The position of the stimulating
electrode typically used for the midline OCB stimulation is also indicated. OCB: olivocochlear
bundle; DAS: dorsal acoustic striae.
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3.2 Materials and methods
3.2.1 Anatomical relationship between the OCB and DAS
Two guinea pigs were used for the anatomical study. Each animal was first
anaesthetised with i.p Diazepam (5 mg/kg) and i.m Hypnorm (1 ml/kg) and placed
in a stereotaxic frame. Then, glass pipettes with a tip diameter of approximately
50 µm were filled with 5 or 10% biotinylated dextran amine (BDA, 10000 MW,
Sigma) in 0.1 M phosphate-buffered saline (PBS, pH 7.4) and iontophoretic
injections of BDA (7.6 µA, 5 s on/off, 7–10 min) were made in the DCN. The
injection sites were determined using stereotaxic coordinates (Rapisarda and
Bacchelli, 1977). One guinea pig received a unilateral injection of BDA into the
DCN while the other animal received injections in both sides. The guinea pigs
also received post-operative 0.05 ml buprenorphin (324 µg/ml) as analgesic and
were allowed to survive for 3 to 4 days.
The animals were then given a Nembutal overdose and transcardially
perfused with 0.9% saline, followed by 250 ml 4% paraformaldehyde in 0.1 M
phosphate buffer (PB, pH 7.4). After perfusion, the brains were removed and
immediately sectioned transversely with a vibrating microtome (OTS-300,
Electron Microscopy Sciences) at 100 µm. Sections were first treated for AChE
activity. For this purpose, they were incubated in PBS with 0.2% Triton X-100 for
1 hour followed by a solution containing 4 mM acetylthiocholine iodide (AThCh)
(Sigma), 2 mM copper sulphate and 10 mM glycine in 0.5 M acetate buffer at pH
5.0 for another 1 hour at room temperature (Osen and Roth, 1969). After
incubation, all sections were rinsed in distilled water and treated for 1 min with
4% sodium sulphide in 0.1 M HCl (final pH 6.5-7.0) which demonstrated AChE
activity in olivocochlear fibers with brownish staining.
In order to visualize the BDA-labelled fibers, sections were then rinsed
with 0.1 M PB and incubated in ABC (Vector ABC kit 1:800 in PBS) for 2 hours
at room temperature. Subsequently, sections were developed in a solution with
0.02% 3’,3’-diaminobenzidine tetrahydrochloride (DAB) in 0.05 M Tris-buffer
containing 0.2% ammonium nickel sulphate (pH 7.6) and 30 μl of hydrogen
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peroxide (Mulders and Robertson, 2000b; Mulders and Robertson, 2001). This
resulted in black BDA-labelled fibers which were readily discernible from the
brown AChE staining. Sections were then mounted on gelatin-coated slides, dried
overnight at 37 ºC, dehydrated in a graded series of ethanol and coverslipped with
DePeX. Then, the AChE and BDA stained series were analysed using an Olympus
Vanox-2 microscope with 10x-40x air objectives. Photographs were taken with an
Olympus DP10 Microscope Digital Camera System while drawings were made
from the sections using a Zeiss light microscope and a drawing tube.

3.2.2 Neurophysiology
3.2.2.1 Placement of stimulating electrode at the best threshold point (BTP)
In 3 animals, the location of stimulating electrode tips at the midline of the
floor of the IVth ventricle was mapped using shock thresholds necessary for
eliciting facial twitches. While the bipolar stimulating electrode was placed onto
the floor of the IVth ventricle, single pulses (0.1 ms duration) were delivered at
the rate of 1/s. When the facial twitch was elicited, the shock amplitude was
reduced sequentially until the twitch ceased. The threshold voltage and the depth
of the electrode were recorded. Comparable recordings were made at similar
depths while moving the electrode along the rostro-caudal axis along the midline
of the IVth ventricle. In this way, the location which produced the lowest
threshold voltage was determined and referred to as best threshold point (BTP).
In order to relate the BTP to peripheral effects of OCB stimulation, the
animals were first paralysed (refer section 2.2, chapter 2 for details). Following
paralysis, the amount of N1-P1 CAP amplitude suppression was quantified at
similar points along the midline of the IVth ventricle. For the purpose of
calibrating the CAP amplitude suppression, first the N1-P1 CAP amplitude
(average of 10 individual traces) was measured in response to 10 ms tone pips at
20-25 dB above the threshold with OCB stimulation. Then, the sound intensity
was decreased from the initial level so that the N1-P1 CAP amplitude without
OCB shocks now matched the previous N1-P1 amplitude with the shocks. The
attenuation in the sound level (in dB) was used as a measure to quantify the
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strength of the OCB-induced suppression. In addition, the peak to peak increase in
CM after OCB stimulation was also verified using sufficiently loud 1 kHz tones
(90-100 dB SPL). Validation of this technique (for both CAP and CM) has been
published previously (Mulders et al., 2002). Parameters for OCB shock trains are
given in section 2.6, Chapter 2.

3.2.2.2 CNIC field potential recordings
In order to assess current spread to the DAS while stimulating the OCB,
field potentials were recorded from the right CNIC at varying depths from the
cortical surface using a microelectrode. The method of measuring field potentials
in the CNIC is similar to the single unit recording described in Chapter 2, section
2.7 except that the reference electrode was placed nearby the site of recording to
minimize artifacts arising from the shocks to the floor of the IVth ventricle. First,
the stimulating electrode was placed at the BTP and single pulses (0.1 ms, 1/s)
were delivered at different strengths. Then, the position of the stimulating
electrode at the floor of the IVth ventricle was changed to map the areas which
produce a field potential in the CNIC. The position of the recording electrode
within the CNIC was determined using the depth of the recording electrode from
cortical surface and the CF of multiunit activity to contralateral 50 ms tones. In
one animal, the tracts of the recording electrode in the CNIC were identified using
histological techniques (refer chapter 2, section 2.8).

3.3 Results:
3.3.1 Anatomical data: BDA and OCB labelling
All three iontophoretic injections resulted in BDA deposits in the DCN
and dense labelling of the DAS fibers. In the first animal (GP 76, Fig. 3.2 A), the
deposit extended about 300 µm medio-laterally and about 500 µm rostrocaudally
while smaller deposits (200 x 500 µm) were found on both sides of the DCN in
the second animal (GP 90, Fig 3.2 B). In both animals, BDA labelled fibers were
seen leaving the DCN and coursing rostro-medially towards the midline. They
initially transverse the root of the facial nerve on the ipsilateral side of the
injection before crossing the midline, ventral to the OCB fibers (Fig. 3.3), and
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then reach the lateral lemniscus and CNIC on the contralateral side. This is similar
to the route of the DAS previously described in guinea pigs and cats.
Some

sections

containing

BDA

labelled

fibers

also

displayed

olivocochlear fibers which were heavily stained for AChE activity (Fig. 3.3). The
OCB formed a compact bundle just beneath the floor of IVth ventricle, in between
the facial genua. Based on the observation of serial transverse sections, the entire
bundle spanned about 800 µm along the rostro-caudal axis. Drawings of
successive brain sections were superimposed to illustrate the location of the OCB
and DAS at the floor of the IVth ventricle (Fig. 3.4). At the caudal part of the
OCB, the highest density of BDA labelled fibers from the DCN was observed
crossing the root of the facial nerve about 1 mm lateral to the midline (Fig.
3.4A,D). However, at the rostral part of the OCB, BDA labelled fibers were seen
mostly at the midline, ventral to the OCB (Fig. 3.4C,F). At this rostral level, DAS
fibers were closest to the OCB bundle, with the most dorsal fibers running
approximately 0.3 mm deeper to the OCB at the midline.

Fig. 3.2: Photomicrographs of the BDA injection sites in the DCN (indicated with arrows) for GP
76 (A) and GP 90 (B). The extent of the injection in the rostro-caudal axis was about 500 µm.
Scale bars = 0.5 mm.
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Fig. 3.3: Photomicrograph of a brain section at the level of the IVth ventricle in GP 76 showing
the OCB stained for AChE activity and DAS axons labelled by anterograde transport of anatomical
tracer (BDA) after injection in the DCN. Scale bar = 0.5 mm. IV: IVth ventricle; DAS: dorsal
acoustic striae; FG: facial genu; OCB: olivocochlear bundle.

61

Fig. 3.4: Two series of drawings showing the location of the OCB and DAS at the floor of the IVth
ventricle following BDA injections in the DCN. Only sections in which both the OCB and DAS
were visible are illustrated. A-C (caudal to rostral, animal GP 76) shows data which originate from
a unilateral injection with BDA in the left DCN. D-F (caudal to rostral, animal GP 90) shows data
following a bilateral DCN injection with BDA. A,B,D and E are the result of superimposing
drawings of three successive sections (3x100 µm) while C and F are the result of superimposing
two most rostral sections (2x 100 µm). IV: IVth ventricle; DAS: dorsal acoustic striae; FG: facial
genu; OCB: olivocochlear bundle. (L) denotes the left side of the animal.

3.3.2 Neurophysiological data
3.3.2.1 Placement of stimulating electrode at the best threshold point (BTP)
The mapping of shock thresholds for facial twitch at various positions
along the midline of the IVth ventricle in 3 animals is shown in Fig. 3.5A-C (right
axis, filled squares). The BTP is the point which requires the least amount of
shock amplitude to elicit a facial twitch and is indicated as zero in the x-axis. At
similar electrode positions, the CAP amplitude suppression (for 10 kHz tone pips,
20-25 dB above threshold) after OCB stimulation was also quantified and plotted
in the same graphs (left axis, open circles). The method for quantifying the N1-P1
CAP amplitude suppression (in equivalent dB) after OCB stimulation is illustrated
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in Fig. 3.6A. The concomitant increase in the peak to peak CM amplitude after
OCB stimulation was also verified (Fig. 3.6B).
In all 3 animals, CAP suppression was at least 10 dB when the electrode
was placed from +0.6 mm (rostral) to -0.2 mm (caudal) relative to the BTP, but
reduced markedly at more rostral or caudal positions. This coincides with the total
rostro-caudal extent of the OCB estimated from the serial brain sections (0.8 mm)
and suggests that the current spread from the electrode (at least in the rostrocaudal direction) was limited. Another important point to note is that the BTP was
always located at a more caudal position compared to the best suppression point
for the CAP. This finding is in line with the anatomical data which suggested that
the prominence of facial genua was also located at more caudal regions of the
OCB (See Fig. 3.4A,D).
While placing the stimulating electrode at BTP, the amount of the CAP
suppression after OCB stimulation varied from animal to animal (Fig. 3.5A-C). In
addition, in the each animal, the OCB-mediated CAP suppression also differed
according to the frequency and intensity of the tones used to elicit the CAP. A
typical titration of the OCB effects (at the BTP) on N1-P1 CAP amplitude using
different tone frequencies and intensities in one animal is given in Fig. 3.7. The
CAP suppression was strongest at 10-14 kHz (usually in the range of 10-20 dB
suppression). Maximum suppression at each frequency region was elicited when
the tone level was within 20-25 dB above the threshold.
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Fig. 3.5A-C: Shock thresholds for facial twitch using single shocks (0.1ms pulses at 1/s) (filled
squares, right vertical axis) and equivalent CAP suppression in dB (open circles, left vertical axis)
after trains of shocks (10 ms shock- tone delay, 100 ms duration, 0.1 ms pulses at 300 Hz, 2-3V) to
the floor of the IVth ventricle in three different animals. Zero point on x-axis represents the BTP
(refer text in section 3.3.2.1 for definition). Positive values on the abscissa represent the distance
from the BTP rostrally while the negative values represent the distance from BTP caudally.
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Fig. 3.6 Effects of OCB stimulation on CAP (A) and CM (B) amplitudes in GP 51. A: Solid line:
sample recording of the CAP response to 10 kHz tone pips (10 ms duration) at 60 dB SPL (20dB
above threshold); Dotted line: CAP response similar to the previous recording but with shocks to
the OCB; Gray-coloured line: CAP response to a lower tone level (42 dB SPL) without OCB
shocks in which the N1-P1 amplitude now matches the previous CAP amplitude with shocks. In
this case, the N1-P1 CAP amplitude suppression after shocks to the OCB is equivalent to
attenuating the sound level by 18 dB (60-42 dB SPL). B: CM response to 1 kHz tone at 90 dB SPL
without and with OCB shocks showing a clear increase in the peak to peak amplitude after OCB
stimulation. Shocks parameters: 3 V, 100 ms train, 300 Hz, 10 ms delay between shock and tone
burst.
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Fig. 3.7: Equivalent N1-P1 CAP amplitude suppression (in dB) at different frequencies and a range
of tone intensities above the CAP threshold after OCB shocks at BTP. All the data was taken from
the same animal (GP 125).

3.3.2.2 CNIC field potential recordings
Field potentials from the CNIC were recorded after delivering single
shocks to the floor of the IVth ventricle in 4 animals. CNIC recordings were made
using multiple microelectrode penetrations at various depths from the cortical
surface. In all animals, no evidence of direct activation of the DAS was found
when the stimulating electrode was placed at the BTP even when shock
amplitudes were increased as high as 6 V (Fig. 3.8A). The current from the
stimulating electrode for 6 V as estimated from the voltage drop across a 1 kΩ
series resistor was about 0.6 mA. This current strength is twice as high as the
maximum current used in all our experiments for stimulating the OCB.
When the position of the stimulating electrode deviated from the BTP,
field responses in the CNIC did start to appear. Field responses in the CNIC were
usually seen either while lowering the stimulating electrode about 0.8 mm ventral
to the BTP or when the stimulating electrode was positioned about 0.5-1.0 mm
lateral and 0.5 mm caudal to the BTP. These responses consisted of an initial
positive deflection (P) with a latency of about 2 ms after the onset of shocks
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followed by a negative wave (N) which lasts for about 5 ms after the onset of
shocks (Fig. 3.8B,C).
In one animal, the tracts of the recording electrode in the CNIC were
identified from histological sections in order to illustrate the CF regions of the
CNIC which produced largest evoked responses (Fig. 3.9). The data indicates the
absence of any evoked responses (zero P-N amplitude) when the stimulating
electrode was placed at the BTP (bottom panels, filled circles in penetration A-C).
On the other hand, the largest P-N amplitude of the evoked responses were seen at
the more ventral parts of the CNIC (4.0-4.5 mm from the cortical surface) in all 3
penetrations when the stimulating electrode was positioned 1 mm ventral to the
BTP (bottom panels, open squares in penetration A-C). The 4.0-4.5 mm depth of
the recording electrode from the cortical surface corresponds to high CF regions in
the CNIC (see the CF at corresponding depths in the upper panel).

Fig. 3.8: Examples of averaged field potentials recorded from the ventral parts of the CNIC (4.55.0 mm from the cortical surface) evoked by single shocks at (A) BTP, (B) 1 mm ventral to BTP
and (C) 1 mm caudal and 1 mm lateral to BTP. Note that the responses in B and C have an initial
positive wave, P followed by a negative deflection, N. Such responses were not seen in A. Shock
parameters: 0.1ms duration, 6 V, repeated at 1/s.
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Fig. 3.9: Example of 3 parallel dorso-ventral penetrations (A-C, 0.5 mm apart) in the right inferior
colliculus of GP 106. The border between the CNIC and other nuclei are not shown. Values shown
along each track correspond to the estimated CF from cluster recordings in response to 50 ms
contralateral tone bursts at the corresponding depths from the cortical surface. The lower panels
depict P-N amplitudes obtained at different electrode depths during each penetration after
delivering single shocks at BTP (filled circles) and 1.0 mm ventral to BTP (open diamonds).
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3.4 Discussion:
The aim of this section of the thesis was to develop a reliable method to
selectively stimulate the OCB without any current spread to adjacent DAS fibers.
One set of anatomical and two sets of neurophysiological experiments were
carried out and the result from each of these studies can be summarised as
follows:
•

The anatomical study revealed that DAS fibers were furthest away from
the midline (surface of the IVth ventricle) at more caudal parts of the
OCB. Thus, in order to reduce the risk of any current spread to the DAS,
the best position of the stimulating electrode is at the caudal part of the
OCB. Since the caudal part of the OCB is also the region where the facial
genu is most prominent, this position should require the least current to
stimulate the facial nerve.

•

In agreement with the anatomical data, the lowest shock thresholds for
eliciting the facial twitch along the midline of the IVth ventricle (the best
threshold point or BTP) was also located more caudal to the site of optimal
OCB effects.

•

Single shocks delivered at the BTP did not produce any field potentials in
the CNIC. The absence of field responses in the CNIC indicates that the
stimulating current from the electrode did not spread to the neighbouring
DAS fibers. However, field responses in the CNIC started to appear when
lowering the stimulating electrode about 0.8 mm from the BTP or by
positioning it at 0.5-1.0 mm lateral and 0.5 mm caudal to the BTP. This
observation is in line with the anatomical data. By moving either ventrally
or caudo-laterally, the stimulating electrode advanced closer to the DAS,
leading to current spread towards the adjacent DAS fibers which resulted
in a measurable field response in the CNIC. Thus, the BTP seems to be an
ideal spot for stimulating the OCB whilst minimizing the risk of current
spread to the ascending axons in the DAS.
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In an earlier study, Desmedt (1962) also discussed the risk of directly
activating the ascending fibers while trying to stimulate the OCB in cats. In his
experiments, the stimulating electrode was placed based on stereotaxic
coordinates. In some cases, the stimulating electrode was deliberately inserted 0.5
mm to 2 mm deeper into the brainstem after obtaining optimum OCB effects.
When this was done, single shocks delivered at deeper positions could elicit
evoked potentials in the IC. The short-latency (3-4 ms) response observed by the
author is similar to the latency of P and N waves of the evoked responses obtained
in the present study. Although Desmedt (1962) speculated that the evoked
responses are mediated via an ascending pathway, the specific pathway involved
was not specified.
In the present study, a more precise anatomical relationship between the
afferent and efferent pathways at the floor of the IVth ventricle was obtained. The
anatomical data, combined with the neurophysiological studies provide evidence
that evoked potentials recorded in the CNIC are likely due to current spread to
adjacent DAS fibers. There are several points that support this argument. Firstly,
the position of the stimulating electrode which produced field responses in the
CNIC (ventral and caudo-lateral to the BTP) corresponded to the anatomical data
regarding the location of the DAS and OCB at the floor of the IVth ventricle.
Secondly, the P and N peaks of evoked responses described in this study are
similar to the shape of field responses that were obtained in the CNIC after
electrical stimulation of the contralateral DCN, where the DAS originates from
(Semple and Aitkin, 1980). Thirdly, field responses in the CNIC evoked by the
electrical stimulation had their largest amplitude at high CF regions or ventral
parts of the nucleus which is also the principal target of DAS fibers (Fernandez
and Karapas, 1967; Osen, 1972).
The anatomical data showed that at the caudal part of the OCB, DAS
fibers were running approximately 0.5 mm ventral to the floor of the IVth
ventricle at the midline. However, field responses in CNIC started to appear only
when the stimulating electrode was lowered about 0.8 mm ventral to the BTP.
This difference may be related to the shrinkage of the tissue after the fixation
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which might have caused an underestimation of the distance between the DAS and
OCB in the brain sections.
Although the DAS is the closest fiber tract to the OCB at the stimulating
site, there are other pathways that run adjacent or amongst it. In guinea pigs, the
commissural fibers between the cochlear nuclei run among the DAS fibers
(Schofield and Cant, 1996). However, since the current spread did not reach the
DAS, it is also unlikely to have spread to the commissural tract. It is also highly
unlikely that the current could have spread to other ascending pathways in the
intermediate and ventral acoustic striae since these pathways course more ventral
to the DAS at the level of the IVth ventricle (Adams, 1979; Schofield, 1995;
Schofield and Cant, 1996; Smith et al., 2005).
In order to reduce the current spread to the ascending pathway, Desmedt
(1962) suggested several precautionary measures such as appropriate placement of
the stimulating electrode at the site of optimum CAP suppression, using
stimulating electrodes with narrow tip separation and small tip exposures and
using shorter duration individual pulses for OCB shock trains. In the present
study, instead of relying on stereotaxic measures, the cerebellum was aspirated to
place the stimulating electrode by direct visualization. Since there is usually a
considerable variation in the head size of the animals, this method of placing the
electrode on the surface of the brainstem was more reliable than the stereotaxic
placement. In addition, the present study used short duration electrical pulses (0.1
ms) for OCB stimulation and the bipolar stimulating electrodes had narrow interelectrode separations (0.3 mm apart) with small (0.1 mm) tip exposures. These
measures would restrict the electrical stimulation to a rather small volume of
nervous tissue.
Electrical stimulation of the OCB at the floor of the IVth ventricle can also
activate the facial nerve and produce middle ear muscle (MEM) contraction
which would influence the CAP (Galambos, 1956; Rajan, 1985). However,
animals used in the current study were paralysed (using pancuronium) prior to the
OCB stimulation and paralysis was confirmed by the loss of facial and vibrissae
twitch (the twitch was used as a cue to locate the BTP). As argued by Rajan
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(1985), this paralysis would have also eliminated the middle ear muscular activity.
In addition, OCB stimulation in paralysed animals also produced, besides the CAP
suppression, an increase in the CM amplitude. This finding also demonstrates that
the attenuation of the auditory nerve activity is due to MOC activation and not the
MEM reflex because reduction of the cochlear input due to the MEM reflex
should lead to a decrease in the CM, not an increase.
In all subsequent experiments in this thesis, the stimulating electrode was
always placed at the BTP and the absence of evoked potentials to single shocks in
the ventral parts of CNIC was verified before proceeding with OCB stimulation.
In addition, the shock amplitude for OCB stimulation was kept between 2-3 V, far
below the limit which produced direct evoked responses in the CNIC. These low
level shock currents (<0.3 mA) were usually sufficient to produce at least 10 dB
CAP suppression at the 10 kHz region in the cochlea. The CAP suppression and
CM enhancement after the OCB shocks are classical actions of the medial
olivocochlear (MOC) system in the cochlea. The reasons for this have been
discussed in section 1.6.2, Chapter 1. Hence, to be more precise, the OCB
stimulation will be referred as MOC stimulation in ensuing chapters.
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CHAPTER 4

CLASSIFICATION OF CNIC NEURONS

4.1 Introduction
The previous chapter described a technique for reliably stimulating the
MOC efferents without any direct current spread to the ascending pathway. The
next stage of the study was to investigate the effects of MOC stimulation on the
sound-evoked responses and spontaneous activity of CNIC neurons. However,
prior to this, the response properties of CNIC neurons needed to be classified.
The CNIC acts as a nexus receiving diverse ascending, descending, and
commissural inputs (reviewed in section 1.4, Chapter 1). This complex circuitry
gives rise to a variety of physiologically defined response classes among the
CNIC neurons. In guinea pigs, response properties of CNIC neurons have been
reported in a number of studies (Astl et al., 1996; Martin et al., 1988; Popelar and
Syka, 1982; Rees and Palmer, 1988; Syka et al., 2000). Typically, classification of
CNIC neurons is based on their responses to contralateral CF tones and can be
expressed using input-output (I/O) functions (Rees and Palmer, 1988; Syka et al.,
2000) or post-stimulus time histograms (PSTH) (Astl et al., 1996; Rees and
Palmer, 1988; Syka et al., 2000). In addition to sound-evoked responses, CNIC
neurons have been also classified based on their spontaneous activity (Astl et al.,
1996; Syka et al., 2000).
Although previous data regarding the classification of CNIC neurons do
exist, a separate classification is needed for the present study. The criteria used to
classify the responses of CNIC neurons usually vary from one study to another.
The response properties of CNIC neurons also depend on various experimental
conditions such as animal species, type of anaesthesia and parameters of the
acoustic stimuli. Therefore, it is pertinent to carry out the classification based on
the criteria and experimental conditions employed for the current study.
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Furthermore, this classification forms the baseline data for describing the various
effects of MOC stimulation on CNIC neuronal activity in following chapters.

4.2 Materials and methods
The data presented was obtained from 19 adult guinea pigs with normal
CAP audiograms (Johnstone et al., 1979). This sample also included CNIC
neurons that were later used to investigate the effects of MOC stimulation for
responses to tones in quiet and in noisy background (Chapter 5 and 7). The
experimental procedures for the generation of acoustic stimuli and single unit
recordings from the CNIC have been described in Chapter 2, section 2.4 and 2.7.
Broadband noise (50 ms, repeated at 4 /s) was used as a ‘search stimulus’ while
advancing the microelectrode in 5 μm steps into the CNIC. Once a single unit was
encountered, its CF and threshold to contralateral CF tones were determined
audio-visually. Next, the spontaneous rate (SR) of the unit was measured for a 10
s period. Finally, I/O functions and PSTHs were recorded for each of the neurons.
The I/O function was computed based on responses to contralateral tone
bursts at CF for a range of tone levels (100 ms duration, repetition rate of 2 /s,
presented in 5 dB steps with 10 presentations at each tone level, usually across a
60-70 dB range). Each I/O function typically took about 1-2 min to complete. In
order to minimize adaptation in the responses of the neurons, tone levels were
presented pseudorandomly by the software. The software calculated the mean
firing rate (and the SEM) at each tone level based on the 100 ms spike count
window (the period when the tone burst was on). Apart from obtaining the
response threshold audio-visually, thresholds for each CNIC neurons were also
determined from the I/O functions. Response threshold was defined as the lowest
tone level (T) in the I/O functions in which the mean firing rate at the subsequent
tone level (T+5dB) is significantly higher than the rate at this point (using
unpaired t-test, P<0.05). However, in a small number of neurons, this method of
threshold estimation was not suitable because the increase in the firing rate at
successive intensities never reached a significant level due to large variability in
spike counts. In these neurons, the thresholds were estimated qualitatively by
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observing a clear initial increase of the firing rate above the spontaneous rate. The
PSTH was determined for a 100 ms CF tone with the sound level set at 20 dB
above the threshold determined audio-visually (250 sweeps, repetition rate 2/s, bin
width 1 ms).

4.3 Results
4.3.1 Sound-evoked responses of CNIC neurons
4.3.3.1 Input-output (I/O) functions
I/O functions were recorded in a total of 166 CNIC neurons. Their
responses were broadly classified into 2 groups; monotonic and non-monotonic.
For the purpose of classification, only sound levels below the interaural crosstalk
level were taken into account (See Appendix A for the method of crosstalk
estimation).
CNIC neurons were classified as monotonic if there was (1) a continual
increase in firing rate with increasing sound intensities after reaching the threshold
(non-saturated type, Fig. 4.1A), or (2) an initial increase in the firing rate after
reaching a threshold level followed by rate saturation at higher tone levels
(saturated type, Fig. 4.1B). Based on these criteria, 42.8% (N=71) of the neurons
were grouped as monotonic. In 56 of the monotonic neurons, the firing rate
saturated at higher sound intensities while 15 monotonic neurons did not show a
clear saturation.
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Fig. 4.1: Typical examples of monotonic I/O functions in the CNIC. A: The firing rate continued
to increase with the increase in tone intensity without any saturation (non-saturated type). B: The
firing rate saturated at high tone levels after an initial steep rising phase (saturated type). The CF of
illustrated neurons is indicated next to the I/O curve in kHz.

The remaining CNIC neurons showed a reduction in firing rates at higher tone
levels after an initial rate increase and were classified as non-monotonic. Based
on classification criteria given by Rees and Palmer (1988), the neurons were
classified as non-monotonic if there was at least 25% reduction of discharge rate
from the maximum firing rate. This computation is illustrated in Fig. 4.2A. If the
drop of the firing rate was less than 25% from the maximum point, the neurons
were classified as monotonic. 53.6% (N=89) of the sampled CNIC neurons were
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non-monotonic. For the non-monotonic neurons, the reduction of the discharge
rate at higher sound levels was either ‘complete’ in which the firing rate reached
the initial subthreshold level (Fig. 4.2B) or ‘partial’ in which firing rates were still
above the subthreshold or spontaneous rate (Fig. 4.2C). In 31 of the nonmonotonic neurons, the reduction of the firing rate at higher tone levels was
complete while 58 of the neurons showed only partial reduction.
A small percentage of CNIC neurons (3.6%) showed more complex types
of I/O functions (Fig. 4.2D). In these neurons, the firing rate decreased after
reaching an initial maximum rate. However, in contrast to the typical nonmonotonic response, the decrease was followed by an increase in firing rate at
higher sound levels. This increase was noted at tone intensities below the
estimated crosstalk level indicating that the effect is not related to the excitation of
the opposite ear. For the purpose of this study, all the complex neurons were
classified as non-monotonic type because their firing rates were initially reduced
more than 25% compared to their maximum rates.

*Figure continues
in the next page
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Fig. 4.2: A. Illustration of the criterion used for classifying CNIC neurons as non-monotonic type.
X= (rate at maximum point – rate at threshold); Y= (rate at maximum point – rate at highest tone
level before the crosstalk). Maximum point refers to the highest discharge rate before the firing
rate decreased at higher tone levels. Refer text in section 4.2 for the definition of threshold in the
I/O functions. Method for crosstalk estimation is given in Appendix A. B,C: Typical examples of
non-monotonic neurons with either complete (B) or partial reduction (C) of firing rate at higher
sound levels. D: Examples of CNIC neurons with more complex responses. The CF of each
neuron is indicated next to the I/O curve in kHz.

4.3.3.2 Post-stimulus time histogram (PSTH)
In addition to I/O functions, a total of 123 CNIC neurons were also
subjected to PSTH recording. On the basis of their PSTH, CNIC neurons were
classified as either onset or tonic type. Onset units produced spikes mainly during
the first 30 ms of the 100 ms tone burst (Fig. 4.3A) while tonic responses
exhibited a more sustained response which usually lasted for the whole stimulus
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duration (Fig. 4.3B-D). Out of the 123 neurons sampled, 22.8% (N=28) were
onset type while the remaining 77.2% (N=95) of the neurons were tonic type.
The tonic responses were further classified as onset-sustained, puresustained and pauser units. Both onset-sustained and pure-sustained neurons
produced spikes throughout the stimulus. However, the onset-sustained neurons
had a clear onset peak prior to the sustained component (Fig. 4.3B) while the
pure-sustained units lacked an onset peak (Fig. 4.3C). On the other hand, in the
pauser units, the initial onset activity was separated from the sustained component
by a clear reduction or complete cessation of firing (Fig. 4.3D).

Fig. 4.3 A-D: Typical examples of PSTHs (100 ms CF tones, 250 sweeps, repeated at 2/s, 1ms
bins) recorded from the CNIC neurons. The horizontal grey bars indicate the duration in which the
tone bursts were on.
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The distribution of the onset and 3 types of tonic neurons for the
monotonic and non-monotonic response types is given in Fig. 4.4. The percentage
of tonic neurons was greater than onset neurons in both categories. Among the
tonic neurons, the most commonly encountered PSTH class was the pauser type.

Fig. 4.4: The distribution of onset and 3 types of tonic PSTH responses in monotonic (N=55) and
non-monotonic (N=68) CNIC neurons.

4.3.2 Spontaneous activity of CNIC neurons
In addition to sound-evoked responses, CNIC neurons were also classified
based on their spontaneous activity. For this purpose, the spontaneous rates (SR)
of 166 neurons were determined and classified into three groups. Neurons with SR
of 0-2 spikes/s were classified as low spontaneous rate (LSR), with 2-20 spikes/s
as medium spontaneous rate (MSR) while those with SA more than 20 spikes/s
were classified as high spontaneous rate (HSR). This classification is similar to
criteria used in previous studies (Astl et al., 1996; Syka et al., 2000). 51.5% of the
sampled neurons were LSR, 40.1 % were MSR and 8.4% were HSR (Fig. 4.5A).
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The CF and response thresholds (at CF) of CNIC neurons in the different
SR groups are shown in Fig. 4.5B-D. The data was pooled from all the 19 animals
studied. LSR and MSR neurons were distributed across a wide range of CFs (Fig.
4.5B,C). However, a majority of the HSR neurons (10 out of 14) had CFs between
8 to 15 kHz which is also the most sensitive frequency region of the guinea pig
audiogram (Fig. 4.5D; see Fig. A2 in appendix A for the composite CAP
audiogram of the 19 animals). There was a weak but significant inverse
correlation between the response threshold and the SR of all the CNIC neurons
sampled (Spearman correlation r=-0.235, P<0.05) (Fig. 4.6). Correspondingly, the
mean response threshold for the LSR neurons (mean ± SD, 31.9 ±10.6 dB SPL)
was highest followed by the mean threshold for the MSR (27.5 ±10.4 dB SPL)
and HSR (23.8 ± 11.3 dB SPL) neurons.
The distribution of CNIC neurons based on their SRs for the
monotonic/non-monotonic and onset/tonic response types is shown in Fig.
4.7A,B. Based on PSTH response types, onset neurons had significantly lower
levels of mean SR (0.6±1.3 spikes/s) compared to tonic neurons (7.9±9.2 spikes/s,
unpaired t-test, P< 0.001).

Fig. 4.5 A: Percentage of the CNIC neurons in each SR group (N=166). B-D: Response thresholds
versus CF of CNIC neurons in each of the group. B: Low spontaneous rate, LSR (N=86); B:
Medium spontaneous rate, MSR (N=66); C: High spontaneous rate, HSR (N=14).
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Fig. 4.6: Relationship between the spontaneous activity and threshold (at CF) of the sampled
CNIC neurons. N=166.

Fig. 4.7: The distribution of CNIC neurons based on their SR for different (A) I/O function types
and (B) PSTH response types.
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4.4 Discussion
4.4.1 Responses of CNIC neurons to contralateral CF tones
4.4.1.1 Input-output (I/O) functions
In this chapter, the responses of CNIC neurons were classified mainly on
the basis of the shape of their I/O functions. This is because I/O functions are most
suitable for studying the effects of the olivocochlear system on the responses of
CNIC to CF tones (discussed further in chapter 5). Based on the classification
criteria employed for this study, about 43% of CNIC neurons were classified as
monotonic and the remaining 57% as non-monotonic. In the monotonic group, the
firing rate either increased monotonically as a function of intensity or increased
initially but reached saturation at higher sound levels. On the other hand, nonmonotonic neurons showed a decline in firing rate at higher tone levels after an
initial increase to a maximum value. Some non-monotonic neurons showed a
partial reduction of the firing rate while in others the responses were completely
suppressed by the CF tones at higher levels.
The monotonic and non-monotonic response types in the CNIC have been
described in a variety of species including guinea pigs (Rees and Palmer, 1988;
Syka et al., 2000), cats (Aitkin, 1991; Aitkin et al., 1994; Ehret and Merzenich,
1988; Irvine and Gago, 1990), bats (Galazyuk and Feng, 2001; Pollak and Park,
1993), rabbits (Kuwada et al., 1989; Sivaramakrishnan et al., 2004), gerbils
(Semple and Kitzes, 1985) and rats (Palombi and Caspary, 1996). However, the
proportion of the monotonic versus non-monotonic CNIC neurons varies widely
from one study to another (reviewed in Chapter 1, section 1.4.3.1). Of these
studies, Rees and Palmer (1988) is the only study which used the same species,
anaesthetic agent 7 and classification criteria for the I/O functions as the present
study. Their results showed a much lower percentage of non-monotonic neurons
(24%) compared to the present study.

7

Both the present study and Rees and Palmer (1988) study used pentobarbitone as the main
anaesthetic agent.
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The lower proportion of non-monotonic neurons in Rees and Palmer
(1988) study may be related to the parameters of the acoustic stimuli used in that
study. Rees and Palmer (1988) used 50 ms CF tones with a repetition rate of 4/s to
evoke responses in the CNIC. In the present study, longer duration (100 ms) CF
tones with a slower repetition rate (2/s) was used. As discussed in Chapter 1
(section 1.4.3.1), the reduction of firing rate at higher sound levels in nonmonotonic CNIC neurons is attributed to high-threshold GABAergic inhibitory
inputs to these neurons. The shorter duration tones and faster repetition rate used
by Rees and Palmer (1988) might have been less effective for producing the
inhibitory effect on the firing rate of the CNIC neurons, thereby not revealing their
non-monotonicity.
In addition to the typical monotonic and non-monotonic responses, a small
number of CNIC neurons (3.6%) also exhibited more complex I/O functions. In
these neurons, the firing rate reduced after reaching a maximum value similar to
typical non-monotonic neurons but started to increase again at much higher sound
levels. This type of complex responses in the CNIC was reported by Rees and
Palmer (1988) and consisted about 9.5% of their sampled population. Rees and
Palmer (1988) suggested that the complex responses could represent an
intermediate stage between monotonic and non-monotonic responses. The soundevoked suppression at higher sound intensities in these neurons could be either
stronger than the monotonic or weaker than the non-monotonic responses.
Although Rees and Palmer (1988) also employed similar classification
criteria for grouping the I/O function of CNIC neurons, they did not consider the
possibility of activating the opposite cochlea at higher monaural sound levels. Any
sound leaking towards the opposite cochlea could evoke either excitatory or
inhibitory response in binaurally-sensitive CNIC neurons (E-E or E-I types, see
section 1.4.3.2 in Chapter 1 for definitions). Thus, the crosstalk can influence the
shape of the I/O curve at high tone levels. For example, the activation of
excitatory inputs in the ipsilateral cochlea due to the sound leakage can produce
an increase in firing rate at higher tone intensities in otherwise non-monotonically
responding CNIC units and produce the complex responses. However, in the
present study, the classification of I/O types was only based on sound intensities
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below the estimated crosstalk levels. As such, the I/O functions including the
complex responses are likely due to purely monaural stimulation.

4.4.1.2 Post-stimulus time histograms (PSTH)
Although responses of CNIC neurons were primarily classified as
monotonic and non-monotonic, neurons in each of this class can be further
grouped into two basic categories (onset and tonic) on the basis of their PSTH
shape. About 80% of the CNIC neurons were of tonic type while the remaining
neurons were onset type. Similar proportions of tonic and onset neurons were
found in previous studies in the CNIC of guinea pigs (Le Beau et al., 1996;
Popelar and Syka, 1982; Rees et al., 1997; Syka et al., 2000). Based on a more
detailed evaluation of PSTH patterns, the tonic neurons were further classified
into 3 subcategories namely; pauser, pure sustained and onset sustained, all of
which have been also described previously (Le Beau et al., 1996; Rees et al.,
1997; Syka et al., 2000).
The different subclasses of PSTHs are thought to represent different
neuronal circuits that provide input to CNIC neurons. The variation in the
temporal response could result from a complex interaction between the inhibitory
and excitatory inputs in the CNIC (Bock et al., 1972; Covey et al., 1996; Le Beau
et al., 1996; Sivaramakrishnan et al., 2004). It has been shown that the temporal
response of CNIC neurons can be strongly influenced by GABA and glycine,
which are the main inhibitory neurotransmitters within the nucleus. Iontophoretic
application of a GABA or a glycine receptor antagonist in the CNIC can change
the onset firing pattern to a tonic response, indicating that onset responses are
shaped by a stronger suppression compared to the tonic neurons (Faingold et al.,
1991; Faingold et al., 1989a; Le Beau et al., 1996; Pollak and Park, 1993; Yang et
al., 1992).
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4.4.2 Spontaneous rate (SR) of CNIC neurons
Based on the level of spontaneous activity, CNIC neurons were classified
into 3 groups (LSR, MSR and HSR). Almost half of the sampled population was
classified as LSR while the remaining half was either MSR or HSR neurons. The
highest SR recorded in the CNIC for the present study was about 40 spikes/s. The
percentage of CNIC neurons in different SR groups and the maximum SR
encountered correspond well with the findings reported by previous studies in
guinea pigs (also with pentobarbital anaesthesia) (Astl et al., 1996; Pedemonte et
al., 1997)
The spontaneous activity of CNIC neurons is greatly reduced in
anaesthetised compared to lightly anaesthetised or alert animals (Bock et al.,
1972; Syka et al., 2000; Torterolo et al., 1995). In addition, Astl et al. (1996)
compared the spontaneous activity of CNIC neurons in guinea pigs under different
anaesthetics and found that choice of anaesthesia also strongly influences the level
of spontaneous activity of CNIC neurons. For example, in guinea pigs
anaesthetised with ketamine, about 70-80% of CNIC neurons were either MSR or
HSR neurons (Astl et al., 1996; Syka et al., 2000). This percentage is much higher
than the proportion of MSR and HSR obtained with pentobarbital anaesthetised
guinea pigs. It has been suggested that pentobarbital anaesthesia reduce the
spontaneous activity of CNIC neurons by potentiating the central inhibitory
effects mediated by GABA (Astl et al., 1996; Bock et al., 1972; Kuwada et al.,
1989).
The SR of CNIC neurons pooled across all 19 animals had a weak but
significant inverse correlation with their CF thresholds. Although the relationship
is only weak in the CNIC, this correlation is much stronger in primary afferents in
which fibers with higher spontaneous discharge rates are clearly characterized by
lower thresholds (Liberman, 1978; Taberner and Liberman, 2005; Tsuji and
Liberman, 1997; Winter et al., 1990). Besides this relationship, a majority of HSR
neurons in the CNIC were distributed at the most sensitive frequency region of the
audiogram. At this stage, it is uncertain whether the very sensitive neurons with
high spontaneous rates were actually responding to any uncontrolled low-level

86
external sound. Nonetheless, there were some HSR neurons in the CNIC with less
sensitive thresholds (>35 dB SPL). The SRs, at least in these less sensitive HSR
neurons, most likely reflect the ‘true’ spontaneous activity.
When the relationship between the spontaneous activity and sound-evoked
responses was investigated, onset neurons had a lower spontaneous activity
compared to tonic neurons. As mentioned earlier, onset neurons are thought
receive a stronger GABAergic inhibition compared to tonic neurons. Pentobarbital
injection, which is known to potentiate GABA-mediated inhibition in the CNS,
can increase the inhibitory drive to onset type responses in the guinea pig’s IC
(Astl et al., 1996; Kuwada et al., 1989). Similarly, pentobarbital anaesthesia used
in the present study could have enhanced the inhibition in the CNIC and reduced
the excitability of the onset neurons. This may be the reason for the lower
spontaneous activity in onset neurons compared to tonic neurons.
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CHAPTER 5

EFFECTS OF MOC ACTIVATION ON ACTIVITY OF
CNIC NEURONS

5.1 Introduction
MOC terminals in the cochlea inhibit the active feedback process of OHCs
and reduce the gain of the cochlear amplifier. This in turn suppresses the soundevoked basilar membrane vibration and subsequently the responses of primary
afferents at low and intermediate sound levels (Gifford and Guinan, 1983; Gifford
and Guinan, 1987; Guinan and Gifford, 1988a; Guinan, 1996; Teas et al., 1972;
Warren and Liberman, 1989a; Wiederhold, 1970; Wiederhold and Kiang, 1970).
In addition, MOC activation also produces a drop in the EP and cause a reduction
in the spontaneous release of neurotransmitters from IHCs to primary afferent
dendrites. The latter effect accounts for the suppression of spontaneous activity of
primary afferents (Guinan and Gifford, 1988b; Guinan and Stankovic, 1995;
Guinan, 1996; Sewell, 1984; Wiederhold and Kiang, 1970).
The peripheral changes at the primary afferent level should lead to changes
in the activity of more central neurons. However, neurons in higher order centers
such as the CNIC receive converging inputs from a variety of lower brainstem
centers (see Fig. 1.2, Chapter 1). In addition, CNIC neurons are also part of a
complex local circuitry. Apart from this, electrical stimulation of the MOC axons
at the floor of the IVth ventricle could also influence central auditory neurons via
MOC collaterals to the CN (Benson et al., 1996; Brown, 1993; Horvath et al.,
2000; Mulders et al., 2003; Mulders et al., 2002; Winter et al., 1989). In view of
the complex nature of ascending as well as descending pathways, upstream
changes at the CNIC level will most likely not be a simple passive translation of
the peripheral MOC effects at the primary afferent level. In order to investigate
this issue, sound-evoked responses and spontaneous activity of single CNIC
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neurons were studied with and without MOC activation. The MOC axons at the
floor of the IVth ventricle were electrically stimulated using the focal stimulation
method described in Chapter 3. This study was divided into 4 main parts: (1)
Effects of MOC stimulation on I/O functions of CNIC neurons, (2) Comparison
between MOC effects in the CNIC and in the cochlea, (3) Dissipation of MOC
effects in the CNIC and in the cochlea, and (4) MOC effects on the spontaneous
activity of CNIC neurons.
The effects of the MOC efferents on the sound-evoked responses of CNIC
neurons were studied based on changes in their I/O functions to CF tones. I/O
functions were chosen because we were interested in investigating the effects of
the MOC system at the CF region of the neuronal response. In the periphery, the
strength of the MOC effect is usually the strongest at the CF regions (Gifford and
Guinan, 1983; Guinan and Gifford, 1988c; Wiederhold and Kiang, 1970). In
addition, the recordings of I/O functions can be completed within a shorter time
period compared to other recordings such as tuning curves and frequency-intensity
response maps. This is crucial because prolonged stimulation of MOC fibers may
cause fatigue of the system and affect the magnitude of the MOC effect. Lastly,
MOC effects in the periphery (primary afferents and cochlear nucleus) have been
carefully studied by other authors using I/O functions (see chapter 1, section
1.6.2.3b). Therefore, our use of a similar method is useful for comparison of the
more central effects in the CNIC with the known peripheral effects of the MOC
system.

5.2 Materials and Methods
5.2.1 Effects of MOC stimulation on I/O functions of CNIC neurons
The recordings of I/O functions from CNIC neurons are similar to
descriptions given in the methods section of chapter 4. First, I/O function for each
neuron was constructed for responses to contralateral CF tones alone. Then, a
second I/O curve was constructed for responses to CF tones with MOC shocks
(refer Fig. 5.1 for details). Firing rates for constructing the I/O functions were
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calculated using spikes counts during the entire tone burst duration (100 ms). The
changes on the I/O curves with and without MOC stimulation were qualitatively
assessed based on 3 levels of tone intensity; low: <30 dB SPL, medium: 30-50 dB
SPL and high: >50 dB SPL. In approximately one third of the neurons, I/O
functions were also recorded without the MOC shocks after a short recovery
period (1-2 min) to assess the reversibility of the MOC-mediated changes.

Fig. 5.1: Time course of CF tone bursts (100 ms, 1 ms rise fall time, cos2 gating) and MOC shock
trains (100 ms, 2-3 V, 0.1 ms pulses, 300 Hz) for recording the I/O functions in this study.
Methods for the generation of tone bursts and MOC shocks are given in section 2.4 and 2.6 of
Chapter 2.

5.2.2 Comparison between MOC effects in the CNIC and in the cochlea
For this purpose, MOC-mediated changes in the response threshold of I/O
curves of CNIC neurons were compared with the MOC-induced peripheral CAP
suppression at the frequency corresponding to the CF of each neuron. The
methods used for estimation of response threshold from the I/O functions are
given in section 4.2, Chapter 4. The threshold shift was calculated based on the
difference between the threshold from I/O curves without MOC shocks and the
corresponding threshold from I/O curves with MOC shocks. The CAP response
was recorded for 10 ms tone pips at 20 dB above the threshold level immediately
after the I/O recordings. The amount of the MOC-mediated CAP suppression in
the contralateral cochlea was quantified in dB based on the description given in
section 3.2.2, Chapter 3.
Instead of a single spike count window for the entire 100 ms tone burst
duration, two different count windows were used to construct the I/O functions of
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each CNIC neuron. One window was set for the first 30 ms after the onset of tone
bursts and another window was set for the last 70 ms of the tone bursts. The 0-30
ms spike window was termed the early component while the 30-70 ms window
was called the late component. The comparison between the peripheral CAP
suppression with the threshold shift of the I/O functions of CNIC neurons was
based on the early component of the response. In addition, the threshold shift after
MOC stimulation on the early component was compared with the corresponding
change in the late component of the response in each neuron.

5.2.3 Dissipation of MOC effects in the CNIC and in the cochlea
The dissipation of MOC effect in the CNIC was investigated in a separate
set of experiments involving 6 animals. For this purpose, shorter duration CF
tones (30 ms) were used. I/O functions were plotted based on the spike counts for
the duration of tone bursts (30 ms) at different shock-tone burst delays, which
were varied pseudorandomly. Contralateral CF tones were presented in 2 dB steps
(instead of 5 dB steps as in previous cases) but were limited to near threshold
intensities. In addition to the analysis of threshold shift from I/O recordings, CAP
measurements were also made to investigate the dissipation of MOC effects in the
cochlea. The peripheral CAP suppression at the same frequency as the CF of each
CNIC neuron was measured immediately after the completion of I/O function for
each shock-tone burst delay.

5.2.4 MOC effects on the spontaneous activity of CNIC neurons
In the first stage, the effect of MOC stimulation on the spontaneous
activity of CNIC neurons was determined from the I/O functions. The
spontaneous activity with and without MOC shocks was measured by averaging
all data points at and before reaching the threshold in the corresponding I/O
curves derived from the 100 ms spike window. This procedure of assessing the
spontaneous rate from the sub-threshold points on the I/O functions is based on
the assumption that the subthrehsold acoustic stimulation do not have any effect
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on the spike rate of the CNIC neurons and that any effect of the acoustic
stimulation on their response synchronisation is negligible.
In the second stage of the study, the time course of MOC-mediated effect
on the spontaneous activity was investigated using PSTHs. For this set of
experiments, an additional precaution was taken. The polarisation voltage of the
speaker was switched-off during the recording sessions in order to eliminate all
sound sources from the speaker. The spontaneous spikes of CNIC neurons were
recorded along with MOC shock trains. Recordings were repeated at the rate of
1/s for 100 sweeps and single spikes were then isolated from the end of shock
train till the beginning of the subsequent shock train to generate PSTHs with 1 ms
bin size. In order to illustrate the effects of MOC shocks on the spontaneous firing
rate, the spikes per bin data from the PSTH was converted into ’50 ms window’
spike rate by adding the total number of spikes in successive 50 ms windows after
the termination of the shock trains and dividing it by the time period to give the
mean firing rate for the 50 ms window.

5.3 Results
5.3.1 Effects of MOC stimulation on I/O functions of CNIC neurons
Input-output functions of 88 CNIC neurons were recorded with and
without MOC stimulation from 16 guinea pigs (these neurons were included in the
data presented in Chapter 4). The CFs and response thresholds (at CF) of these
neurons are shown in Fig. 5.2. Of this sample, 34 (38.6%) neurons were
monotonic while 54 (61.4%) neurons had non-monotonic I/O functions. Based on
qualitative observations, changes in the I/O curves of CNIC neurons after MOC
stimulation can be divided into rightward shift that is qualitatively similar to those
of primary fibers and other more complex effects.
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Fig. 5.2: Response thresholds at CF (estimated audio-visually) versus CF of CNIC neurons
recorded in this study. Filled circles: monotonic; open circles: non-monotonic neurons. N=88.

5.3.1.1 Rightward shift qualitatively similar to primary fibers
In 19 (55.9%) monotonic neurons, MOC shocks produced suppression at
low-to-medium tone levels but little or no change in their firing rates at high
sound levels. This effect shifted the initial rising portion of the I/O curves to the
right. For example, in neuron 58-15 and neuron 98-4 (Fig. 5.3A,B), suppression
occurred at tone levels less than 40 and 45 dB SPL respectively. At higher tone
levels, at which the responses reached saturation, efferent stimulation did not
change the firing rate. This simple rightward shift of the I/O curve is consistent
with the effects of MOC stimulation inhibiting the active process of OHCs in the
cochlea at low and intermediate sound levels.
Similarly, in 25 (46.3%) non-monotonic neurons, MOC stimulation also
caused a rightward shift of the whole I/O curve (neuron 56-1 and neuron 62-2 in
Fig. 5.3C,D). As described for the monotonic neurons, the simple rightward shift
of the I/O curves can be predicted on the basis of suppressive effect of the MOC
system in the cochlea that simply turns down the gain of the cochlear amplifier.
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Fig. 5.3: Examples of CNIC neurons with monotonic (A,B) and non-monotonic (C,D) I/O
functions without (filled squares with solid line) and with (open squares with dotted line) MOC
stimulation. All examples show a simple rightward shift of the curve after MOC stimulation. Each
point of the curve is a mean of 10 sweeps ±SEM. I/O functions in B were repeated after the MOC
shocks (cross with solid line) to show reversibility of the MOC effects. The dotted vertical line in
each graph represents the estimated interaural crosstalk level at the frequency closest to the CF of
the neurons (refer appendix A).

5.3.1.2 More complex effects
The remaining monotonic (41.9%) and non-monotonic (54.4%) CNIC
neurons showed more complex effects that cannot be easily explained on the basis
of the MOC effect on OHC active process.

a) Excitation at medium-to-high tone levels
In 5 (14.7%) monotonic neurons, the rightward shift of the initial rising
portion of the I/O curves was accompanied by a clearly observable increase in
firing rates at medium-to-high tone levels. For example, in neuron 65-2 (Fig.
5.4A), MOC stimulation produced a suppression at low tone levels but an increase
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in firing rates at tone levels >55 dB SPL. In one monotonic neuron (neuron 5820, Fig. 5.4B), there was a lack of a clear threshold shift in the ascending part of
the curve after MOC stimulation. However, there was still an increase in its
saturation rate at tone levels >50 dB SPL.
Similarly, in 6 (11.1%) non-monotonic neurons, although there was
suppression at low tone levels, the maximum rate increased after the MOC shocks.
An example of this effect is represented by neuron 56-14 (Fig. 5.4C) in which the
excitatory effects were clearly seen at tone levels >40 dB SPL. In 2 nonmonotonic neurons, despite the absence of any clear rightward shift in the initial
rising phase, MOC stimulation still produced an increase in the maximum rate and
a rightward shift in the descending phase of their I/O functions (example in
neuron 97-3, Fig. 5.4D). In all cases, the excitatory effects appeared at tone
intensities that were much lower than the estimated interaural crosstalk levels at
the frequency closest to the CF of each neuron (represented by dotted vertical
lines in Fig. 5.4 A-D).

Fig. 5.4: Examples of CNIC neurons with monotonic (A,B) and non-monotonic (C,D) I/O
functions which showed excitatory effects at medium-to high tone levels after MOC stimulation.
Other descriptions are similar as in Fig. 5.3.
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b) Inhibition at high tone levels
In the remaining 9 (26.5%) monotonic neurons, MOC-mediated inhibitory
effects were not only effective at low and medium tone levels but also at the high
tone levels. The rightward shift of initial rising portion of the I/O curves in these
neurons was accompanied by a strong suppression of firing rate at high tone levels
(example-neuron 58-3, Fig. 5.5A) including a clear decrease in the saturation rate
(example-neuron 54-5, Fig. 5.5B). In 15 (27.8%) non-monotonic neurons, apart
from a rightward shift of the I/O curve MOC shocks also suppressed their
maximum rates (example-neuron 100-3, Fig. 5.5C). In 6 (11.1%) of the nonmonotonic neurons, the suppression of the firing rate at high tone levels was
clearly seen in the descending limb of the curves. In these neurons, the initial
rightward shift of the rising phase was not accompanied by a similar shift in the
descending part of the curve (example-neuron 100-4, Fig. 5.5D).

Fig. 5.5: Examples of CNIC neurons with monotonic (A,B) and non-monotonic (C,D) I/O
functions which showed inhibitory effects after MOC stimulation even at high tone levels. Other
descriptions are similar as in Fig. 5.3.
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5.3.2 Comparison between MOC effects in the CNIC and in the cochlea
The amount of threshold shift in the I/O functions after MOC stimulation
and the corresponding CAP suppression in the contralateral cochlea at the same
frequency as the CF of each neuron were calculated in 34 CNIC neurons from 9
animals (12 monotonic and 22 non-monotonic neurons). CNIC neurons were also
classified as onset or tonic type based on their PSTH patterns (refer Chapter 4). Of
the 34 neurons, 5 neurons were onset type while the remaining 29 neurons were
tonic type. An example of an onset and a tonic neuron with their I/O functions and
corresponding PSTHs are shown in Fig. 5.6A-F. The spikes in onset neurons
occurred in the first 30 ms of the response (Fig. 5.6C). On the other hand, tonic
neurons produced spikes even during the later phase of the response (30-100 ms)
(Fig. 5.6F).
The MOC-mediated threshold shift from I/O functions for the early
component of the response was plotted against the CAP suppression in the
contralateral cochlea in all 34 neurons (Fig. 5.7A). 28 of the neurons (82.4 %)
showed threshold shifts within ±5 dB of the corresponding CAP suppression. In
the remaining 6 neurons, the threshold shift was >5 dB stronger than the
corresponding CAP suppression. Interestingly, 2 of these neurons showed
complete suppression of the firing rate in the early part of the response for the
entire range of tone burst intensities tested (indicated by circled numbers in Fig.
5.7A, examples shown in Fig. 5.8A,B).
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Fig: 5.6: Example of the I/O functions of an onset (A,B) and a tonic (D,E) CNIC neuron for the
early (0-30 ms) and late (30-100 ms) components of their responses without (filled symbols with
solid line) and with (open symbols with dotted line) MOC stimulation. Each point of the curve is a
mean of 10 sweeps ±SEM. C,F: Their corresponding PSTHs (250 sweeps, repeated at 2/s, 1 ms
bin size) for 100 ms CF tone bursts at 20dB above threshold (refer chapter 4 for details on PSTH
recordings).
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In the 29 tonic neurons, changes in the firing rate after MOC stimulation
for the early and late components of the response were analysed separately.
Threshold shifts in the early component of the response were plotted against
threshold shifts in the late component for all the 29 neurons (Fig. 5.7B). All tonic
neurons showed suppression in the threshold of the early component after the
MOC stimulation. In most cases (24 out of 29 neurons), the MOC-mediated
threshold shift in the early component was stronger than the corresponding
threshold shift in the later phase. In 7 tonic neurons, despite the presence of
suppression in the early part of the response, there was an absence of threshold
shift in the late phase of the response. The changes in the early and late
components after MOC stimulation in one of such neurons are shown in Fig. 5.8C.
The absence of threshold shift in the later phase of the response in this neuron
simply reduced the overall effect of the MOC stimulation on its firing rate
measured over the entire tone burst duration. This explains the lack of threshold
shift in the I/O function derived from spikes isolated for the entire tone burst
duration for this neuron (Fig. 5.4D).
Another example of CNIC neuron (predominantly onset firing) with
threshold shift limited to the early phase of its response after MOC stimulation is
shown in Fig. 5.8D. The lack of threshold shift after MOC stimulation for the
composite response during the entire 100 ms spike window period for this neuron
is shown in Fig. 5.4B. The previous example in Fig. 5.8C showed that the MOCmediated excitatory changes were limited to the late component of the response.
However, in this example (Fig. 5.8D), MOC-mediated excitatory effects were
seen in both early as well as late components and this contributed to the absence
of threshold shift in the I/O functions derived from spikes during the entire tone
burst duration.
The magnitude of the MOC-mediated threshold shift in the early
component was normalized to the amount of CAP suppression elicited in the
contralateral cochlea and plotted against the CF of each of the CNIC neuron (Fig.
5.7C). The normalized threshold shift varies substantially from one neuron to
another and this is seen even in neurons with similar CFs. In addition, the
magnitude of the effect appears not to be dependent on the CF of the CNIC
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neurons. Although this appears to be an interesting issue, the data is insufficient to
make any further conclusions about the CF-dependence of MOC effects in the
CNIC.

Fig. 5.7 A: Threshold shifts in the early component (0-30 ms) of the response of CNIC neurons
versus amount of CAP suppression in the contralateral cochlea after MOC stimulation. N=34. B:
Threshold shifts in the early (0-30 ms) versus threshold shifts in the late (30-100 ms) components
of the responses in tonic CNIC neurons. N= 29. The digits in the graph represent the total number
of neurons. Circled digits indicate a complete suppression of their response in the early component
after MOC stimulation. C: Normalized threshold shifts (threshold shift in the early component/
CAP suppression) versus CF of CNIC neurons. N= 32 (2 neurons with complete suppression of
their onset response are not shown).
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Fig: 5.8 A,B: CNIC neurons which showed complete suppression of firing rate in the early (0-30
ms) component of their responses without (filled symbols with solid line) and with (open symbols
with dotted line) MOC stimulation. C,D: CNIC neurons with a MOC-mediated threshold shift in
the early component but not in the late component of their response. The I/O curves for the entire
tone burst duration (0-100 ms) for these neurons are shown in Fig. 5.4D and 5.4B (note the
absence of threshold shift).
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5.3.3 Dissipation of MOC effects in the CNIC and in the cochlea

The dissipation of MOC effect could be an important factor producing a
larger suppression in the early component compared to the later phase of the
responses in tonic CNIC neurons. In order to investigate this issue, the dissipation
of the MOC-mediated suppression was investigated in 16 CNIC neurons using a
series of I/O functions recorded at different shock-tone burst delays. Example of
I/O functions recorded in one CNIC neuron is illustrated in Fig. 5.9. Threshold
shifts were largest when measured at 10 ms after the termination of MOC shocks
and progressively weakened with the increase in the shock-tone burst delay. In the
example given in Fig. 5.9, MOC effects on the threshold completely disappeared8
200 ms after the termination of the shocks. Complete dissipation of MOC effects
on the response threshold ranged between 100 to 250 ms after the termination of
the shock trains (Fig. 5.10).
The CAP data provide a much cleaner measeure of “dissipation”, since late
effects in the CNIC neurons are a complex product of dissipation and the effects
of MOC stimulation interacting with the complex circuitry through which the
CNIC responses are derived. The comparison between the dissipation of MOC
effects at the single CNIC neuron level (using threshold shifts in I/O functions)
and at the cochlear level (using equivalent CAP suppression) for 8 CNIC neurons
is shown in Fig. 5.11A-H. Threshold shifts in the I/O functions of the CNIC
neurons showed a close correspondence with the amount of CAP suppression in
the contralateral cochlea. In the cases that the CAP suppression differed from the
corresponding threshold shifts in the I/O functions, the differences were usually
small (± 4 dB).

8

Although the effect on the threshold completely dissipated, the suprathreshold suppression was
still present at the 200 ms delay. However, for the purpose of this study, only the threshold
changes were taken into account.
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Fig 5.9 A: I/O functions recorded from neuron 113-7 (CF 7.8) based on responses to 30 ms CF
tones to a range of near threshold intensities (in 2 dB steps) with and without MOC shocks. The
delays between the termination of shock trains and beginning of tone bursts are indicated in the
graph in ms. B: Threshold shifts in the series of I/O functions from 5.9 (A) plotted against the
different shock-tone burst delays.

Fig 5.10: Shock-tone burst delays at which the MOC effects on the threshold shift of the I/O
functions completely dissipated. N=16.
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Fig. 5.11A-H: MOC-induced threshold shifts in the I/O functions of CNIC neurons (diamonds
with solid lines) and CAP suppressions at the same frequency as CF of each neuron (crosses with
dotted lines) plotted as a function of shock-tone burst delays. The CAP recordings were responses
to ipsilateral 10 ms tone pips at 20 dB above threshold level whereas the CNIC responses were
based on contralateral 30 ms CF tones.
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5.3.4 MOC effects on the spontaneous activity of CNIC neurons
The sampled neurons were divided into low spontaneous rate (LSR),
medium spontaneous rate (MSR) and high spontaneous rate (HSR) units based on
the mean spontaneous rate calculated for a period of 10s (See section 4.3.2,
Chapter 4 for details of the classification). The population (N= 88) consisted of 50
LSR, 31 MSR and 7 HSR neurons. Out of this sample, 19 neurons (21.3%) (16
MSR and 3 HSR units) showed a suppression of their spontaneous activity in their
I/O functions after MOC stimulation (examples in Fig. 5.5A,D) while the
remaining neurons did not show any clear change in their spontaneous rate level.
Fig. 5.12A shows the distribution of CF versus threshold of the 19 CNIC
neurons which showed suppression of their spontaneous activity after MOC
stimulation. The response thresholds of these neurons varied greatly from one
neuron to another. Some of the neurons were very sensitive (thresholds <10 dB
SPL) while others had thresholds >30 dB SPL to contralateral CF tones. Fig.
5.12B shows the relationship between the spontaneous rates estimated based on
the I/O functions and the rates calculated by the software (for a period of 10 s)
before the I/O functions were recorded in the same subgroup of neurons. There
was a strong correlation between the two estimates (Pearson correlation, r
=0.8118, P< 0.0001). This indicates that the spontaneous rates estimated from the
I/O functions of these neurons were not greatly influenced by any adaptation due
to the repetitive sound stimulation. The change in the spontaneous activity without
and with MOC stimulation calculated from the I/O functions in individual neurons
is shown in Fig 5.12C. Since the I/O function were generated using a 100 ms
spike window (when the tone burst was on), spontaneous rates estimated from the
I/O curves are from 10-110 ms after the termination of MOC shock trains (there
was a delay of 10 ms between the end of shock trains and the onset of tone bursts).
With MOC stimulation, the spontaneous rates were reduced to below 5/s in all of
these CNIC neurons. In many cases, the spontaneous activity was completely
suppressed for the duration of the spike count.
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Fig 5.12 A: CF versus thresholds (at CF) for CNIC neurons that showed a clear suppression of
their spontaneous activity after MOC stimulation. N=19. B: The relationship between the
spontaneous rate obtained from the I/O functions and the rate estimated by the software before the
I/O functions were taken in the same set of CNIC neurons. C: Spontaneous rate without (filled
square) and with (open circle) MOC stimulation in each of the 19 CNIC neurons. Both data in C
were derived from the I/O functions.
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The PSTH for spontaneous neural spikes (along with the MOC shock
trains) were recorded in another 6 CNIC neurons that showed a clear suppression
of their spontaneous activity after MOC stimulation (left hand panels of Fig.
5.13A-F). To illustrate the effects of the MOC shocks on the spontaneous firing
rate, the PSTH data was converted into ’50 ms window’ spikes rates (examples in
Fig. 5.13A-F, right hand panels) in which each data point now represents the mean
firing rate for the 50 ms window prior to the time indicated in the x-axis. The
dotted horizontal lines in the latter panels represent the original firing rate of the
neuron which was calculated by the software for 10 s prior to MOC stimulation.
The MOC-mediated suppression of the spontaneous activity in all 6
neurons was usually complete or near complete for the first 100 ms after the
termination of the MOC shocks (Fig. 5.13A-F). However, the duration of the
suppression varied greatly from one neuron to another. In some neurons, the
suppression lasted only up to 100-200 ms after the shocks (Fig. 5.13A-D) while in
the other neurons the inhibitory effect lasted much longer (up to 700 ms after the
shocks) (Fig. 5.13E,F). In some cases, there was also a ‘rebound’ of spontaneous
activity after the initial suppression where the spontaneous rate increased
transiently before reaching the original rate (Fig. 5.13B,D). Although the
spontaneous spikes could not be isolated from the large shock artifacts during the
period of MOC stimulation, the onset of the spontaneous activity suppression can
still be clearly observed within the first half of the 100 ms shock trains (examples
given in Fig. 5.14). This was seen in all the 6 neurons.
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* Figure continues in the next page
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Fig 5.13 A-F: Examples of CNIC neurons which showed spontaneous rate suppression after MOC
stimulation. Left hand panels are PSTHs (1 ms bin size, 100 sweeps, 1/s repetition rate) of the
spontaneous activity and right hand panels represent the corresponding ‘50 ms window’ spike rate
versus time after shock onset. See text in section 5.2.4 for further details. TH: threshold at CF
detected audio-visually.

Fig 5.14A,B: Illustration of onset of spontaneous activity suppression within the MOC shock
trains in two CNIC neurons.
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5.4 Discussion
5.4.1 Simple and complex MOC effects on I/O functions of CNIC
neurons
MOC stimulation produced suppression of the firing rate at low tone levels
in all CNIC neurons. In about 50% of the monotonic and non-monotonic neurons
the MOC-induced suppression produced a simple rightward shift of the I/O
curves. This effect can be predicted on the basis of turning down the gain of the
cochlear amplifier (OHCs) in the periphery and corresponds qualitatively to the
effects of MOC efferents in a majority of primary afferents (Gifford and Guinan,
1983; Gifford and Guinan, 1987; Guinan and Gifford, 1988a; Guinan, 1996; Teas
et al., 1972; Warren and Liberman, 1989a; Wiederhold, 1970; Wiederhold and
Kiang, 1970). However, remaining monotonic and non-monotonic CNIC neurons
showed more complex changes after MOC activation which cannot be readily
explained on the basis of the MOC effect on the OHC active process. The
complex changes were of 2 types; excitation at medium-to-high tone levels and
inhibition at high tone levels.

5.4.1.1 Excitation at medium-to-high tone levels
About 15% of the monotonic and 11% of the non-monotonic CNIC
neurons showed excitatory effects after MOC stimulation. Interestingly, the
increase in the firing rate only occurred at intermediate and high tone levels after
an initial suppression at near threshold intensities. The excitatory changes were
reversible and this indicates that the effects were not due to any permanent change
in the neuronal properties. The MOC-mediated excitation was also seen in
neurons with low or no spontaneous activity (see Fig. 5.4A,B), indicating that the
effect is a real increase in firing rate and not just a release from masking due to
suppression of the response to any uncontrolled low level background noise. In
addition, the excitatory effects were seen at intensities far below the estimated
acoustic crosstalk levels and therefore unlikely to be related to MOC-mediated
suppression of the sound leaking to the opposite ear (this can happen in E-I
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neurons if the sound-evoked suppression from the ipsilateral cochlea is suppressed
by the MOC efferents to that ear).
The excitatory effects in CNIC neurons are unlikely be a simple translation
of MOC effects in the cochlea. At the CF region, MOC stimulation produces only
suppressive effects on the basilar membrane vibration (Cooper and Guinan, 2003;
Cooper and Guinan, 2006; Dolan et al., 1997; Murugasu and Russell, 1996;
Russell and Murugasu, 1997). Although one study reported that MOC stimulation
enhances the basilar membrane velocity response to intermediate and high tone
levels, the enhancement of basilar membrane response was only observed at
regions well above the CF and not at CF regions (Dolan et al., 1997). In addition,
using CF tones, MOC-mediated excitatory effects were never seen at the
subsequent stages in the auditory periphery (IHC potentials, responses of primary
afferents) (Brown and Nuttall, 1984; Guinan and Gifford, 1988a; Guinan and
Stankovic, 1996). Hence, the MOC-mediated excitatory effects are likely to be
produced more centrally.
The explanation for the MOC-induced excitatory effects in CNIC neurons
could lie in the complexity of the central ascending circuitry. Besides excitatory
inputs from lower brainstem nuclei, there are also inhibitory inputs from the NLL
and LSO reaching the CNIC (see Fig. 1.2, Chapter 1). In addition, there are also
local inhibitory interneurons within the CNIC. Based on intracellular recordings,
contralateral CF tones can initiate different mixtures of excitatory and inhibitory
postsynaptic potentials in CNIC neurons (Covey et al., 1996; Kuwada et al., 1997;
Pedemonte et al., 1997), suggesting a convergence of the excitatory and inhibitory
inputs in the CNIC. Due to the converging inputs, MOC-mediated inhibitory
effects in the cohclea would affect the responses of CNIC neurons in a variety of
ways, depending on the relative strength of the converging inhibitory and
excitatory inputs influencing the CNIC neurons. Excitatory effects might result if
the inhibitory inputs to the CNIC neuron are turned down (disinhibition) (see
section 9.2, Chapter 9 for further illustration of this mechanism).
Besides the CNIC neurons, neurons in lower stages of the central auditory
pathway (CN, SOC, NLL) also have complex excitatory and inhibitory inputs as
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well as intrinsic interneuronal circuitry. It is possible that some of the excitatory
changes in the CNIC simply reflect the changes occurring at the lower brainstem
level. MOC stimulation has been reported to evoke excitatory changes in a
subgroup of monotonic and non-monotonic CN neurons (see Fig. 7 in Starr and
Wernick, 1968). Interestingly, some of the excitatory effects on the I/O function
of CN neurons persisted even after the elimination of the peripheral MOC effects
in the cochlea either by destruction of OHCs using chronic kanamycin
administration or acute perfusion of the cochlea with strychnine (Mulders et al.,
2002). This suggest that midline shocks to the MOC system can also influence the
responses of CN neurons directly, independent of their actions in the cochlea
(Mulders et al., 2003; Mulders et al., 2002).
Apart from its terminals in the cochlea, MOC fibers give collaterals to the
CN (Benson et al., 1996; Brown et al., 1988; Horvath et al., 2000; White and
Warr, 1983; Winter et al., 1989). As described in section 1.6.5 of Chapter 1, MOC
collaterals have been suggested to mediate the central excitatory effects on
responses of CN neurons after midline MOC stimulation (Mulders et al., 2003;
Mulders et al., 2002). The collaterals are thought to excite stellate cells in the
VCN (Fujino and Oertel, 2001; Oertel and Fujino, 2001; Oertel et al., 1990). Since
stellate cells contribute to ascending inputs from the VCN to the contralateral
CNIC, excitatory effects produced by the collaterals in the CN could be translated
to higher order neurons in the CNIC. However, a main difference exists between
the excitatory effects reported previously in the CN and the changes seen in
present study in the CNIC. In the CN, excitatory effects after MOC stimulation
were observed not only at higher tone levels but also at near threshold levels,
producing a leftward shift in the initial rising phase of the I/O function (Mulders et
al., 2002; Starr and Wernick, 1968). However, in the current study, excitatory
effects were limited to medium-to-high tone levels only. MOC stimulation did not
evoke any near threshold excitatory effects in the responses of CNIC neurons.

5.4.1.2 Inhibition at high tone levels
Another subgroup of CNIC neurons showed strong suppression of firing
rates even at high tone levels. It is possible that this inhibition originates from the
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MOC-mediated effects on the responses of primary afferents. Inhibitory changes
at higher sound levels (up to 100 dB SPL) after MOC stimulation have been
reported in a subset of low and medium SR primary afferents in cats (Guinan and
Stankovic, 1996). Guinan and Stankovic (1966) did not specify the percentage of
the primary afferents which showed such effects but noted that the suppression
was up to 25% from the original firing rates at 90-100 dB SPL tone levels.
The mechanism involved in the suppression of primary afferent firing rates
at higher tone levels is poorly understood. The classical view regarding the MOC
effect on the basilar membrane vibration is that it produces the strongest
suppression for CF tones at low-to-moderate intensities and very little effect at
higher tone levels. The suppressive effect of the MOC system on the OHC active
process in the cochlea is reduced at higher sound intensities because the OHC
mechano-electrical transduction process reaches saturation and this limits the
active amplification of basilar membrane vibration (Patuzzi and Robertson, 1988;
Patuzzi et al., 1989).
However, one study suggested that MOC stimulation can still suppress the
basilar membrane vibration at high tone levels (Russell and Murugasu, 1997).
Using a laser diode interferometer, Russell and Murugasu (1997) measured the
tone-evoked basilar membrane displacement at CF with and without MOC
stimulation and reported that MOC activation can produce strong attenuation of
the basilar membrane displacement (equivalent to more than 10 dB) even at 90100 dB SPL tone levels. This result supports the earlier finding by Guinan and
Stankovic (1996) in single primary afferents and suggests that the MOC-mediated
suppression in afferent fibers at high tone levels could have origin in the
mechanical changes at the basilar membrane level. An alternative explanation for
the suppression of firing rates in primary afferents at high tone levels after MOC
stimulation is based on electrical changes in the cochlea. The MOC-mediated drop
in the EP can hyperpolarize IHCs and reduce the IHC transmitter release to
primary afferent dendrites. This effect may also reduce the primary afferent’s
firing rate irrespective of the sound level (Guinan and Stankovic, 1995; Guinan
and Stankovic, 1996; Guinan, 1996; Stankovic and Guinan, 1999).
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5.4.2 Comparison between MOC effects in the CNIC and in the cochlea
The threshold shifts in I/O function of CNIC neurons were compared with
the amount of CAP suppression (at the frequency corresponding to the CF of the
CNIC neuron) in the contralateral cochlea. The comparison showed that in a
group of CNIC neurons, the strength of MOC-mediated suppression is translated
from the cochlea without large changes. This result agrees with the previous
finding by Desmedt (1962). This author found that the amount of N1 CAP
suppression in the cochlea (in dB equivalents) is consistently observed in the
simultaneously recorded field potentials in the contralateral IC after MOC
stimulation.
However, in other neurons, 5dB shifts in the early component were
associated with larger CAP suppressions and 10dB and 15dB shifts in the early
component (0-30 ms) of their responses were associated with smaller CAP
suppression in the contralateral cochlea (see Fig. 5.7A). A linear fit to the data in
Fig. 5.7A would certainly have a slope very different from 1.0, suggesting that the
MOC effects in the responses of CNIC neurons aren’t really ‘simple’ reflections
of CAP changes. Interestingly, 2 of these neurons showed complete suppression
of the early response after MOC stimulation irrespective of the tone level. This
indicates that the MOC-induced suppression in the early component of the
response in some CNIC neurons can be substantially stronger than the
corresponding suppression in the cochlea. Although such effects were only seen in
a small number of neurons, the finding reiterates the fact that MOC effects are not
uniform across the population of CNIC neurons.
Besides this, the present study also demonstrated that the dissipation of the
MOC effect in CNIC neurons correlates very well with the dissipation of its
effects in the cochlea. The dissipation of MOC-mediated suppression in CNIC
neurons was about 100-250 ms after the termination of MOC shock trains. This
time course agrees with findings from previous studies that showed MOC effects
dissipate in the order of 100-200 ms after the cessation of each shock train
(Desmedt, 1962; Wiederhold and Kiang, 1970).
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The dissipation of the MOC effect has an important implication for the
MOC-mediated changes elicited in the early and late components of the responses
in CNIC neurons. In tonically firing CNIC neurons, MOC-induced effects were
usually stronger in the early component (first 30 ms of tone burst) compared to the
late component (the last 70 ms of tone burst) of the response. A weaker MOC
effect in the late component would sometimes reduce the overall effect of MOC
stimulation (for entire 100 ms of the tone burst). As a consequence, in a small
number of CNIC neurons, although MOC stimulation produced a shift the
threshold in the early component, it did not produce any threshold shift in the I/O
functions measured for the entire tone burst duration (see Fig. 5.4B,D).

5.4.3 MOC effects on the spontaneous activity of CNIC neurons
5.4.3.1 Suppression of the spontaneous activity after MOC stimulation
Another significant finding from this study is that MOC stimulation can
suppress the spontaneous activity in about 20% of CNIC neurons. Many
spontaneously active CNIC neurons had low thresholds and were very sensitive to
acoustic stimulation. It is uncertain whether the spontaneous discharges in these
CNIC neurons represent ‘true’ spontaneous activity or the neurons were merely
responding to an externally generated sound (e.g. background noise emitted by the
sound system). If the spontaneous activity was actually being driven by low level
background sounds, MOC shocks would simply suppress the responses of the
neurons to the acoustic stimulation. However, the suppression of spontaneous
activity after MOC stimulation was still seen in CNIC neurons despite turning off
the polarisation voltage of the speaker. Furthermore, some of these CNIC neurons
also had high thresholds (>30dB SPL), suggesting that at least in these highthreshold neurons, the suppression is likely to be caused by MOC-mediated
suppression of the ‘true’ spontaneous activity instead of any uncontrolled sounddriven activity.
In the current study, the spontaneous activity suppression began within the
first 50 ms after the onset of 100 ms MOC shock trains. In some neurons, the
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suppression lasted only 100-200 ms after the termination of shocks. In other
neurons, it lasted up to 700 ms after the shocks. MOC-mediated suppression of
spontaneous activity has been also studied in primary afferents and CN neurons of
cats (Guinan and Gifford, 1988b; Guinan and Stankovic, 1995; Starr and Wernick,
1968; Wiederhold and Kiang, 1970). Guinan and Gifford (1988b) used 3 s shock
trains to elicit the effects of the MOC stimulation on the spontaneous activity of
primary afferents. They showed that the suppression of spontaneous activity in
primary afferents begins within 60 ms after the onset of MOC shocks trains and
sometimes persists up to entire duration of the shocks. On the other hand, Starr
and Wernick (1968) investigated the effects of MOC activation on the
spontaneous activity of CN neurons using 350 ms shocks trains. In CN neurons,
MOC shocks produce spontaneous activity suppression 20-90 ms after the
beginning of the stimulation and the spontaneous rates only return to normal about
500 ms after the end of the shocks (Starr and Wernick, 1968). The onset of
spontaneous activity suppression following MOC shocks in CNIC neurons agrees
with the findings in primary afferents and CN neurons. However, comparison
between the total length of the inhibitory effect in the CNIC and in the lower order
neurons is not possible due to longer duration shock trains used in previous two
studies (Guinan and Gifford, 1988b; Starr and Wernick, 1968).
It is currently accepted that the suppression of spontaneous activity in
primary afferents after MOC stimulation is caused by a decrease in the EP
(Desmedt and Robertson, 1975; Guinan and Gifford, 1988b; Guinan and
Stankovic, 1995; Guinan, 1996; Konishi and Slepian, 1971b; Sewell, 1984). A
drop in the EP can lead to hyperpolarisation of IHCs and reduction of the
spontaneous transmitter release from the IHCs to primary afferent dendrites.
Using MOC shocks trains with similar duration as in the current study (100 ms),
Konishi and Slepian (1971b) showed that the EP in guinea pig cochlea starts to
drop with a latency of 10 ms and reaches a minimum approximately at the end of
shock trains. The EP gradually returns to the normal value about 200-400 ms after
the shocks. Since the time course of EP changes is comparable to the MOCmediated suppression of the spontaneous activity in most CNIC neurons seen in
the present study, the suppression of spontaneous activity in the midbrain neurons
could be a manifestation of the peripheral suppression. This explanation implies
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that the spontaneous discharges in CNIC neurons are driven by the spontaneous
activity in primary afferents.
However, there are two main differences between the MOC-mediated
spontaneous activity suppression in lower order neurons and in CNIC neurons.
Firstly, in many CNIC neurons, there was a complete suppression of spontaneous
firing after MOC shocks. In comparison, the suppression of the spontaneous
activity in primary afferents usually does not exceed 35% of their original
spontaneous rate in the first second of the 3s MOC shocks used by Guinan and
Gifford (1988b). None of the primary afferents showed complete suppression of
their spontaneous activity after the onset of MOC shocks (Guinan and Gifford,
1988b). Wiederhold and Kiang (1970) also used more comparable methods of
MOC stimulation to the present study and showed minimal effects on the
spontaneous activity of primary afferents. Similarly, Starr and Wernick (1968)
also did not report a complete suppression of the spontaneous firing in CN
neurons. This suggests that the suppression of the spontaneous activity in CNIC
neurons could be much stronger compared to the effects in lower order neurons.
Secondly, the percentage of CNIC neurons that showed spontaneous rate
suppression was lower than the percentage reported for primary afferents and CN
neurons. More than 50% of the primary afferents studied showed spontaneous rate
suppression in the first second of a 3s MOC shock trains (See Fig. 2 in Guinan
and Gifford, 1988b). In the CN, about 40% of its neurons showed spontaneous
rate suppression after a 350 ms MOC shock train (Starr and Wernick, 1968). In
the present study, only about 20% of CNIC neurons showed spontaneous rate
suppression. However, it is unclear whether this finding represents a ‘real’
difference. The spontaneous activity in the CNIC was much lower than the rates in
primary afferents and CN neurons obtained in previous studies 9 . The lack of
effect in the majority of CNIC neurons in this study was probably because their
spontaneous activity was too low to elicit any effect at all. In addition, the MOC
shock trains used in this study were shorter in duration (100 ms) compared to the
shock trains used in previous studies in primary afferents and CN.
9

The barbiturate anaesthesia used in this study can suppress the spontaneous activity of the CNIC
neurons (Astl et al., 1996; Bock et. al., 1972; Kuwada et al., 1989).
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5.4.3.2 Spontaneous rate rebound after the initial suppression
The recovery of spontaneous activity from initial suppression in some
CNIC neurons was associated with a transient increase of spike rate above the
original rate. This ‘overshoot’ phenomenon has been also observed in primary
afferents and CN neurons (Guinan and Gifford, 1988b; Guinan and Stankovic,
1995; Starr and Wernick, 1968; Wiederhold and Kiang, 1970) and is thought to
represent the release from adaptation at the synapse between the IHC and primary
afferent brought about by the efferent effect. MOC shock trains produce sustained
efferent effects in the order of hundreds of ms. This could produce a continuous
hyperpolarisation of the IHC (due to the drop in EP), leading to reduction of the
spontaneous release of transmitters from its base and an increase in the available
transmitter inside the hair cell. Once the MOC effect dissipates, a higher than
usual release of transmitters from the IHC could result (Guinan and Gifford,
1988b; Guinan, 1996).
Guinan (1996) also suggested that the rebound effect in the spontaneous
rate of primary afferents may be related to the overshoot reversal of the EP after
the initial drop during MOC shock trains. However, the overshoot of EP is only
seen for long duration (2-3s) shock trains and not for short duration (100 ms)
shock trains (Desmedt and Robertson, 1975; Guinan and Stankovic, 1995; Konishi
and Slepian, 1971b). Furthermore, the rebound in EP is less than 1 mV compared
to a maximum drop of 5-7 mV during the initial suppression following MOC
shocks (Konishi and Slepian, 1971b). This small increase in the EP 10 may not
account for the dramatic rebound effects observed in the firing rates of CNIC
neurons (up to nearly two-fold increase from the original spontaneous rate, see
Fig. 5.13B,D).

10

1 mV change in the EP can only produce 1-7% change in the spontaneous rate of primary
afferents (Sewell, 1984; Gifford and Guinan, 1988b).
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CHAPTER 6

EFFECTS OF GENTAMICIN ON MOC-MEDIATED
EFFECTS IN THE CNIC

6.1 Introduction
The previous chapter described the effects of MOC stimulation on activity
of CNIC neurons. It was hypothesised that some of the more complex effects seen
in the CNIC could be mediated by the central circuitry which includes the MOC
collaterals to the CN. MOC stimulation at the floor of the IVth ventricle could
influence the responses of central auditory neurons in two ways, first by inhibiting
the active electromechanical response of OHCs in the cochlea and second by a
direct influence on the CN neurons via the MOC collaterals (Mulders et al., 2003;
Mulders et al., 2002). Both effects could contribute to the upstream effects seen in
the responses of CNIC neurons after shocks to the MOC system. This issue was
explored using animals treated acutely with gentamicin.
Gentamicin, an aminoglycoside antibiotic, has been shown to produce a
rapid, reversible block of the MOC efferent effects in the cochlea of guinea pigs
either via intracochlear gentamicin perfusion or as a single i.m. injection (Avan et
al., 1996; Guitton et al., 2004; Lima da Costa et al., 1998; Mulders and Robertson,
2006; Smith et al., 1994; Yoshida et al., 1999). Gentamicin eliminates the MOC
effects in the cochlea by binding reversibly and non-competitively to the
α9nAChRs on OHCs, thus inhibiting the initial Ca2+ entry and the subsequent
hyperpolarizing current (Blanchet et al., 2000; Evans, 1996; Rothlin et al., 2000).
This suppression can be achieved below the doses of gentamicin that produce
functional hair cell damage and hearing loss (Lima da Costa et al., 1998; Smith et
al., 1994; Yoshida et al., 1999).
In this study, gentamicin was used to eliminate MOC effects in the cochlea
while recording I/O functions of CNIC neurons with and without MOC shocks.
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With the peripheral MOC effects completely eliminated by gentamicin, the
remaining effects in the responses of the CNIC neurons after MOC activation
should reflect the effects of MOC collaterals on the central circuitry alone.

6.2 Materials and Methods
The experimental set-up for MOC stimulation, CAP and CNIC single unit
recordings and the subsequent data analysis were similar to the descriptions given
in previous chapters. The firing rates in the I/O functions were calculated using
spike counts for the entire tone bursts duration and the CNIC neurons were
grouped into monotonic and non-monotonic types based on the classification
described in Chapter 4. All units were recorded only after gentamicin had
completely eliminated the suppression of the CAP amplitude following MOC
stimulation. The MOC effects were abolished using i.m. gentamicin (200 mg/kg in
saline) injections in 8 guinea pigs and intracochlear perfusion of gentamicin (250
µg/ml) in the left cochlea of 4 guinea pigs (these 12 guinea pigs are a separate
group of animals compared to the 19 normal hearing animals described in Chapter
4). For cochlear perfusions, a hole was made in the apex of the cochlea with a
hooked pick. The tip of a glass perfusion pipette (made from borosilicate glass
capillaries, GC120F-15, 1.2 mm O.D x 0.69 mm I.D, Harvard Apparatus) was
carefully inserted through the round window using a micromanipulator. A solution
of 250 µg/ml gentamicin in artificial perilymph (137 mM NaCl, 5 mM KCl, 1 mM
MgCl2.6H2O, 1 mM NaH2PO4.H2O, 12 mM NaHCO3, 11 mM glucose and 2 mM
CaCl2, pH adjusted to 7.3-7.5) was then perfused via the glass pipette into the
scala tympani at a rate of 1-1.5 µl/min.

6.3 Results
6.3.1 Effects of gentamicin on CAP suppression after MOC stimulation
Before gentamicin administration, MOC stimulation resulted in CAP
suppression in all 12 animals. The i.m. gentamicin injections completely
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eliminated the effect of MOC stimulation on the CAP suppression. The time
course of the effect of a single i.m. gentamicin injection on MOC-mediated CAP
suppression in one animal is illustrated in Fig. 6.1A, B. Complete elimination of
the CAP suppression after the systemic injection typically took about 2 hours after
the initial injection and is in agreement with earlier findings (Mulders and
Robertson, 2006; Smith et al., 1994; Yoshida et al., 1999). There was no sign of
reversibility of the effect after systemic administration for the duration of the
experiments (up to 9 hours) and no additional doses of gentamicin were needed.
Similarly, intracochlear gentamicin perfusion also completely abolished
the effects of MOC stimulation on CAP but within a shorter time frame (10-20
min after the onset of perfusion) compared to the systemic route. However, the
effects were usually partially reversible in about 30-40 min after the initial
perfusion. Similar findings were also reported by Mulders and Robertson (2006).
In these instances, repeated perfusions at similar rate and concentrations were
carried out at appropriate intervals to maintain complete elimination of CAP
suppression throughout the experiments (examples of CAP traces before and after
first two cochlear perfusions in the same animal are shown in Fig. 6.2).
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Fig. 6.1 A: Changes in N1-P1 CAP amplitude (response to 10 kHz tone pips at 20 dB above
threshold) with (squares with dotted line) and without (diamonds with solid line) MOC shocks at
different intervals after a single dose of i.m. gentamicin (200 mg/kg) in GP 67. B: Examples of
CAP traces showing the changes in the N1-P1 amplitude without (black lines) and with (grey lines)
MOC stimulation recorded before and 120 min after the i.m. gentamicin injection. The equivalent
dB suppressions in the CAP amplitude were 12 and 0 dB respectively.
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Fig. 6.2: Examples of CAP traces (response to 10 kHz tone pips at 20 dB above threshold)
showing the changes in the N1-P1 amplitude without (black lines) and with (grey lines) MOC
stimulation in GP 144 taken before and after the initial two intracochlear gentamicin perfusions (as
noted below each trace). The equivalent dB suppressions in the CAP amplitude in A-D were 10, 0,
3 and 0 dB respectively.

6.3.2 Effects of gentamicin on changes in I/O functions of CNIC
neurons after MOC stimulation
A total of 36 CNIC neurons (25 monotonic and 11 non-monotonic) were
isolated from 8 animals treated with i.m. gentamicin injections while another 19
neurons (13 monotonic and 6 non-monotonic) were recorded from 4 animals with
gentamicin cochlear perfusion. The CFs and thresholds at CF of all the neurons
are shown in Fig. 6.3. The elimination of CAP suppression in the contralateral
cochlea at the frequency similar to the CF of each CNIC neurons was verified
immediately after recording the I/O functions.
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Fig. 6.3: CF versus response thresholds (at CF) of monotonic (filled circles) and non-monotonic
(open circles) neurons investigated in this part of the study. N=55.

In addition to completely eliminating CAP suppression in the cochlea,
gentamicin administration either via the systemic or intracochlear route also
abolished all the effects of MOC stimulation on I/O responses of both monotonic
(Fig. 6.4) and non-monotonic CNIC neurons (Fig. 6.5). There were no changes in
the response threshold or maximum rate of the I/O functions produced by MOC
stimulation in all 55 neurons investigated.

Fig. 6.4: Examples of monotonic I/O functions without (filled squares with solid lines) and with
(open squares with dotted lines) MOC shocks recorded from CNIC of animals treated with i.m.
(A,B) and intracochlear gentamicin (C,D). Each point of the curve is a mean of 10 sweeps ±SEM.
The dotted vertical line in each graph represents the estimated interaural crosstalk level at the
frequency closest to the CF of the neurons (refer appendix A).

124

Fig. 6.5: Examples of non-monotonic I/O functions with and without MOC recorded from CNIC
of animals treated with i.m. (A,B) and intracochlear gentamicin (C,D). Other descriptions are
similar to Fig. 6.4.

11 out of the total of 55 neurons had spontaneous rates (SR) higher than
4/s (9 neurons in animals with i.m gentamicin and 2 neurons in animals with
intracochlear gentamicin). The SRs of all these neurons were calculated from the
I/O functions with and without MOC shocks as described in section 5.2.4, Chapter
5 and the results are shown in Fig. 6.6. An example of I/O function from which
the data was derived are shown in Fig. 6.5A. Statistical analysis of the mean
spontaneous firing rate (data points at or below the threshold levels) in each of the
I/O curves showed that there was no significant change in the spontaneous rate
with MOC stimulation for the individual neurons (unpaired t-test, P>0.1 in all
cases).
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Fig. 6.6: Relationship between spontaneous activity with and without MOC shocks in CNIC
neurons of animals treated with gentamicin. N=11.

6.4 Discussion
The primary finding in this chapter is that the MOC-induced changes in the
activity of CNIC neurons were completely abolished by gentamicin. This included
changes in the response threshold and maximum firing rates of the I/O curves in
both monotonic as well as non-monotonic CNIC neurons. None of the CNIC
neurons showed any significant suppression in their spontaneous activity after
MOC shocks when the MOC effects in the cochlea had been eliminated. As
described in the introduction, gentamicin’s site of action is at MOC terminals in
the cochlea. Therefore, the elimination of the MOC effects on the responses of
CNIC neurons suggests that all the changes in the I/O functions of CNIC neurons
as described in the previous chapter are mediated via the actions of MOC
terminals in the cochlea.
In addition to the peripheral suppression in the cochlea, shocks to MOC axons
at the floor of the IVth ventricle can produce direct excitatory and inhibitory
effects on the responses of CN neurons. These effects is thought to be mediated
via MOC collaterals (Mulders et al., 2002). Since inputs to CNIC neurons are
derived from projections originating from the CN, MOC shocks used in the
current study could also, in theory, modulate the responses of CNIC neurons
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independent of the peripheral effect. However, given that gentamicin
administration abolished all the effects of MOC stimulation on the responses of
CNIC neurons, it seems unlikely that the MOC collaterals could have influenced
the responses of CNIC neurons as measured in this study.
The treatment of gentamicin for the experimental animals involved two
different modes of drug delivery either the i.m. injection or intracochlear
perfusion. There is a possibility that apart from its actions in the cochlea, systemic
gentamicin injections could have also influenced the central circuitry in such a
way that direct effects arising from the MOC collaterals were also abolished 11 .
However, the intracochlear perfusion of gentamicin also showed similar results to
the systemic injections in which all the MOC effects were eliminated. The
elimination of MOC effects irrespective of whether the gentamicin was
administered i.m or intracochlearly supports the interpretation that all the changes
seen in the activity of CNIC neurons after MOC activation in Chapter 5 are
mediated via the actions of the MOC terminals in the cochlea. MOC collaterals
either were not activated by the shock regime used or if activated, did not
contribute to the changes in the responses of CNIC neurons after the midline
MOC stimulation. In addition, the results from the intracochlear perfusion studies
indicate that the MOC-mediated changes in the responses of CNIC neurons are
solely based on effects in the contralateral cochlea (the perfusion was carried out
only in the contralateral cochlea). MOC-mediated effects in the ipsilateral cochlea
(the midline stimulation would have activated MOC efferents to both ears) do not
produce any changes in the activity of the CNIC neurons.
However, based on the heterogenicity of response types in the CNIC, the
number of units in the gentamicin-treated experiments is enough to be suggestive
of a lack of central input, but not enough to be completely conclusive. Given that
the intriguing excitatory effects of MOC stimulation were only seen in 10-15% of
CNIC units (see chapter 5, section 5.3.1.2a), the gentamicin sample size of 55
units would only contain 5-6 units with these more complex effects. Given some
uncertainty as to whether systemic gentamicin might also affect the cochlear

11

The effect of systemic gentamicin on the activity of MOC collaterals in the CN is not known.
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nucleus, the smaller sample of 19 neurons with intracochlear gentamicin is
probably insufficient to completely rule out the lack of MOC-induced central
effects.
It is important to bear in mind that the absence of any MOC collateral effects
in the responses of CNIC neurons could be also due to the fact that the effects of
the MOC collaterals may have a different time course compared to the peripheral
effects in the cochlea. Previous intracellular measurements noted that single
shocks to MOC axons at the floor of the IVth ventricle evoked postsynaptic
potentials with short onset latencies (within 10 ms) in the rat’s CN neurons
(Mulders et al., 2003). In this study, the delay from the shock onset to the tone
burst is 110 ms (100 ms of shock train plus 10ms of shock-tone delay). While the
stimulating and recording paradigm used in the current study is suitable for
measuring the long-lasting peripheral MOC effects, it might not demonstrate a
short-lasting effect of the collaterals. Besides this, MOC collaterals also may not
be activated by high shock rates used in the present study.
The result from the current study also serve as an important control to exclude
any confounding effects arising from direct current spread from the midline MOC
shocks to adjacent ascending fibers. Although several measures were taken to
establish a focal electrical stimulation on the floor of the IVth ventricle (refer
chapter 3), current spread to the DAS fibers cannot be completely ruled out. Since
the DAS is a part of the central circuitry, it should not be susceptible to the
gentamicin actions, at least in the animals with gentamicin cochlear perfusions. If
there were direct current spread to the ascending fibers it would have still
produced changes in the firing rates of the CNIC neurons although the gentamicin
eliminated the MOC actions in the cochlea. The fact that such changes were not
seen in this study strengthens the argument that the effects seen were solely due to
the activation MOC system and not via current spread to ascending fibers.

128

CHAPTER 7

MOC-MEDIATED ANTIMASKING EFFECTS IN
CNIC NEURONS

7.1 Introduction
In quiet, MOC stimulation can suppress the responses of primary afferents
to low and medium level tone bursts. However, in the presence of background
masking noise, MOC stimulation increases the responses of these fibers to short
duration tones. This enhancement is referred to as the antimasking effect and has
been described based on gross cochlear responses in cats (Dolan and Nuttall,
1988; Kawase and Liberman, 1993; Nieder and Nieder, 1970a) and humans
(Kawase and Takasaka, 1995) and on primary afferents responses of cats (Kawase
et al., 1993; Warren and Liberman, 1989a; Warren and Liberman, 1989b;
Winslow and Sachs, 1987). Continuous background noise produces adaptation in
the responses of primary afferents. By suppressing the response to the steady-state
noise, MOC stimulation reduces the adaptation, thereby increasing the firing rate
of the neurons to the tone. Details of this effect are given in section 1.6.3.1,
Chapter 1. The antimasking effect has been used to explain the proposed role of
the efferents in the detection and discrimination of signals presented in
background noise. Although the antimasking effect has been studied in detail at
the primary afferent level, the translation of the peripheral effects to higher order
centres remains unknown.
Findings from Chapter 5 showed that even in quiet background, the effects
of MOC stimulation on the responses of CNIC neurons to contralateral CF tones
are more complex than the effects reported in primary afferents. A clear example
is the excitatory effect evoked by MOC stimulation at medium-to-high tone levels
in a subset of CNIC neurons. As such, the antimasking effect that has been
described in primary afferents may be also further modified in the CNIC. Bearing
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this in mind, the translation of the MOC-mediated antimasking effect from the
periphery to midbrain was studied by recording the responses of CNIC neurons to
contralateral CF tones in continuous background noise, with and without MOC
stimulation.

7.2 Materials and methods
The general experimental set-up was similar to the descriptions given in
chapter 2. The time course of the acoustic and electrical stimulation is given in
Fig. 7.1A. Parameters for CF tones and MOC shocks are similar to the I/O
function recordings described in chapter 5. In addition, continuous broadband
masking noise was produced by a separate noise generator (Model DS 335,
Stanford Research Systems) and fed into the same speaker that produced the pure
tones. The maximum output from the noise generator was obtained by measuring
its rms-sound pressure in a 1-Hz band with a spectrum analyser (Hewlett Packard,
3561A) (see section 2.4, Chapter 2 for calibration methods) and noise levels are
expressed in dB SPL/√Hz. The spectrum level of noise for frequencies 0.25-25.0
kHz at 0 dB attenuation of the noise stimuli is shown in Fig. 7.1B. For this part of
the study, the noise level was set arbitrarily at either 60 dB or 40 dB attenuation
from the maximum output of the system. No attempt was made to adjust the noise
levels according to the threshold of each neuron to noise.
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Fig. 7.1: A: Time course of acoustic stimuli and MOC shock trains used for recording the I/O
functions in this study. For further details regarding the parameters of tone bursts and electrical
stimulation see Fig. 5.1 B: Spectrum level of noise for frequencies 0.25 to 25.0 kHz measured with
0 dB attenuation of the noise stimuli.

Each CNIC neuron was subjected to four different sets of stimuli. The first
and second recordings consisted of contralateral CF tones in quiet presented with
and without MOC stimulation. The third and fourth were responses to CF tones in
background noise with and without MOC shocks. I/O functions (parameters as
given in section 5.2.1, Chapter 5) were constructed for each of the four different
conditions with the spike count window set for the entire tone burst duration. The
neurons were classified as either monotonic or non-monotonic based on the shape
of the I/O function for responses to tones in quiet (all these neurons were included
in the data given in chapter 4).
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The results are described in two main sections: (1) the effect of the
background noise on the responses of CNIC neurons and (2) the effect of MOC
stimulation on the responses of CNIC neurons to tones in noise. Further analysis
was based on 4 measures taken from the I/O functions as illustrated in Fig. 7.2.

Fig. 7.2: A: Monotonic and B: non-monotonic I/O functions showing the 4 measures taken from
the initial rising phase of curve. Th: Response threshold; Max: initial saturation rate in monotonic
or maximum rate in non-monotonic curves; IDR: input dynamic range; ODR: output dynamic
range (See text in section 7.2 for definitions).

•

Response threshold (Th) was similar as the definition given in section 4.2,
Chapter 4.

•

Maximum firing rate (Max) was taken as the initial saturation rate in
monotonic neuron in which the firing rate did not change significantly
(using unpaired t-test) thereafter. In the non-monotonic neurons, it is taken
as the highest discharge rate before the firing rate decreased at higher tone
levels.

•

Output dynamic range (ODR) was taken as the range of firing rates from
the threshold (Th) to the maximum rate (Max).
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•

Input dynamic range (IDR) was defined as the range of CF tone
intensities from the response threshold (Th) to the maximum rate (Max).
Finally, similar sets of I/O functions for tones in quiet and with

background noise were also recorded from animals in which the peripheral effects
of the MOC system were selectively blocked with a single dose of i.m gentamicin
as described in chapter 6.

7.3 Results
7.3.1 Effects of background noise on the responses of CNIC neurons to
CF tones
I/O functions for responses to contralateral tones in quiet and in noise were
recorded in a total of 52 CNIC neurons from 13 animals. Their CFs and thresholds
at CF are shown in Fig. 7.3. Responses to tones at CF in both -40dB and -60dB
background noise level were recorded in 27 of these neurons. For the remaining
25 neurons, contact was maintained only for a length of time sufficient to
investigate one of the background noise levels.
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Fig. 7.3: CF versus threshold levels of CNIC neurons recorded for this part of study. Filled circles:
monotonic neurons (N=18); open circles: non-monotonic neurons (N= 34).
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7.3.1.1 Changes in response threshold
Background noise, when sufficiently strong, produced a rightward shift in
the I/O curves of CNIC neurons. This effect shifted the response threshold to a
higher tone level (examples in Fig. 7.5A-E). The amount of threshold shift 12 after
the addition of background noise was analysed separately for the 2 levels of
background noise. With the addition of background noise, 74.3% of neurons in
-60 dB noise and 93.2% of neurons in -40 dB noise showed a threshold change
compared to the responses for tones in quiet (Fig. 7.4). The threshold deterioration
varied considerably, ranging from 5-25 dB with -60 dB noise and 5-40 dB with
-40 dB noise. The remaining neurons (9 neurons at -60 dB noise and 3 neurons at
-40 dB noise) showed no change in the threshold after the addition of noise.

Fig. 7.4: Threshold shifts of I/O functions of CNIC neurons after the addition of the background
noise. Negative values on the x-axis signify deterioration in the response threshold to the
contralateral CF tones. A: N=35; B: N=44.

A total of 4 neurons (3 neurons tested at -40dB and -60dB noise and 1
neuron tested only at -60dB noise) were excluded from subsequent analysis
because they did not show any threshold shift in the presence of background
noise. The highest noise level used might not be high enough to produce a
masking effect. In addition, 3 of the CNIC neurons were non-saturating
monotonic I/O functions. They were included in the threshold analysis but were
also excluded from subsequent sections which involved dynamic range
12

threshold from I/O function for tone alone response minus threshold from the corresponding I/O
function for tones in noise response
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estimations. With the exclusion of these 7 neurons in the following sections, the
analysis was only based on the remaining 45 neurons (22 neurons in -40 dB noise
alone, 4 neurons in -60 dB noise alone and 19 neurons in both noise levels).

7.3.1.2 Changes in basal and maximum rates
In addition to threshold shifts, adding the background noise also altered the
basal and maximum firing rates of the CNIC neurons. In 20 out of 45 (44.4%) of
these neurons, the background noise (at either -40 or -60 dB) clearly increased the
basal response rate and decreased the maximum rate. Both monotonic and nonmonotonic CNIC neurons showed these changes (examples for each response
types given in Fig. 7.5A,B). This effect reduced the ODR and was qualitatively
similar to the masking effect of noise described in primary afferents in previous
studies (Costalupes et al., 1984; Delgutte, 1990; Smith, 1977; Winslow and Sachs,
1987).
In the remaining 55.6% of the CNIC neurons, changes in basal and
maximum rates were more complex than the typical masking effect described in
primary afferents. For example, in 12 (26.6%) neurons, the maximum rate for
tones in noise was higher than the rates for tones alone. The enhancement in the
maximum rate was sometimes more than a 100% increase from the initial tone
alone maximum response (example in Fig. 7.5E). In a total of 5 (11.1%) neurons,
the noise did not produce any clear increase in the basal response to the
continuous background noise (examples Fig. 7.5C,E). In these neurons, although
the basal rate did not change, the maximum rate was either reduced or increased.
In 4 (8.9%) neurons, although the I/O curve was shifted to the right, both the basal
and maximum rate did not change after the addition of the noise (example Fig.
7.5D). These changes are clearly different from the classical masking effects in
the periphery. Because of the more complex changes in both the basal and
maximum rates, the ODR in individual neurons could be reduced, increased or
show no change after the addition of the masker noise (Fig. 7.6). For 46.2% of
CNIC neurons in -60dB noise and 63.4% neurons in -40dB noise, the ODR was
reduced at least 20% relative to the tone alone response after the addition of the
noise.
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Fig. 7.5: I/O curves of CNIC neurons (data: mean± SEM) for responses to contralateral CF tones
alone (filled circles) and CF tones in continuous noise (open circles). Noise level is -60 dB in D
and -40dB in A,B,C,E. The dotted vertical line in each graph represents the estimated interaural
crosstalk level at the frequency closest to the CF of the neurons (refer appendix A).

Fig. 7.6: Percentage change in the ODR for responses to tones in noise compared to responses to
tones alone relative to their CFs. Filled circles: monotonic neurons; open circles: non-monotonic
neurons A: N=23 (3 neurons with monotonic non-saturated I/O functions and 9 neurons with no
threshold shift after adding the noise were excluded from the initial 35 neurons); B: N=41 (3
neurons with no threshold shift after adding the noise were excluded from the initial 44 neurons).
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7.3.2 Effects of MOC stimulation on the responses of CNIC neurons to
tones in noise

7.3.2.1 Changes in the output dynamic range (ODR)
a) Changes that resembled antimasking effects in primary afferents
MOC stimulation produced antimasking effects that were qualitatively
similar to those reported for primary afferents in 15 out of 45 13 (33.3%) CNIC
neurons. In these neurons, the ODR was increased due to the suppression of the
basal rate and an increase in the maximum rate. Representative examples of the
I/O functions in 3 of such neurons with and without MOC stimulation taken both
in quiet and in the presence of background noise are shown in Fig. 7.7.
The monotonic neuron in Fig. 7.7A showed a rightward shift of the I/O
curve for responses to tones in quiet after MOC stimulation. When the
background noise was added (Fig. 7.7B), the I/O curve also shifted to the right. In
addition, the neuron also responded to the noise by an increase in the basal firing
rate and a decrease in the saturation rate. These changes reduced the ODR of the
neuron as compared to the responses to tones in quiet. However, MOC stimulation
in the masked condition produced a drop in the basal response rate and an increase
of the saturation rate of the I/O curve (Fig. 7.7B). This effect partially reversed the
ODR compression and produced an increase in the ODR of the I/O curve from 69
to 114 spikes/s.
Classical antimasking effects were also seen in non-monotonic response
types. For example, when tones were presented in quiet, MOC stimulation shifted
the I/O curve of non-monotonic neuron shown in Fig. 7.7C to the right and
slightly decreased the maximum firing rate. In the presence of noise, the I/O
function of the neuron also shifted to the right (Fig. 7.7D). In addition, the ODR
was compressed due to the increase of the basal response rate and the decrease of
the maximum rate. With MOC stimulation, the neuron showed suppression of the
13 In all the 45 neurons investigated, MOC stimulation produced at least 5 dB threshold shift in
their I/O functions recorded for responses to tones in quiet.

137
basal response rate and an increase of the maximum firing rate as compared to the
masked response. This effectively increased the ODR from 82 to 115 spikes/s.
Similarly, typical changes were also seen in another non-monotonic
neuron (Fig. 7.7E) but the antimasking effect was even more dramatic (Fig. 7.7F).
The masking by the background noise almost completely eliminated the response
to the tone. MOC stimulation, however, unmasked the response by increasing the
ODR to 36 spikes/s.

Fig. 7.7: I/O functions of CNIC neurons (data: mean± SEM) for responses to contralateral CF
tones in quiet (A,C,E) and in continuous background noise (B,D,F). Solid lines with filled squares
and circles: responses to tones without MOC stimulation; dotted lines with open squares and
circles: responses to tones with MOC stimulation. Noise level is -60dB in B and -40dB in D,F. The
dotted vertical line in each graph represents the estimated interaural crosstalk level at the
frequency closest to the CF of the neurons (refer appendix A).
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b) More complex changes that increased the ODR
In another 15 (33.3%) CNIC neurons, a variety of more complex changes
were observed after MOC stimulation but the changes still lead to an increase in
the ODR. Three commonly encountered examples of such changes are:
1. Suppression of the basal rate without an increase in the maximum rate.
In this group, MOC stimulation produced suppression of the response to
background noise and an increase in the ODR. However, rather than showing an
increase, the maximum rate either did not change or further decreased after MOC
stimulation. This effect was observed in 6 neurons. For example, in neuron 62-11
(Fig. 7.8A,B), MOC stimulation produced suppression of the basal response to the
background noise after MOC stimulation. This was accompanied by a decrease
rather than an increase in the saturation rate. Nevertheless, the ODR still increased
by 12 spikes/s after MOC stimulation, since MOC stimulation produced a strong
suppression of the background noise with a smaller decrease in maximum rate.
2. No change in the basal rate but an increase in the maximum rate.
In 5 neurons, background noise did not change the basal rate. However,
MOC stimulation was still able to enhance their response to tones in noise. For
example, the monotonic (63-2) and non-monotonic (100-3) neurons in Fig. 7.8C,D
and E,F respectively did not show any increase in the basal response rates after the
addition of the noise (both neurons exhibited mainly onset response). MOC
stimulation could still increase the maximum rate (and also ODR) from 12 o 19
spikes/s in neuron 63-2 and from 25 to 59 spikes/s in neuron 100-3. This effect
cannot be explained by a reduction of the adaptation level in the neuron because
the pre-threshold firing rate remained unchanged.
3. Increase in both the basal and maximum rates.
In 4 CNIC neurons, MOC stimulation increased their responses to the
background noise. This effect is paradoxical compared to the typical inhibitory
action of the MOC system in the cochlea. An example of this effect is shown in
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Fig. 7.8G,H (neuron 56-8). MOC stimulation increased the basal rate of the
neuron. This effect produced an upward shift in the I/O curves. By increasing its
response to the background noise, the typical adaptive masking effect should
compress the ODR by decreasing the maximum rate. However, in this neuron, the
increase in the response to the noise was also accompanied by a larger increase in
the maximum rate. This improved the ODR by 65 spikes/s.

c) No change or decrease in the ODR
In 9 neurons (either in -40dB or -60dB noise), the ODR after MOC
stimulation was within the limit of ±20% from the original ODR without MOC
stimulation (examples in Fig. 7.9A,B and C,D). This was despite a strong MOCmediated suppression in these neurons when the tones were presented alone. In 6
neurons (either in -40dB or -60dB noise), MOC stimulation decreased the ODR
by more than 20% compared to the responses to tones in noise without MOC
stimulation. For example, in neurons 62-5 and 55-1 (Fig. 7.9 E,F and G,H), MOC
stimulation further reduced the ODR by 32.1% and 21.0 % respectively.
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Fig. 7.8: Examples of more complex changes in the I/O functions of CNIC neurons for responses
to tones in noise after MOC stimulation. Despite the complex changes, ODR in these neurons
improved after the efferent stimulation. Noise level is -40dB in all examples shown. Other details
as in Fig. 7.7.
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Fig. 7.9: Examples of more complex changes in the I/O functions of CNIC neurons for responses
to tones in noise after MOC stimulation showing either no change (B,D) or a further decrease
(F,H) in the ODR. Noise level is -60dB in B,F,H and -40dB in D. Other details as in Fig. 7.7.

142
Fig. 7.10A,B shows the percentage change in the ODR from the initial
masked condition after MOC stimulation for all the neurons. 43.4% of neurons in
-60dB noise and 61.4% of neurons in -40 dB noise showed at least 20% increase
in the ODR compared to the masked responses after MOC stimulation. In this
subgroup of neurons, the average percentage increase in the ODR after MOC
activation was higher in the non-monotonic neurons compared to the monotonic
neurons but the difference was not significant (non-monotonic: 103.8± 20.7%,
monotonic: 54.7± 14.7%, P> 0.15, unpaired t-test; data taken from -40dB noise
level only).

Fig. 7.10: A,B: Percentage change in the ODR after MOC stimulation (for responses to tones in
noise) versus the CF of each CNIC neuron. Filled circles: monotonic neurons; open circles: nonmonotonic neurons. N= 23 in A,C and 41 in B,D.

The relationship between the percentage change in ODR after MOC
stimulation in the masked condition and the initial percentage change in ODR
after the addition of background noise for all the neurons is shown in Fig. 7.11
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(data from both noise levels are grouped together). The x-axis in this figure
represents the percentage change in the ODR after the addition of background
noise compared to responses to tones in quiet while the y-axis shows the
percentage change in the ODR after the MOC stimulation in the masked
conditions for each neuron. There was a strong correlation between the initial
compression of the ODR (masking effect) and the subsequent decompression in
the ODR (antimasking effect) after MOC stimulation for the subset of CNIC
neurons that showed at least 20% initial compression of the ODR (represented by
filled triangle). This relationship is represented by the best fit regression line, R
(slope= -2.17, r=-0.55; significant, p<0.001) and indicates that the amount of
ODR decompression after MOC stimulation is dependent on the extent of initial
compression by masking noise. For remaining neurons which showed less than
20% decrease in ODR or an increase in the ODR after the initial addition of
masker noise (represented by open triangles), the ODR usually either remained
unchanged (except for two cases which showed a small increase) or decreased
after MOC activation.

Fig. 7.11: Relationship between the percentage change in ODR after the addition of background
noise and the subsequent percentage change in ODR caused by MOC stimulation in the presence
of masker. Data for both noise levels were grouped together. Filled triangles represent neurons
which showed at least 20% decrease in the ODR after the addition of masker noise while the
remaining neurons are represented with open triangles. R is best-fit regression line for the filled
symbols.
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7.3.2.2 Shifts in the response threshold
Fig. 7.12 shows the threshold shifts in the I/O functions of CNIC neurons
caused by MOC stimulation in two different background noise levels. 80.5% of
CNIC neurons in -40 dB noise and 91.3% of CNIC neurons in -60 dB noise
showed either no change or deterioration in the response threshold to tones after
MOC stimulation. This result is in agreement with the changes reported for
primary afferents where the detection threshold (for masked tones) generally
worsens or does not change after MOC stimulation (Kawase et al., 1993; Winslow
and Sachs, 1987). However, the remaining CNIC neurons showed a leftward shift
of the I/O curve after MOC stimulation which produced an improvement in
threshold. This improved threshold in the masked condition was in addition to an
enhancement of the ODR (examples in Fig. 7.8G,H; Fig. 7.13A,B and C,D).

Fig. 7.12: Threshold shifts (without MOC shocks–with MOC shocks) of CNIC neurons for
responses to tones in two levels of background noise. Negative values on x-axis signify
deterioration while positive values signify an improvement in the response threshold to the CF
tones. N=23 in A and 41 in B.
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Fig. 7.13: Two examples of CNIC neurons that showed improvement in the response threshold for
tones in noise after MOC stimulation. Note the improvement in ODR that accompanied the
leftward shift of the curves in B,D. Solid lines with filled squares and circles: responses to tones
without MOC stimulation; dotted lines with open squares and circles: responses to tones with
MOC stimulation. The dotted vertical line in each graph represents the estimated interaural
crosstalk level at the frequency closest to the CF of the neurons (refer appendix A).

7.3.2.3 Changes in the slope of the initial rising phase of the I/O function
In addition to the changes in the ODR and response threshold, MOC
stimulation in the masked condition also changed the slope of the initial rising
phase of the I/O curves. For the purpose of this study, this slope was estimated
based on the ratio of ODR to IDR (refer to Fig. 7.2 for illustrations of the ODR
and IDR). 51.2% of the neurons in -40 dB noise and 30.4% of the neurons in -60
dB noise showed at least 20% increase in the slope of the I/O function (Fig. 7.14)
when the MOC system was stimulated. This increase was seen in both monotonic
(examples in Fig. 7.7B, 7.8D, 7.13D) and non-monotonic (examples in Fig.
7.7D,F; 7.8F,H) CNIC neurons.
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Fig. 7.14: Percentage change in the slope of the I/O curves produced by MOC stimulation for
individual CNIC neurons plotted against their CFs. Filled circles: monotonic neurons; open circles:
non-monotonic neurons. N=23 in A and 41 in B.

7.3.2.4 Discriminability measure (d’)
The steepening of the slope in the I/O curves for responses to tones in
noise after MOC stimulation should improve the ability to discriminate intensity
increments within the dynamic portion of the curve. To quantify this effect, the
discriminability index (d’) was used (Kawase et al., 1993; Swets, 1961). It is
defined as follows:

where r(xdB) and r(x+5dB) are average rates when the tone burst was at a particular
intensity and the subsequent higher intensity (I/O functions were recorded in 5 dB
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steps). SD(xdB) and SD(x+ 5dB) are standard deviations of the sets of rates
obtained for each of the respective conditions. The d’ is a measure of separation
between two distributions of firing rate, in this case differing by 5 dB. Therefore,
it represents the neuron’s ability to discriminate two tones that differ by 5 dB.
Values of d’ ≥1 correspond to ≥ 76% correct in a two-interval, two-alternative
(forced choice) psychophysical experiment (Delgutte, 2005).
The 5 dB d’ values were calculated from all 23 neurons that showed ≥20%
increase in the slope of the initial rising portion of the I/O curves to tones in noise
after MOC stimulation (irrespective of background noise level). In 7 neurons
(30.4%), the d’ value improved so that responses that were initially less
discriminable (d’<1) were now more discriminable (d’≥1) at one or more tone
intensities after MOC stimulation (examples in Fig. 7.15A-C). In 16 neurons
(69.6%), the d’ values for these neurons were still ≥1 at least for one tone
intensity. However, in 12 of these neurons, MOC stimulation manage to increase
the range of tone levels with d’≥1 (examples in Fig. 7.15D,E). In some of these
neurons, the range of intensities with d’≥1 occurred at much lower intensities after
MOC stimulation. This indicates that MOC activation can improve the
discriminability of a 5dB difference for a wider range of tone intensities and
sometimes at a lower tone level. In the remaining 4 neurons, MOC stimulation did
not produce any major improvement in discriminability (example shown in Fig.
7.15F).
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Fig. 7.15: Effects of MOC stimulation on the 5dB discriminability (d’) for responses of CNIC
neurons to contralateral CF tones in noise (refer text for the definition of d’). Closed circle:
without MOC shocks; open circles: with MOC shocks. I/O functions for 3 of the neurons (A,D,F)
are illustrated in Fig. 7.7F,B,D respectively.
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7.3.3 Changes in gentamicin-treated animals
In 3 animals, a single dose of i.m. gentamicin was given to abolish the
MOC suppression in the cochlea. MOC stimulation did not produce any CAP
suppression in the cochlea at the same frequency as the CF of all the neurons
investigated (N=19) (refer to chapter 6 for more details). Irrespective of the
background noise levels, all neurons showed no significant change in their I/O
curves (for responses to tones in noise) after MOC stimulation. The ODR and the
slope of the curve in both monotonic and non-monotonic neurons after MOC
stimulation were always within the limit of ±20% as compared to the masked
condition (Fig. 7.16). Examples of the recordings in 2 monotonic and 2 nonmonotonic neurons are given in Fig. 7.17.

Fig. 7.16: Percentage change in the ODR (A) and slope of the I/O curves (B) of CNIC neurons
produced by MOC stimulation (for responses to tones in noise) in gentamicin treated animals.
Filled circles: monotonic neurons; open circles: non-monotonic neurons. A, B: pooled data from 2
levels of background. N=19.
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Fig. 7.17: Examples of monotonic (A,C) and non-monotonic (E,G) I/O functions of CNIC neurons
for responses to contralateral CF tones in quiet and in background noise (with and without MOC
stimulation) in gentamicin-treated animals. Noise level: 60 dB attenuation in D,H and 40 dB
attenuation in B,F. Solid lines with filled squares and circles: responses to tones without MOC
stimulation; dotted lines with open squares and circles: responses to tones with MOC stimulation.
The dotted vertical line in each graph represents the estimated interaural crosstalk level at the
frequency closest to the CF of the neurons (refer appendix A).
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7.4 Discussion
7.4.1 Effects of background noise on responses of CNIC neurons to
tones
In almost half of the CNIC neurons, noise-induced changes were
qualitatively similar to masking effects described previously by others in primary
afferents (Costalupes et al., 1984; Delgutte, 1990; Smith, 1977; Smith, 1979;
Winslow and Sachs, 1987). The addition of background noise produced an
increase in the basal rate and a drop in the maximum rate which compressed the
ODR of the I/O curves of these neurons. In addition, their I/O curves were shifted
to the right so that the response threshold was now at a higher tone level.
Background noise can produce at least two types of masking effects in the
responses of primary afferents to CF tones; ‘excitatory’ masking and ‘suppressive’
masking (Costalupes et al., 1984; Delgutte, 1990; Liberman and Guinan, 1998;
Smith, 1977; Smith, 1979). In ‘excitatory’ masking, the steady state noise raises
the basal discharge rate. This continuous stimulation by noise produces adaptation
in the responses of primary afferents and renders them less responsive to tones. In
‘suppressive masking’, the energy present in the masker noise interacts with CF
tones at the basilar membrane level, hence suppressing the direct response of the
afferents to tones (Costalupes et al., 1984; Delgutte, 1990; Smith, 1979). The
latter effect is also termed ‘two-tone suppression’ because classically, tone stimuli
which lie outside a primary neuron’s response area were used to elicit suppression
of the responses to tones within its response area (Patuzzi and Robertson, 1988;
Pickles, 1988a; Sachs and Kiang, 1968). Both the ‘excitatory’ and ‘suppressive’
masking effects can produce ODR compression and rightward shift of the I/O
curves of primary afferents (Costalupes et al., 1984; Geisler and Sinex, 1980).
These peripheral changes can be translated to higher order neurons in the CNIC
(Ramachandran et al., 2000; Rees and Palmer, 1988).
In the remaining half of the CNIC neurons, background noise produced
effects that were not qualitatively similar to the masking effects observed in
primary afferents. For example, about 27% of CNIC neurons showed an increase
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rather than a decrease in the maximum rate for responses tones in noise compared
to responses to tones alone. The increase in the maximum rate was in some cases
more than 100% from the original rate. In addition, background noise sometimes
did not produce any increase in the basal rate despite a rightward shift in the I/O
function. Similar effects have been also reported by Rees and Palmer (1988) in the
CNIC of guinea pigs. In that study, about 63% of neurons produced an increase in
their maximum rate for responses to contralateral CF tones in noise compared to
the CF tones alone. The increase in the maximum rate was up to 40% from the
rate of the unmasked responses (see Fig. 8 in Rees and Palmer, 1988). Since
marked enhancement of the ODR after adding masker noise was never reported in
primary afferents (Costalupes et al., 1984; Geisler and Sinex, 1980) or CN
neurons (Ehret and Moffat, 1984; Gibson et al., 1985; May and Sachs, 1992;
Rhode and Greenberg, 1994), these changes may be generated by central circuits
in higher order centers (See section 9.2, Chapter 9 for further discussion).

7.4.2 Effects of MOC stimulation on responses of CNIC neurons to
tones in noise
In one third of the CNIC neurons, MOC stimulation partially reversed the
masking effect by the noise and improved their responses to tones via effects that
were qualitatively similar to the changes that have been previously described in
primary afferents (Kawase et al., 1993; Winslow and Sachs, 1987). MOC actions
on OHCs in the cochlea will reduce the responses of primary afferents to
background noise, provided that the noise spectrum level is within the suppressive
range of the efferents. The suppression of the response to noise will lower the
basal rate and reduce the adaptation in primary afferents, thereby rendering them
more responsive to the tones. This will also increase the maximum rate and
therefore decompress the ODR of primary afferents (Kawase et al., 1993;
Winslow and Sachs, 1987). MOC-mediated antimasking effects in primary
afferents can then be relayed to some of the higher order neurons, at least in
qualitative terms. Since these effects were seen in both monotonic and nonmonotonic neurons in the CNIC, the translation may occur irrespective of their
response type.
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In addition to the typical ‘primary-like’ antimasking effect, another one
third of the CNIC neurons showed more complex changes to the masked tones
after MOC stimulation. However, in these neurons, the changes in the basal and
maximum rates could still improve the ODR and were of 3 types: (1) suppression
of the basal rate without change in the maximum rate, (2) an increase in the
maximum rate without a change in the basal rate, and (3) an increase in both basal
and maximum rates. These more complex changes are unlikely to be a direct
reflection of cochlear processes and suggest that the central circuitry could further
modulate the antimasking effects observed in the periphery.
Finally, in another one third of CNIC neurons, MOC activation either did
not change or decreased the ODR of the neurons in masked conditions. These
changes are also not explicable based on the peripheral antimasking effects.
Interestingly, in many of these neurons, although there was a noise-induced
rightward shift in the I/O function, the ODR was initially unchange or even
increased after adding the masking noise (see Fig. 7.11).
Another level of complexity in the MOC effects on masked responses of
CNIC neurons was related to their response threshold. In about 20% of CNIC
neurons, the thresholds to tones in noise improved after MOC stimulation. The
leftward shift of the I/O curves after MOC shocks was never seen in primary
afferents (Kawase et al., 1993; Warren and Liberman, 1989a; Winslow and Sachs,
1987) and is also likely due to additional modification to the responses at the
central level.
Although MOC-induced changes occur in the cochlea, the peripheral
processes could be supplemented by more centrally-based effects. For example,
some CNIC neurons 14 exhibit strong surround inhibitions at frequencies outside
the upper and lower edges of the excitatory region. The inhibition helps to sharpen
the tuning curve and improve the frequency selectivity by restricting the
excitatory response area to a narrow frequency range around the CF. As a result,
these neurons have robust excitatory response to CF tones but respond only
14

These neurons are termed type I CNIC neuron and an example of their frequency response map
is shown in Fig. 1.3B.
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weakly to broadband noise due to the activation of the inhibitory circuits
(Ramachandran et al., 1999; Ramachandran et al., 2000; Rees and Palmer, 1988).
In these neurons, apart from the peripheral antimasking effect, MOC activation
could also alter the noise-induced central inhibition. This could explain why the
effects of MOC stimulation in many CNIC neurons were more complex compared
to the antimasking effects previously reported in primary afferents. A more
detailed discussion regarding this mechanism is given in section 9.2, Chapter 9.

7.4.3 Changes in discriminability index (d’) after MOC activation
In background noise, most CNIC neurons showed deterioration of the
response threshold to tones. In addition, a subgroup of CNIC neurons also showed
compression of the ODR and sometimes a decrease in the slope of the I/O
functions. The threshold shift in the I/O should result in poorer signal detection
threshold. The compression of ODR would limit the operating range of the
discharge rate available for intensity discrimination while the deterioration of the
slope would worsen the discrimination accuracy (Viemeister, 1983; Viemeister,
1988; Winslow and Sachs, 1988) 15 . As shown in this study, electrical stimulation
of the MOC efferents can decompress the ODR of I/O functions in many CNIC
neurons. In addition, it also increases the slope of the initial rising part of the I/O
curve, therefore potentially improving the discrimination of stimulus intensity in
noise (similar changes in the I/O functions of primary afferents have been
reviewed in section 1.6.3, Chapter 1).
The 5 dB discriminability index (d’) was calculated in a subset of CNIC
neurons which showed at least 20% increase in the slope of the curve after MOC
stimulation. The analysis suggests that MOC stimulation can improve the
discriminability of the tones in noise (d’≥1) when the responses were sufficiently
masked by the noise (d’<1) in about 30% of these neurons. Furthermore, in
approximately 50% of the neurons, MOC activation also increased the range of
tone levels with d’≥1. Comparable changes in the ODR and slope of the curves
15

These neural models of intensity discrimination propose that the stimulus intensity is signalled
by neurons with CFs near the signal frequency and the intensity is encoded by the neuron’s firing
rate. The intensity difference between sounds is therefore thought to be encoded in the neurons as
the difference in discharge rates.
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have been previously described for the primary afferents in cats by activating the
MOC system either by electrical stimulation or contralateral sound (Kawase et al.,
1993; Winslow and Sachs, 1987). The steepening of the I/O curves was also
associated with an increase in the estimated 5 dB discriminability in tone-burst
intensity for primary afferents (Kawase et al., 1993). Using statistical models,
Winslow and Sachs (1988) showed that for primary neurons with CFs near 8
kHz 16 , MOC stimulation restores the ODR and sensitivity to intensity change
(measured as just noticeable difference or JND) in noisy background to values
roughly comparable to those observed in quiet. The data from this study suggest
that increases in the estimated 5dB discriminability can also be translated from the
periphery to a subgroup of CNIC neurons. However, the 5 dB resolution used in
this study is only a rough estimate and does not provide information regarding the
minimum JND in intensity discrimination as derived by the Winslow and Sachs
(1988) model.
Apart from the enhancement of the ODR and steepening in the slope of
I/O curves, the masked threshold of some CNIC neurons also improved after
MOC stimulation. In some neurons, MOC stimulation also improved the threshold
for discriminating the tones by lowering the threshold for reaching d’≥1. This has
never been described in the primary afferents (Kawase et al., 1993; Winslow and
Sachs, 1987). Although this effect was seen only in a small percentage of CNIC
neurons, it is possible that the improvement of the threshold could also lead to a
better detection of near threshold signals in noise. However, more comprehensive
data is needed before any conclusions can be made on how well the neural
changes could account for the efferent-mediated enhancement of detection and
discrimination performances observed in behavioural studies in animals (Dewson,
1968; Hienz et al., 1998; May and McQuone, 1995) and humans (Giraud et al.,
1997; Kumar and Vanaja, 2004; Micheyl and Collet, 1996; Micheyl et al., 1995).

16

8 kHz is the region of which the maximum effect to MOC stimulation is expected in cats due to
dense distribution of MOC terminals
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7.4.4 Elimination of MOC effects in gentamicin-treated animals
As mentioned in earlier chapters, shocks to the OCB at the floor of the
IVth ventricle can produce peripheral suppression in the cochlea with additional
collateral effects centrally to the CN neurons. Results in chapter 6 showed that
MOC collaterals did not play any role in modulating the responses of CNIC
neurons to tones in quiet. However, MOC collaterals may be selectively activated
by the noise and therefore may be useful for enhancing the responses of central
neurons in the presence of background noise. For example, MOC collaterals have
been postulated to aid the VCN neurons in preserving their dynamic range for
responses to tones in noise (less ODR compression in noise) (Fujino and Oertel,
2001; May et al., 2002; Oertel and Fujino, 2001).
In the present study, MOC-mediated effects were not seen in animals
treated with gentamicin even in the presence of background noise. This data
indicates that changes observed in CNIC neurons in the masked conditions were
also mediated by MOC effects in the cochlea and not via the collaterals. If the
complex changes after MOC stimulation were due to the activation of the
collaterals, some changes should be maintained even after the blockage of the
efferent effects in the cochlea by gentamicin.
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CHAPTER 8

MOC-MEDIATED SUPPRESSION OF ABNORMAL
SPONTANEOUS ACTIVITY IN THE CNIC OF
PARTIALLY DEAFENED ANIMALS

8.1 Introduction
In the CNIC, there is an orderly tonotopic map in which the neuronal CF
increases with an increasing depth in dorso-ventral axis. Previous studies have
shown that partial deafening or restricted cochlea lesions can lead to an alteration
of the tonotopic map in the CNIC (Harrison, 2001; Irvine et al., 2003; Salvi et al.,
2000; Wang et al., 2002; Wang et al., 1996; Willott, 1986). Neurons with CFs in
the frequency region of the hearing loss are no longer tuned to the original
frequency but show new CFs of the less affected neighbouring areas. Besides
changes in the tonotopic map, CNIC neurons in partially deafened animals can
also exhibit a higher mean spontaneous activity in the frequency range that
corresponds to the region of peripheral hearing loss and this change has been
implicated as a potential cause of central tinnitus (Ma et al., 2006). However, the
mechanism leading to the elevated spontaneous activity in the CNIC after
peripheral deafening is poorly understood.
In Chapter 5, it was reported that MOC stimulation can suppress the
spontaneous activity of CNIC neurons in normal hearing animals. It was
hypothesised that the suppression was mediated via the effects of MOC efferents
on the spontaneous activity of primary afferents. In the final part of this thesis, a
series of experiments were carried out in partially deafened animals to ascertain
whether MOC efferents are able to modulate the abnormal spontaneous activity of
CNIC neurons. If the elevated spontaneous activity in the CNIC of deafened
animals is driven by peripheral inputs, MOC activation may be able to suppress
the abnormal activity.
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8.2 Materials and methods
Seven guinea pigs with good Preyer’s reflexes were partially deafened in
the left ear using continuous 10 kHz tones (120-126 dB SPL) for 1hr. The sound
was generated from the same sound system as described in section 2.4, Chapter 2
but the settings for the output were changed so that the maximum output was now
higher than the previous level. The animals were anaesthetised with a combination
of i.p Diazepam (5 mg/kg) and i.m Hypnorm (1 mg/kg). During exposure, the
right ear canal was plugged with plasticine to protect the opposite cochlea. After
exposure, the animals were allowed to recover from anaesthesia, and acute
experiments with MOC stimulation and single unit recording in the CNIC
contralateral to the deafened ear were carried out 2-3 weeks later. The postexposure hearing loss was confirmed with routine CAP audiogram testing at
frequencies 2-20 kHz. In 4 animals, the MOC-mediated suppression in the
deafened cochlea was also evaluated using equivalent dB suppression of the N1-P1
CAP amplitude. The basic methods for MOC stimulation, CAP measurements and
CNIC recordings were as described in Chapter 2. The CF, threshold at CF and
spontaneous rate (SR) of CNIC neurons were recorded using the methods
described in chapter 4. The analysis of the effects of the MOC stimulation on the
spontaneous activity using PSTH recordings were the same as in section 5.2.4,
chapter 5.

8.3 Results
8.3.1 Partial hearing loss after exposure to loud 10 kHz tone
The amount of CAP threshold loss in the left cochlea after the tone
exposure in all 7 animals was compared with the normative data from 19 control
animals (see Chapter 4). The CAP threshold loss in all deafened animals was
restricted to frequencies above 8 kHz (Fig. 8.1). The maximum hearing loss in all
animals was at 10-12 kHz (25-40 dB loss). At the higher frequencies (>14 kHz),
the hearing losses were less severe and in some cases there were no significant
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threshold loss compared to the normal animals. This resulted in a notch in the
CAP audiograms which represented the region of restricted hearing loss.

Fig. 8.1: Partial hearing loss in the left cochlea of 7 animals recorded 2-3 weeks after the exposure
to traumatic 10 kHz tone. CAP threshold losses are expressed as threshold loss relative to the mean
normative CAP threshold (plotted as zero). Stippled area represents ±1 SD of the mean normative
threshold.

8.3.2 Single unit recordings of CNIC neurons in deafened animals
The CF progression of CNIC neurons (in response to contralateral tones)
during dorsal to ventral microelectrode penetrations in 3 deafened animals is
shown in Fig. 8.2. Upon reaching the CNIC, the CFs increased with the depth of
the penetration. However, as the electrode reached the frequency place of the
tonotopic map which corresponded to the region of maximum CAP threshold loss
(shaded areas in the figures), CNIC neurons in this region exhibited CFs that
roughly matched the frequency edge of the hearing loss. In other words, the
frequencies bordering the lesion region expanded whereas the frequencies
associated with the maximum hearing loss area (≈12 kHz) were no longer
represented. This change in the tonotopic map was clearly seen in animals with a
wider frequency range of CAP threshold loss (GP 139 and 129, Fig. 8.2A,B)
compared to animals with smaller range of threshold loss (GP 153, Fig. 8.2C).
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Fig. 8.2 A-C: Progression of CFs dorso-ventrally through the CNIC in 3 partially deafened
animals with different degrees of CAP threshold loss. The data shown in each animal consist of
single units recorded from 3-4 parallel penetrations, each represented by separate symbols. The
depth for each penetration is measured from the surface of the visual cortex which is taken as zero
reference point. The shaded area represents the frequency range with CAP threshold loss of at least
15 dB.
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The response threshold (at CF) and spontaneous activity were evaluated in
199 CNIC neurons from all 7 deafened animals. The pooled data were then
compared with the normative data (166 neurons) from 19 animals (see Fig. 4.5BD, Chapter 4). Fig. 8.3 A and C show the threshold distribution of CNIC neurons
in normal and deafened animals as a function of their CFs. For the deafened
animals, the region of hearing loss is indicated by the notch in the composite CAP
audiogram from all the deafened animals as shown in Fig. 8.3 C. There was a
clear absence of CNIC units with CFs corresponding to the hearing loss region
(12-14 kHz). In addition, thresholds of neurons within the area of the expanded
representation at their new CFs were elevated (up to 50dB) compared to the
thresholds of neurons in the ‘normal’ area with those CFs.
Fig 8.3 B and D show the distribution of spontaneous rate of the CNIC
neurons based on their CFs for both normal and deafened animals. Both groups of
animals had identical anaesthetic regimes during recording sessions. The
percentage of high spontaneous rate (HSR) neurons (SR ≥20/s) from the total
sample was much higher in the deafened animals (17.1%) compared to the normal
animals (7.2%). In addition, 11 neurons had spontaneous rates >40/s in the
deafened animals. Such abnormally high spontaneous rate CNIC neurons were
never encountered in the normal animals. All the CNIC neurons with abnormally
high spontaneous activity had CFs higher than 8 kHz (region of threshold loss)
while their thresholds to the contralateral CF tones were always more than 40 dB
SPL.

*Figure continues in the next page
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Fig. 8.3: The distribution of neural threshold (at CF) and spontaneous rate of CNIC neurons as a
function of their CFs in normal (A,B) and partially deafened (C,D) animals. The solid line in A
and C represents the composite CAP audiogram for 19 normal and 7 deafened animals
respectively. The frequency of the tone exposure used for deafening is shown by dotted vertical
lines. Neurons plotted above the horizontal dotted line represent the HSR neurons (SR≥20/s). N=
166 in A,B and 199 in C,D.
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In order to compare the spontaneous activity of CNIC neurons in the
normal and deafened animals, the neurons were subdivided into five frequency
restricted sample subgroups based on their CFs. The mean spontaneous rate of
each sample group in both normal and deafened animals is shown in Fig. 8.4.
There was an increase in the mean spontaneous rate of CNIC neurons of the
deafened animals compared to the normal animals in three CF groups (CF range
between >8-12 kHz, >12-16 kHz and >16 kHz) but the increase was only
significant (using unpaired t-test) in the first two groups of neurons. This
frequency range (>8 kHz) corresponds with the frequency range of peripheral
hearing loss in the deafened animals (refer Fig. 8.1). On the other hand, for
neurons with CFs <8 kHz (frequency region with no significant threshold loss),
the average spontaneous activity was less than the rates in normal animals. This
difference was significant for the 0-4 kHz CF range but not for the >4-8 kHz
subgroup.

Fig. 8.4: Mean spontaneous rate of CNIC neurons (± SEM) in normal and deafened animals for
five frequency restricted sample groups based on the CFs. The number of neurons in each category
is indicated above the bars. **p< 0.010, *p<0.015 (unpaired t-test).
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8.3.3 Effects of MOC stimulation in deafened animals
8.3.3.1 CAP suppression in the cochlea
CAP amplitudes with and without MOC stimulation were measured in 4 of
the deafened animals to indicate the amount of peripheral suppression that was
still present in the deafened cochlea. The amount of CAP threshold loss as a result
of prior acoustic trauma and the residual MOC-mediated CAP suppression in the
animals are shown in Fig. 8.5A-D. In all cases, the CAP suppression was greatest
at 8 kHz and was either reduced or not present at frequency regions with threshold
loss.

Fig. 8.5: Amount of CAP suppression caused by MOC stimulation in equivalent dB (filled circles)
and amount of CAP threshold loss compared to normative data (open circles) for frequency range
2-20 kHz in 4 partially deafened animals.
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8.3.3.2 Suppression of the spontaneous activity in CNIC neurons
The effect of MOC shocks on spontaneous activity was evaluated in 15
CNIC neurons with spontaneous rate ≥ 20/s (HSR) in partially deafened animals.
These neurons had CFs in the range of 8.2 to 17.4 kHz while their thresholds were
between 40 to 71 dB SPL 17 . In many of these neurons, MOC stimulation
produced suppression of the spontaneous activity immediately after the
termination of the shock trains. An example of the recording trace is shown in Fig
8.6.

Fig 8.6: Typical example of an extracellular CNIC neuronal recording (the same neuron as in Fig.
8.7A) depicting A: its spontaneous activity (SR=43.9/s) B: suppression of its spontaneous activity
immediately after the termination of MOC shocks. Variation in spike height is a result of
digitizing.

The recordings with MOC shock trains were repeated for 100 sweeps at
1/s and single spikes were isolated from the end of shock train till the beginning of
the subsequent shock train to generate PSTHs as shown in Fig. 8.7 and 8.8 (left
hand panels). To illustrate the effects of the MOC shocks on the spontaneous
firing rate, the spikes per bin PSTH data was converted into ’50 ms window’
spikes rates (see section 5.2.4, Chapter 5 for further details). Examples of the ’50
ms window’ spikes rates versus time after shock onset are given in Fig. 8.7 and
8.8 (right hand panels). The dotted horizontal line represents the original firing
rate of the neuron which was calculated by the software for 10 s prior to the MOC
17

In normal animals, the thresholds of CNIC neurons in this CF range were usually less than 40
dB SPL.
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stimulation. The amount of CAP suppression in the deafened cochlea, recorded
immediately after the PSTH recordings at the frequency corresponding to the CF 18
of the CNIC neuron is indicated in each graph.
A clear suppression of the spontaneous rate was seen in 11 neurons. The
spontaneous rate in 5 of these neurons was between 20-40/s (Fig. 8.7) while the
remaining 6 neurons had abnormally high spontaneous rates (>40/s) (Fig. 8.8).
The duration of the effect varied from one neuron to another. Typically, the
suppression of the spontaneous discharges after MOC stimulation lasted for 50 to
250 ms after the termination of shocks. In 1 neuron, the suppression lasted for 900
ms (Fig. 8.7E). In 9 of the neurons, there was also a rebound increase above the
original spontaneous rate after the initial suppression. This transient increase
recovered to a steady rate which was either close to the original spontaneous rate
(Fig. 8.7 A,B; 8.8 A,B,C,E) or lower than the original rates within the 1s period
(Fig. 8.7 C,D; 8.8 D,F).
The relationship between the MOC-mediated CAP suppression in the
deafened cochlea (at the frequency similar to the ‘residual’ CF of the CNIC
neurons) and the percentage of spontaneous rate suppression from the original rate
in the first 50 ms after the termination of shocks is shown in Fig. 8.9. For 10 of the
CNIC neurons which showed spontaneous activity suppression, the MOC system
was still functioning in the contralateral cochlea at the frequency region similar to
their CFs. The amount of CAP suppression ranged from 2 to 12 dB. However, in 1
neuron, the spontaneous activity was still suppressed although there was no CAP
suppression in the cochlea at the frequency region similar to the CF of the neuron.
In the remaining 4 neurons (all with spontaneous rates between 20-40/s),
there was no clear suppression in the spontaneous rate immediately after the MOC
stimulation (Fig. 8.10). These neurons were recorded in 3 different animals. The
peripheral CAP suppression in the contralateral cochlea was 5 and 7 dB in 2 of the
neurons while there was no CAP suppression at the frequency region similar to
the CF of the remaining 2 neurons.
18

This CF is based on the residual inputs to the CNIC neurons after the deafening which often
represents the edge frequency of hearing loss region in the cochlea.
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Fig. 8.7: A-E shows the effects of MOC shock trains on the spontaneous activity of CNIC neurons
with SR 20-40/s. The left hand panels consists of PSTHs (100 sweeps, 1ms bin size, repeated at
1/s) and right hand panels shows changes in mean firing rate (in 50 ms windows) (refer text in
section 8.3.4 for further details). The MOC-mediated CAP suppressions at the frequency similar to
the ‘residual’ CF of the CNIC neurons are given in each of the right hand panels. The shaded areas
in the first 100 ms represent MOC shock artifacts. TH: threshold at CF
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Fig. 8.8: A-F shows the effects of MOC shock trains on the spontaneous discharges of CNIC
neurons with abnormally high spontaneous activity (>40/s). Other details as in Fig. 8.7.
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Fig. 8.9: Relationship between the percentage of MOC-mediated spontaneous rate suppression in
the first 50 ms after the termination of shocks and MOC-mediated CAP suppression at
corresponding frequencies as the CF of each unit. All data was from HSR CNIC neurons in
partially deafened animals N=11.

Fig. 8.10: Examples of CNIC neurons that did not show any clear suppression on the spontaneous
activity immediately after the termination of MOC shocks. Other details as in Fig. 8.7.
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8.4 Discussion
8.4.1 Changes in the CNIC after peripheral deafening
The first part of this study examined the effects of partial unilateral
deafening on the tonotopic CF arrangement of neurons in the CNIC. CFs of CNIC
neurons near the deafened frequency regions were shifted to the edge of the
hearing loss and their thresholds were elevated. The changes seen in the CNIC
tonotopic map after the partial deafening can be simply explained based on the
residual input to the CNIC neurons and do not represent an active reorganisation.
In ‘true’ plastic reorganisation, the threshold at CF for neurons in the reorganised
areas should be comparable to the normative data. ‘True’ reorganisations have
been reported in higher centers such as the primary auditory cortex and ventral
nucleus of medial geniculate body following partial hearing loss (Kamke et al.,
2003; Rajan and Irvine, 1998b; Rajan et al., 1993; Robertson and Irvine, 1989) but
such changes were not seen in the CNIC or DCN (Irvine et al., 2003; Rajan and
Irvine, 1998a).
In addition to changes in the tonotopic map, the analysis of frequency
restricted samples showed that mean spontaneous rates of CNIC neurons were
significantly increased compared to those of normal animals in the region of
peripheral hearing loss (8-12 kHz and 12-16 kHz). This result provides evidence
that partial unilateral deafening after acute acoustic trauma can elevate the
spontaneous activity in tonotopic regions of the CNIC corresponding to the
frequency range of maximum hearing loss. On the other hand, the mean
spontaneous rate decreased for the neurons with CF <4 kHz. The latter finding is
intriguing and suggests that the exposure to the loud 10 kHz tone may have
opposing effects on the low versus high CF regions in the CNIC.
How does the peripheral deafening give rise to hyperactivity in CNIC
neurons? Acoustic trauma produces damage to the inner and outer hair cells,
particularly to their stereocilia (Cody and Robertson, 1983; Goulios and
Robertson, 1983; Liberman and Dodds, 1984; Robertson et al., 1980) and alters
the spontaneous discharge of primary afferents at the deafened frequency regions
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in the cochlea (Liberman, 1976; Liberman and Dodds, 1984; Liberman and Kiang,
1978). An electromicrograph study in the cochlea of guinea pigs with similar 10
kHz tone exposures indicated that damage to stereocilia is always seen in the
frequency region that corresponded to permanent CAP threshold loss area (Cody
and Robertson, 1983). The hair cell damage can be either mechanical in origin or
could be mediated via other intracellular changes such as a sustained increase in
Ca2+ level (Fridberger et al., 1998; Saunders et al., 1991). Apart from the damage
to hair cells, acoustic overstimulation also causes swelling and degeneration of
primary afferent dendrites due to excessive glutamate release from the IHCs
(Goulios and Robertson, 1983; Puel et al., 1994; Puel et al., 1998; Robertson,
1983). The initial hair cell and primary afferent damage can lead to secondary
structural changes in primary afferents and more central neurons. For example,
degeneration and sprouting of new synapses in the surviving primary afferents has
been reported as early as a few days after a single exposure to intense noise (Puel
et al., 1998; Pujol and Puel, 1999). Similarly, acoustic trauma also causes initial
synaptic degeneration and subsequent formation of new synaptic endings more
centrally in the CN (Bilak et al., 1997; Kim et al., 1997; Kim et al., 2004a; Kim et
al., 2004b). It is possible that the peripheral cochlear damage in the present study
also triggered syanptic rearrangements in the CNIC. Such rearrangements could
shift the balance between excitatory and inhibitory inputs to CNIC neurons and
lead to an increase in the neural excitability (McAlpine et al., 1997; Vale et al.,
2004; Vale and Sanes, 2002).
There is also evidence that removal of peripheral input can produce
neurochemical changes that make CNIC neurons more excitable. Glutamate
serves as a major excitatory neurotransmitter in the CNIC and D-[3H]-aspartate is
considered to be a marker useful for quantifying the release activity from
glutamatergic presynaptic endings (Feliciano and Potashner, 1995; Potashner et
al., 1997; Saint Marie, 1996). The release of D-[3H]-aspartate is upregulated in the
CNIC following unilateral cochlear removal in guinea pigs, indicating an
enhancement of excitatory glutamatergic transmission (Potashner et al., 1997).
Besides an increase in the excitatory synaptic transmission, the hyperactivity in
the CNIC can be also contributed by downregulation of inhibitory
neurotransmitters (GABA and glycine). Levels of glutamic acid decarboxylase (a
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rate-limiting enzyme in GABA formation) have been reported to decrease in the
IC after either bilateral exposure to acoustic trauma in rats (Abbott et al., 1999;
Milbrandt et al., 2000) or contralateral cochlear removal in gerbils (Mossop et al.,
2000). The decrease in glutamic acid decarboxylase levels suggests a
downregulation of the reservoir pool of GABA in the CNIC. In addition, the
expression of glycine receptors also decreased in the contralateral IC following
unilateral cochlear removal in rats (Argence et al., 2006), indicating a possible
downregulation of glycinergic inhibition in the midbrain following unilateral
deafening.

8.4.2 Comparison with results from previous studies
A recent study also showed an increase in the spontaneous activity of
CNIC neurons in the region of the peripheral hearing loss after partial cochlear
damage (Ma et al., 2006). Ma et al. (2006) reported that bilateral noise exposures
in mice (using narrowband noise centered at 16 kHz) cause a small but significant
increase in the spontaneous rate of the neurons with CFs near the exposure
frequency and not for CFs remote from the exposure frequency. The bilateral
deafening was carried out in adult mice and the recovery period was 13-96 days
post-exposure. In contrast, the deafening in the present study was carried out
unilaterally in adult guinea pigs and the recovery period was shorter (14-21 days).
In another study, Wang et. al. (1996) evaluated the discharge pattern of
CNIC neurons in chinchillas immediately after the exposure to traumatic tones
(100-117 dB SPL, for 15-30 min, at ½ -1 octave above the CF of each neuron). In
addition to an increase in maximum firing rates to sound-evoked responses,
several CNIC neurons also exhibited an elevation in their spontaneous activity
after the acute exposure to loud tones (Wang et al., 1996). These changes were
attributed to the loss of lateral inhibition originating from the higher frequencies
(hearing loss region) in the CNIC. However, Wang and co-workers only recorded
the immediate change after the acoustic trauma and did not address the long term
changes in the spontaneous activity of CNIC neurons. Furthermore, the changes in
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the spontaneous activity were not studied systematically based on frequency
restricted samples as in the present study.
However, in studies which involved metabolic labelling with 2deoxgyglucose (2-DG), there was no evidence for hyperactivity in the CNIC after
exposure to loud tones or noise. For example, using 2-DG labelling studies, Imig
and Durham (2005) showed that unilateral noise exposures (bandpass filtered at
19-20 kHz) in rats lead to a decrease in the 2-DG uptake in high CF regions (at
sound exposure frequency) in the CNIC after 1 week of recovery period. A
decrease in the 2-DG uptake was interpreted as a reduction in the spontaneous
activity of the neurons. However, in another study in hamsters which also used 2DG labelling, there was no change in the 2-DG uptake in the contralateral CNIC
after exposure to loud 10 kHz tones even though the recovery period (12-31 days)
was more comparable to the present study (Zhang et al., 2003). Although 2-DG
labelling studies are useful to predict the overall change in the level of metabolic
activity in the CNIC, the results do not necessarily reflect the changes in the
spontaneous activity alone. Other changes such as a decrease in the level of
inhibition in the CNIC could have also influenced the results.
Another study which carried out recordings in brain slices also did not
show any evidence of hyperactivity in the CNIC after peripheral deafening (Basta
and Ernst, 2005). Instead, Basta and Ernst (2005) reported a decrease in the
spontaneous activity of CNIC neurons in noise-exposed (centered at 10 kHz) mice
compared to the control group in all CF ranges. The recordings done by Basta and
Ernst (2005) were carried out after 1 week of noise exposure which is shorter than
the recovery period used in the present study. In addition, in vitro brain slice
recordings, unlike the in vivo method used in the present study, represent only the
local activity within the CNIC which is independent of the influence from
ascending and descending pathways. Reduced rather than elevated spontaneous
rates in the CNIC of brain slices suggests that the hyperactivity in CNIC neurons
following acoustic trauma recorded in in vivo animal models may not represent an
intrinsic change within the CNIC but is dependent on their extrinsic inputs.
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Besides triggering changes in CNIC neurons, peripheral deafening can also
produce an increase in the spontaneous activity in the DCN. Acoustic trauma in
hamsters (Kaltenbach et al., 1998), rats (Zhang and Kaltenbach, 1998) and
chinchillas (Brozoski et al., 2002) have been shown to alter the tonotopic map and
increase the spontaneous activity of DCN neurons. Mean spontaneous rates (based
on multiunit activity) of DCN neurons increased after 2-5 days following acoustic
trauma and maximum increases were seen at the tonotopic regions of the exposure
frequency (Kaltenbach and Afman, 2000; Kaltenbach et al., 1998; Kaltenbach et
al., 2004). Single unit recordings showed that fusiform cells in the DCN often
exhibit an increase in their spontaneous activity after the peripheral deafening
(Brozoski et al., 2002). Since fusiform cells form tonotopically arranged direct
projections from the DCN to the contralateral CNIC (via the DAS) (Cant and
Benson, 2003), they could have contributed to the increased activity in CNIC
neurons observed in the present study.
In addition to changes in the DCN and CNIC, increases in spontaneous
activity are also seen in reorganised areas of the primary auditory cortex after
either noise or tone-induced acoustic trauma in the contralateral ear in cats
(Eggermont and Komiya, 2000; Komiya and Eggermont, 2000; Norena and
Eggermont, 2003; Norena et al., 2003; Seki and Eggermont, 2003). Apart from
deriving its input bilaterally from lower brainstem structures, the CNIC also send
projections to the primary auditory cortex via the thalamus. It is possible that the
abnormal activity in the CNIC neurons could later contribute to the hyperactivity
in the auditory cortex. Alternatively, the hyperactivity at the cortical level could
then influence the subcortical neurons via the descending inputs.

8.4.3 Effects of MOC stimulation in the deafened animals
8.4.3.1 Suppression of CAP amplitude
The MOC-mediated CAP suppression in the deafened cochlea was either
absent or reduced at hearing loss frequencies. One of the reasons for the CAP
threshold loss in deafened animals is OHC damage (Cody and Robertson, 1983).
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Since the function of MOC system is mediated via OHCs, the hair cell damage
can explain the reduced CAP suppression at the region of peripheral threshold
loss. When OHCs are damaged in guinea pigs, the active amplification process is
affected and CAP thresholds are elevated as much as 40-60 dB (Mulders et al.,
2002). The maximum CAP threshold loss in deafened animals in the present study
was roughly 30-40 dB, indicating possibly a near complete damage of OHCs at
this frequency region. Therefore, it is not surprising that CAP suppression after
MOC stimulation cannot be elicited at this region. However, co-existing IHC,
primary afferent or other structural damage in this area cannot be ruled out.

8.4.3.2 Suppression of the elevated spontaneous activity in the CNIC
MOC activation in partially deafened animals can suppress the
spontaneous activity of CNIC neurons including the abnormally active neurons
with CFs at the region of hearing loss. Because the hyperactive CNIC neurons had
elevated thresholds, the effects of MOC stimulation on their spontaneous activity
most likely represent the changes to their ‘true’ spontaneous activity and not
suppression of their response to any uncontrolled low level background noise.
The MOC-mediated suppression of the spontaneous activity in CNIC
neurons of deafened animals resembled effects seen in normal animals (refer
chapter 5). In most neurons, there was a complete suppression of spontaneous
activity immediately after the termination of MOC shocks. This suppression
usually lasts for about 100-200 ms, although the duration of the suppression
varied from one neuron to another. In many neurons, there was also a rebound
increase of the spontaneous activity after the initial suppression. MOC stimulation
can lead to a reduction of the spontaneous firing in primary afferents by reducing
the EP (Desmedt and Robertson, 1975; Guinan and Stankovic, 1995; Guinan,
1996; Konishi and Slepian, 1971a; Sewell, 1984). A similar peripheral process
could also bring about the suppression of abnormally elevated spontaneous
activity in the CNIC neurons. If this is the case, it leads us to an interesting
question: ‘Is the hyperactivity in CNIC neurons driven by the peripheral input?’ In
order to approach this question, we need to explore the possible ways that the
MOC system could influence the spontaneous activity of CNIC neurons.
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Firstly, MOC efferents could inhibit the spontaneous activity of primary
afferents in the deafened regions of the contralateral cochlea, which could be
tonically driving the hyperactive neurons in the CNIC. Although acoustic trauma
damages OHCs at the deafened frequency region in the cochlea, MOC activation
might still be able to influence the spontaneous activity of primary afferents at the
deafened area. MOC effects were present at the neighbouring frequencies of the
deafened region (see Fig. 8.5). Hence, MOC stimulation would produce a drop in
the EP at this frequency region. The MOC-mediated voltage changes from areas
bordering the hearing loss frequencies could spread either apically or basally in
the scala media to the deafened CF regions (the extent of the spread will be
determined by the electrical space constant) (Guinan and Gifford, 1988b). The
spread of EP changes to the deafened region could inhibit the spontaneous
discharges of primary afferents driving the spontaneous activity of CNIC neurons.
The second mechanism by which the MOC system might be able to
influence the spontaneous activity of CNIC neurons is via its effect on the normal
ipsilateral cochlea. The elevated spontaneous activity in the CNIC may be driven
by ‘hyperactive’ primary afferents in the ipsilateral cochlea. Lesions in the
contralateral cochlea have been shown to increase the excitatory input from the
normal ipsilateral cochlea to CNIC neurons (Irvine et al., 2003; McAlpine et al.,
1997; Mossop et al., 2000). Since midline MOC shocks can activate MOC
efferents to both ears it can also suppress the spontaneous activity of primary
afferents in the ipsilateral side. The results from gentamicin perfusion studies in
Chapter 6 indicated that MOC effects on the sound-evoked responses of CNIC
neurons were mediated solely via the contralateral cochlea. However, the results
regarding the changes in the spontaneous rates following MOC stimulation were
only based on a small number of CNIC neurons. A more comprehensive study is
needed to confidently rule out the influence of MOC efferents on the spontaneous
activity of afferents in the ipsilateral cochlea.
The above two mechanisms are suggested on the basis that primary
afferents provide an increased spontaneous drive to neurons in the CN and
subsequently to the CNIC neurons. In this way, MOC-mediated suppression of
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spontaneous activity in primary afferents could lead to suppression of the
abnormal activity in CNIC neurons. However, this issue is actually more complex
with several as yet onknown factors. Firstly, the translation of the spontaneous
activity from the primary afferents to the CNIC neurons depends on the efficacy
of the synaptic transform between the primary afferent terminals and the higher
order auditory neurons. Secondly, due to the highly divergent and convergent
ascending projections from the CN to the CNIC, we do not know which of the
primary afferents (low, medium or high spontaneous rate fibers) are involved in
the generation of the spontaneous activity of particular CNIC neurons.
In addition, several lines of evidence argue against the idea of tonic
hyperactivity in primary afferents as a source of increased spontaneous firing in
more central neurons. For example, the hyperactivity in DCN neurons after
intense sound exposure does not disappear following the removal of the ipsilateral
cochlea in hamsters (Zacharek et al., 2002). Hence, central hyperactivity can be
ultimately independent of peripheral input. In addition, studies in cats also showed
that traumatic exposures to loud noise do not lead to any striking increase in
spontaneous activity of primary afferents at the deafened frequency regions
(Liberman, 1976; Liberman and Kiang, 1978). In fact, the maximum spontaneous
rates of primary afferents at the deafened regions after noise exposure in cats are
less than in normal animals (Liberman and Dodds, 1984).
In normal ear, we have shown (chapter 5) that the MOC-induced
spontaneous rate suppression in the CNIC neurons is stronger than the suppression
observed in primary afferents. Findings from the present chapter (noise damaged
ear) also point towards the same conclusion. The magnitude of MOC-induced EP
suppression and the effects of EP suppression on primary afferent spontaneous
rate (see Chapter 5, section 5.4.3.2) cannot account for the MOC-mediated
supression of spontaneous rate of CNIC neurons from >40 spikes/s to near zero.
So, how does MOC activation lead to stronger spontaneous rate suppression in
CNIC units than in primary afferent fibers?
One possible explanation could be that besides influencing the
spontaneous activity of CNIC neurons via terminals in the cochlea, the MOC
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system could also affect the spontaneous activity of CNIC neurons via its
collaterals to the CN. In the CN, MOC collaterals are thought to make contact
with onset choppers which are multipolar cells that provide wide-band glycinergic
inhibition to other CN neurons (Doucet et al., 1999; Mulders et al., 2003). This
central inhibition could also contribute to the changes in the spontaneous activity
of the CNIC neurons. Although findings in Chapter 6 suggest that MOC
collaterals do not influence the sound-evoked responses of CNIC neurons, a more
systematic study with a larger sample size is needed to establish the actions of the
collaterals on the spontaneous activity of CNIC neurons. This will ascertain
whether the MOC-mediated modulation of the hyperactivity in CNIC neurons is
due to peripheral changes alone or also involve a central component.
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CHAPTER 9

GENERAL DISCUSSION AND CONCLUSIONS

9.1 Summary of findings
Although peripheral effects of the MOC system in primary afferents have
been well studied, its net effect on the responses of CNIC neurons is unknown.
For the first time, upstream effects of the MOC system in the midbrain were
investigated in detail. The effects of MOC stimulation on the responses of CNIC
neurons were addressed at the single neuron level. In the initial stage of the study,
a technique for focal MOC stimulation at the floor of the IVth ventricle was
established to ensure selective stimulation of MOC efferents. Following this, a
series of studies involving MOC stimulation and CNIC recordings (for soundevoked responses and spontaneous activity) were undertaken in normal hearing
animals, animals treated acutely with gentamicin (to eliminate the MOC effect in
the cochlea) and partially deafened animals. Major findings that arise from these
studies are summarised as follows:
1. Normal hearing animals: MOC effects on the responses of CNIC neurons to
contralateral CF tones
In about half of the monotonic and non-monotonic CNIC neurons of
normal hearing animals, MOC stimulation produced a rightward shift of their I/O
curves which is qualitatively similar to the changes reported in primary afferents.
This effect can be explained by the suppressive effects of MOC efferents on the
OHC active process. In the remaining CNIC neurons, effects were more complex
and cannot be easily explained on the basis of the MOC effect turning down the
OHC active process. The clearest case of a more complex change in the firing
rates of CNIC neurons was excitatory effects observed at medium-to-high tone
intensities after MOC stimulation.
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2. Normal hearing animals: MOC effects on the responses of CNIC neurons to
contralateral CF tones in noise
Effects of the MOC system were also studied at the CNIC level using
tones in continuous background noise. The antimasking effect, although it occurs
primarily in the cochlea, can also be translated (at least qualitatively) to a
subgroup of CNIC neurons. However, many CNIC neurons also showed more
complex changes that were clearly different from the antimasking effects in the
periphery. These neurons showed either additional suppression or even marked
excitatory effects that could result from a complex interplay between changed
afferent input and central circuitry. In many CNIC neurons, MOC stimulation
produced an improvement in the ODR to the masked tones and the initial slope of
the rising phase of I/O curves. In addition, in about 20% of the neurons, MOC
activation also improved the response threshold in masked conditions. Further
analysis of the I/O functions using the dicriminability index (d’) showed that
changes in their I/O curves could lead to better intensity discrimination and
supports the view that the efferent actions can be useful for detection of salient
signals in noise.
3. Gentamicin treated animals: MOC effects on the responses of CNIC neurons
to tones in quiet and tones in noise
In animals treated with gentamicin (either via i.m or intracochlear route),
all the changes in the responses of CNIC neurons after MOC stimulation were
completely abolished. The elimination of the effects was observed for the
responses to tones in quiet and tones in background noise. This result implies that
all the changes in I/O functions of CNIC neurons, whether complex or not, is
mediated by the actions of MOC terminals in the cochlea without any direct
influence of their collaterals at the central level.
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4. Normal hearing animals: MOC effects on the spontaneous activity of CNIC
neurons
MOC shocks also suppressed the spontaneous activity of almost 20% of
CNIC neurons. The suppressive effect resembled the time course of the MOCmediated EP changes in the cochlea and therefore could be a manifestation of the
peripheral mechanism. However, suppression of the spontaneous activity in the
CNIC neurons was either complete or near complete after the MOC shocks. Such
strong MOC-mediated suppression was never seen in the spontaneous activity of
primary afferents, suggesting a possible central component to the MOC effects in
CNIC neurons.
5. Partially deafened animals: MOC effects on elevated spontaneous activity of
CNIC neurons
Lastly, effects of MOC stimulation on the spontaneous activity of CNIC
neurons were also studied in partially deafened animals. Partial hearing loss in the
contralateral cochlea produced an increase in the mean spontaneous activity of
CNIC neurons with CFs that correspond to the hearing loss region. Interestingly,
MOC stimulation could still suppress the spontaneous discharges of the CNIC
neurons with abnormally high SRs. The MOC-mediated effects seen on the
elevated spontaneous activity in CNIC neurons were comparable to the effects in
CNIC neurons of normal hearing animals.

9.2 Possible circuitry for explaining excitatory MOC effects in the
CNIC
The present study demonstrated that the MOC system can produce either
simple ‘primary-like’ or more complex effects in the responses of CNIC neurons.
The complex effects, particularly excitatory changes at medium-to-high tone
levels, are not easily explicable based on MOC effects in the cochlea. The
excitatory effects were not present when MOC terminals in the cochlea were
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blocked by gentamicin, suggesting that it is mediated by the peripheral effect of
the MOC system. As described previously in chapter 5 and 7, one of the means by
which the peripheral MOC suppression may be able to bring about excitatory
effects in the responses of CNIC neuron is by turning down the central inhibitory
circuits. The inhibitory inputs can be intrinsic to the CNIC or at more peripheral
loci along the ascending pathway. In this discussion, only the simplest possible
ascending circuitry and local inhibitory circuits within the CNIC are considered.

Fig. 9.1 A-D: Possible ascending and descending circuitry mediating the excitatory MOC effects
in the CNIC. Details are given in the text of section 9.2.
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Fig. 9.1 represents a circuit diagram that could explain MOC-induced
excitatory changes in the responses of CNIC neurons to contralateral CF tones in
quiet. At lower tone intensities, only primary afferents most sensitive to the
frequency of the tones are activated (on-CF afferents). Signals from primary
afferents reach neurons in the ipsilateral cochlea nucleus (CN). CN neurons then
send inputs to the contralateral CNIC via 2nd order afferents. The simplest
pathway for the 2nd order afferent would be a direct excitatory circuit as shown in
Fig. 9.1A. MOC activation suppresses the responses of on-CF primary afferents to
low levels of CF tones by inhibiting the OHC active process. This suppression
turns down the responses of CNIC neurons receiving their input centrally (the
suppression is represented with downward arrows in Fig 9.1B). Therefore, only
inhibitory effects are seen on the firing rate of CNIC neurons at low tone levels
after MOC stimulation.
As the intensity of CF tones increases, there will be a spread of excitation
to the neighbouring frequencies along the basilar membrane. The adjacent primary
afferents tuned to frequencies above and below the CF (off-CF afferents) will also
be recruited. In this particular case, parallel inputs from the off-CF afferents are
assumed to converge centrally onto the CNIC neuron via surround inhibitory
circuits (Fig. 9.1C). Due to the saturation of the OHC active process, MOC
stimulation will produce very little suppression on the responses of on-CF
afferents at higher tone intensities. However, MOC activation could still affect the
responses of off-CF afferents. The OHC active process might still provide a
partial contribution to their responses at either side of the CF frequency. Hence,
MOC activation can inhibit the active process and suppress the responses of offCF afferents to the tones. Besides this, in some primary afferents, MOC
stimulation can also suppress their responses to tail frequency tones although such
responses receive minimal amplification from the OHC active process (Guinan
and Gifford, 1988c; Stankovic and Guinan, 1999). This effect could also suppress
the responses of off-CF afferents, particularly those tuned to frequencies above the
on-CF afferents. The suppression of the responses of off-CF primary afferents
could reduce the input to the surround inhibitory neurons (represented by
downward arrows in Fig. 9.1D).
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The response of a CNIC neuron is determined by the relative strength of
excitatory and inhibitory inputs that it receives. If central disinhibition from
reducing the responses of off-CF inputs in the periphery is stronger than the
suppression that results from the decreased responses of on-CF afferents, MOC
stimulation will produce a net excitatory effect on the firing rate of the CNIC
neuron (represented by upward arrows in Fig. 9.1D). This postulated mechanism
explains why the increase in the firing rate of CNIC neurons after MOC
stimulation was always associated with higher tone intensities (examples in Fig.
5.4, Chapter 5).

MOC-mediated disinhibition at higher tone levels in the CNIC could serve
as a useful mechanism for improving the responses of CNIC neurons to tones in
noise. In many CNIC neurons, MOC activation improved the ODR of their I/O
functions for responses to tones in noise via effects that could be explained using
the peripheral antimasking effect. However, in several CNIC neurons which
showed an increase in the ODR after MOC activation, the changes in their firing
rate in masked conditions cannot be explained by the peripheral process alone. In
these cases, the peripheral MOC effects could be supplemented by centrallymediated mechanisms (See section 7.3.2.1b, Chapter 7). Some of these complex
effects can also be explained using the circuit diagram shown in Fig. 9.1.
The addition of background noise will activate primary afferents at on-CF
and off-CF regions (refer Fig. 9.1C). CNIC neurons, particularly those with strong
surround inhibitory inputs, would be strongly affected by the activation of off-CF
afferents. In these cases, the noise will not elicit any increase in their basal
response rates although the noise level is sufficient to mask the response to tones
and shift the I/O curves to the right (examples of such cases are given in Fig.
7.5C,E; 7.8D,F). Interestingly, MOC activation can still increase the ODR of
some of these neurons in the masked condition (examples in Fig. 7.8D,F). This
effect cannot be explained by a reduction of the adaptation level in the neurons
(there was no change in the basal rate).
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An alternative explanation is that MOC activation can suppress the
responses of off-CF primary afferents to noise and produce disinhibition at the
central level. Due to the noise-induced masking effect in the cochlea, the CNIC
neuron will only respond to louder CF tones (the I/O function is now shifted to the
right). Because MOC-mediated suppression of the OHC active process is limited
at high tone levels, MOC activation will not produce much suppression of the onCF afferent responses. However, the MOC system can still strongly suppress the
responses of the off-CF afferents to the noise. This effect could produce a net
excitatory effect in the CNIC neurons. This centrally-based disinhibition could
also explain why in these cases (Fig. 7.8D,F), in addition to an increase in ODR,
MOC stimulation also shifted the I/O curve to the left.
Besides the complex MOC-mediated changes in the responses of CNIC
neurons, another interesting phenomenon was observed in the responses of the
CNIC neurons to tones in noise. Several CNIC neurons showed excitatory effects
when masking noise was added. The ODR of these neurons for responses to tones
in noise was larger than the responses to tones alone (See Fig. 7.6, example in Fig.
7.5E). Interestingly, in many of these neurons, the ODR in the masked conditions
did not change after MOC stimulation (See Fig. 7.11). Previous studies also
reported an increase in the ODR in CNIC neurons after the addition of noise
(Ramachandran et al., 2000; Rees and Palmer, 1988). The mechanism underlying
this observation is not clear, but is likely to be centrally mediated. Rees and
Palmer (1988) suggested that background noise itself may somehow reduce the
surround inhibition in the CNIC neurons and improve their responses to tones in
noise. Although this effect seems to contradict the effects of noise predicted by the
circuit diagram in Fig. 9.1, it must be understood that the postulated circuit
involved only the simplest possible pathway. The circuitry mediating the
excitatory effects of the noise in the CNIC neurons could be more complex.
Hence, the present findings suggest that there could be at least 3
mechanisms for preserving the ODR in the responses of CNIC neurons. Firstly, in
neurons which demonstrated typical masking effects by noise (with ODR
compression), MOC terminals in the cochlea can produce antimasking effects
(ODR decompression) that are qualitatively similar to the changes seen in primary
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afferents. Secondly, in a subset of CNIC neurons which showed ODR
compression but no change in the basal rate (presumably due to activation of
surround inhibition), MOC efferents can still enhance their ODR. This effect
could be due to turning down the central inhibitory circuits by MOC suppression
in the cochlea. Thirdly, in another subset of CNIC neurons, the background noise
itself increased their ODR to tones in noise probably by suppressing the central
inhibitory inputs to these neurons. In many of these cases, enhancement of the
ODR was not affected by subsequent MOC activation. The ability of the MOC
system to selectively influence the ODR of CNIC neurons in the first two cases
and not in the third instance is particularly interesting. It appears MOC activation
can increase the ODR when the ODR is initially compressed by background noise
but preserve the ODR when it is enhanced by the noise.

9.3 MOC-mediated suppression of the hyperactivity in the CNIC:
The possible role of the MOC system in tinnitus modulation
In addition to the influence of the MOC system on sound-evoked
responses of CNIC neurons, MOC activation can also suppress the spontaneous
activity of CNIC neurons. More interestingly, similar suppression was also seen in
CNIC neurons that show elevated thresholds and abnormally high spontaneous
activity in partially deafened animals. This result indicates a possible mechanism
to modulate the hyperactivity of central neurons induced by peripheral cochlear
damage.
It has been suggested that abnormal increases in the spontaneous activity
of central auditory centres could be a possible cause for central tinnitus (See
Eggermont, 2005; Eggermont and Roberts, 2004; Kaltenbach et al., 2005 for
recent reviews). Evidence that hyperactivity in the central auditory system is a
source of tinnitus comes from several animal models that have been developed
using neurophysiological recordings and behavioural assessments for tinnitus-like
percept either after salicylate treatment or acoustic trauma (Bauer and Brozoski,
2001; Bauer et al., 1999; Brozoski et al., 2002; Jastreboff et al., 1988; Kaltenbach
et al., 2004; Ruttiger et al., 2003). The most recent and compelling study was
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carried out in hamsters (Kaltenbach et al., 2004). In this study, animals with
hyperactivity in the DCN following acoustic trauma also demonstrated
behavioural evidence of tinnitus while the control animals did not. Furthermore, in
these animals, the degree to which the spontaneous activity of the DCN neurons
was increased was related to the severity of the tinnitus-related behaviour
(Kaltenbach et al., 2004).
In another recent study, the tinnitus-like percept (determined by
behavioural assessment) in rats brought about by acoustic trauma persisted after
DCN ablation and DAS cuts (Brozoski and Bauer, 2005). The persistence of the
tinnitus indicates that the tinnitus does not originate in the periphery or DCN but
at a more central level. Similarly, there is also evidence that tinnitus (caused by
peripheral problems) in humans may be eventually independent of the peripheral
input. In some pathological conditions (such as acoustic neuroma and Meniere’s
disease), although the origin of tinnitus is in the periphery, the tinnitus often
persists or sometimes becomes even worse despite sectioning the peripheral nerve
(House and Brackmann, 1981). Hence, tinnitus induced by peripheral hearing
damage could be arising from higher order centers.
The hyperactivity in the CNIC after partial deafness seen in the present
study could be a potential source of tinnitus. If this is so, the MOC-mediated
suppression of the abnormal spontaneous rate of CNIC neurons in the deafened
animals raises an important question, “Can the MOC system modulate the
perception of tinnitus?”
The role of the MOC system in the modulation of tinnitus is still unknown.
One interesting link between the two is related to the observation that masking
noise can temporarily change the loudness of tinnitus (Feldmann, 1971; Hazell et
al., 1985; Henry and Meikle, 2000; Henry et al., 2006; Jastreboff et al., 1994). In
many cases, the tinnitus can be reduced for a period of time after the cessation of
the masking noise. This residual inhibition varies in duration and degree over time
and is dependent on the intensity and duration of the masking noise. The neural
mechanism for tinnitus masking and the subsequent residual inhibition is poorly
understood but is thought to occur centrally (Osaki et al., 2005). Since noise can
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also produce MOC activation in humans (Collet et al., 1990; Collet et al., 1994;
Kawase and Takasaka, 1995), it is possible that the modulation of tinnitus may be
contributed by the suppressive effect of the MOC system on the abnormal
spontaneous activity in the central neurons.
In addition to noise maskers, several studies also suggest that tinnitus
loudness can be temporarily reduced by applying current to the auditory cortex via
repetitive transmagnetic stimulation (TMS) (De Ridder et al., 2006; De Ridder et
al., 2004; De Ridder et al., 2005; Langguth et al., 2006; Pridmore et al., 2006).
Since the descending cortical pathways also make contact with MOC neurons,
direct cortical stimulation using TMS might be able to modulate the tinnitus via
the activation of the MOC system.
Alternatively, MOC efferents might be tonically active. In normal
conditions the MOC fibers might help to regulate the spontaneous firing rate of
primary afferents via its suppressive actions. Abnormally low levels of MOC
activity could lead to increased spontaneous activity and tinnitus. This view is
supported by the finding that in humans with unilateral tinnitus, the MOC system
is less efficient in the ear with tinnitus compared to the normal ear (Chery-Croze
et al., 1993a). In addition, sectioning vestibular nerve in some patients (which also
eliminates the MOC efferents inputs to the cochlea) can sometimes lead to
worsening of tinnitus perception (Baguley et al., 2002). However, these
speculations need confirmation from future studies.

9.4 Consideration of other issues
Other factors that could influence the results in the current study are
activation of the middle ear muscles, current spread to the ascending pathways
from the stimulating electrode or even leakage of the monaural sound to the
opposite ear. However, several lines of evidence suggest that these factors did not
contribute to the changes seen in the responses of CNIC neurons after MOC
stimulation.
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Electrical stimulation of the OCB at the floor of the IVth ventricle can also
activate the facial nerve and produce middle ear muscle (MEM) contraction
(Galambos, 1956; Rajan, 1985). The activation of the MEM reflex can result in
attenuation of the transmission of sound to the cochlea and produce antimasking
effects in noisy background (Liberman and Guinan, 1998). However, the effects in
the CNIC neurons observed in the present study were not due to activation of the
MEM reflex. All the animals used in the current study were paralysed (using
pancuronium) prior to the OCB stimulation and the paralysis was confirmed by
the loss of facial and vibrissae twitch (see Chapter 3 for details). As argued by
Rajan (1985), the paralysis would have also eliminated the middle ear muscular
activity. This conclusion is also supported by the finding that all the changes seen
in the responses of CNIC neurons after the midline shocks were not seen in
animals treated with gentamicin cochlear perfusions. Gentamicin blocks MOC
terminals in the cochlea and not the MEM reflex pathway. Furthermore, the
effects after MOC stimulation were seen even at frequencies >10 kHz which is
outside the frequency range that is affected by the MEM reflex (Liberman and
Guinan, 1998).
The effects observed on the responses of the CNIC neurons in this study
are also unlikely to be due to any direct current spread to the ascending pathways.
Based on the arguments in Chapter 3, the electrical currents from midline OCB
shocks used in this study did not spread to the DAS which is the closest ascending
tract to the OCB at the site of the stimulation. Furthermore, if the neurons were
directly driven by the shocks, the effects would have persisted after the
gentamicin injections. Lastly, the changes are also unlikely to be influenced by the
leakage of sound to the opposite ear. The changes after MOC stimulation in the
I/O functions observed were always below the estimated acoustic crosstalk level
at the frequency closest to the CF of the neurons (See Appendix A), indicating
that the responses of CNIC neurons are due to purely monaural stimulation.
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9.5 Methodological limitations and suggestions for future work
The in vivo experiments conducted throughout this study involved CAP
recordings from the cochlea, extracellular single unit recordings from the
contralateral CNIC and focal MOC stimulation at the floor of the IVth ventricle,
all of which were carried out in the same animal. In addition, in a number of
experiments, intracochlear perfusion was also carried out in the similar set up.
Despite the complex nature of these experiments, MOC effects in the midbrain
were successfully recorded for the first time at the single neuron level. However,
there are several limitations to the methodological approach of this study that need
to be acknowledged.
The technique used for MOC stimulation in the present study is admittedly
artificial. MOC axons were activated by tetanic electrical stimulation producing a
pattern of activity quite unlike that occurring naturally. The focal electrical
stimulation at the BTP (to avoid current spread to the DAS) also only resulted in
suboptimal MOC activation (see Fig. 3.5). In addition, although individual MOC
fibers only innervate restricted regions of the cochlea, the efferent stimulation
used in the present study produced a broad effect across the frequency map
(maximum effect at 10 kHz region, see Fig. 3.7). The activation of MOC fibers
projecting to a particular frequency region of the cochlea has not been possible.
Other studies have shown selective activation of only a group of MOC
fibers projecting to a restricted frequency region in the cochlea using either tonal
stimulation to the opposite ear (to activate the contralateral MOC reflex) (Warren
and Liberman, 1989b) or via electrical stimulation in the IC (Ota et al., 2004).
Unfortunately, both of these methods cannot be applied to the present study due to
the nature of the study itself. Tones in the opposite ear would activate the
binaurally-sensitive CNIC neurons while electrical stimulation of the IC cannot be
carried out at the same site as the recording. An alternative method is to activate
MOC cell bodies in the SOC using very focal electrical stimulation (Gifford and
Guinan, 1987). However, instead of direct visualization, this method of
stimulation has to be carried out via stereotaxic placement of the stimulating
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electrode. It would be difficult to precisely place the tip of the electrodes at the
target MOC neurons and prevent any current spread to adjacent structures.
Besides the method used for activating the MOC system, there are also
limitations in the acoustic stimuli used in the current study. Only contralateral
pure tones at CF frequencies were used. This stimulus configuration merely
provides the simplest input for a given CNIC neuron. Future studies should also
address how more complex patterns of stimulation including binaural inputs to the
CNIC could be influenced by the MOC activation. This is particularly relevant in
the CNIC in which nearly half of the neurons are binaurally sensitive (Irvine and
Gago, 1990; Irvine, 1992; Kelly et al., 1991). Furthermore, using purely monaural
stimulation, CNIC neurons in the present study were primarily classified based on
their I/O functions into either monotonic or non-monotonic types. A more
elaborate classification of the CNIC neurons based on other response properties
such as the frequency-intensity response maps types and binaural response
properties is needed to relate the various effects seen after MOC stimulation to a
particular group of CNIC neurons.
I/O functions used in the current study only show the effects of MOC
stimulation on the responses of CNIC neurons at their CF frequencies. Use of
frequency-intensity response maps would enable assessment of the effects of
MOC stimulation for the frequencies above and below the CF instead of the CF
frequency alone. Apart from this, these maps could be also used to evaluate the
effects of MOC activation on central inhibitory inputs within the CNIC. The
inhibitory areas in the response maps 19 are usually represented by the soundevoked suppression of their spontaneous activity (Davis et al., 1999; Hernandez et
al., 2005; Ramachandran et al., 1999). If the hypothesis put forward in this thesis
is correct, MOC activation should be able to turn down some of the central
inhibitory inputs and reduce the sound-evoked suppression.
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The frequency-intensity response maps for CNIC neurons are of 3 types which are classified
mainly according to the strength and pattern of inhibitory inputs (refer section 1.4.3.1, Chapter 1
for further details).
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A possible issue which might arise is that the inhibitory areas in the
response map can only be elicited in neurons where spontaneous rates are
sufficiently high so that the sound-evoked suppression is clearly distinguishable
from the background spontaneous activity. In the present study, most CNIC
neurons had very low spontaneous activity, presumably due to the usage of
barbiturate anaesthesia (Astl et al., 1996; Bock et al., 1972; Kuwada et al., 1989).
This problem could be overcome by using other anaesthetic drugs such as
ketamine in which the spontaneous activity in the CNIC is less affected compared
to barbiturate anaesthesia (Astl et al., 1996). Alternatively, the inhibitory
components of the response areas of CNIC neurons can be also characterized
using forward-masking or two-tone suppression paradigms (Calford and Semple,
1995; Egorova et al., 2001).
One of the arguments put forward in this thesis is that the MOC system
can exert more complex effects centrally in the CNIC by turning down the local
surround inhibition. For example, excitatory effects in the firing rate of a subset of
CNIC neurons after MOC stimulation could be mediated via the disinhibition of
the inhibitory circuits within the CNIC. One direct method that could be used to
test this hypothesis in future studies is by iontophoretically applying a GABA
antagonist to the CNIC (Faingold et al., 1991; Faingold et al., 1989a; Le Beau et
al., 1996; Pollak and Park, 1993) and recording I/O functions with and without
MOC shocks.
It is intriguing that the present study did not reveal any effects of the
MOC collaterals after the MOC stimulation. The 100 ms shock trains routinely
used in this study are ideal for eliciting effects of MOC terminals in the cochlea
(Desmedt, 1962; Mulders and Robertson, 2000a; Rajan, 1985). However, long
shock trains cannot measure any short lasting effects of the MOC collaterals (see
Mulders et al., 2003). Future studies should also investigate whether MOC
collaterals can produce effects in the responses of CNIC neurons using a single
shock paradigm instead. In addition to changes in the MOC stimulation paradigm,
intracellular rather than extracellular recordings of responses of CNIC neurons can
also provide a clearer picture regarding the changes at the synaptic level after
MOC efferent activation.
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9.6 Conclusion
In summary, although the acoustic and MOC stimulation paradigms used
in the present study were artificial, the outcomes from this thesis do provide a
better basis for understanding the functional role of the MOC system. The
emphasis of the present work is on the translation of the MOC-mediated effects in
the cochlea to higher-order neurons in the midbrain. The results from this study
clearly show that the MOC system can alter responses of the auditory midbrain in
a more complex manner compared to the effects seen in the periphery. This work
also provides further evidence to suggest that the MOC system may be useful in
detection of signals in background noise. In addition, the ability of the MOC
system to suppress abnormal activity in the midbrain after partial deafening could
have important implications for the role of the descending system in the
pathophysiology and treatment of tinnitus.
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APPENDIX A

ESTIMATION OF CROSSTALK LEVEL

A.1 Introduction
I/O functions of CNIC neurons recorded in the present study were based
on monaural sound stimulation of the contralateral cochlea. For the sound
stimulation to be purely monaural, there should not be any leakage of sound from
one ear to another. The leakage of sound to the opposite cochlea can alter the
firing rate of binaurally responsive CNIC neurons and could lead to more complex
changes in I/O curves. The upper limit or the loudest sound intensity that can be
used in one ear without any activation of afferents in the opposite cochlea will
depend on the interaural attenuation (IAA). IAA denotes how much the sound
presented to one cochlea is attenuated while traveling from that side to the
opposite cochlea. In principle, sound can only leak across to the opposite ear when
the sound level presented in one ear exceeds the IAA. In addition, the sound level
that reaches the opposite cochlea has to exceed the threshold of primary afferents
to elicit a binaural effect in CNIC neurons. Thus, the crosstalk level at a particular
frequency (f) can be estimated based on the sum of the IAA (for tones at f
frequency) and the threshold of primary afferents (tuned to the f frequency). This
relationship can be summarized as follows:

Crosstalk levelf = IAAf + threshold of primary afferentf

A.2 IAA measurements
The IAA was estimated for a number of frequencies ranging from 0.3 to 20
kHz using the N1 CAP thresholds and CM recordings (refer to Chapter 2, section
2.5) in 4 animals. A 10 ms tone burst at a given frequency was presented to the
left ear and the intensity was increased until the crosstalk-mediated CAP threshold
was obtained in the opposite (right) cochlea. Then the speaker was shifted to the
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right ear and sound levels needed to obtain direct CAP thresholds were
determined. For frequencies between 2 to 20 kHz, the IAA was calculated by
subtracting the direct CAP threshold from the crosstalk-mediated CAP threshold.
For lower frequencies (0.3-1.0 kHz), the CM was recorded with a round
window electrode. This technique was chosen because CAP recordings at these
frequencies are usually contaminated with the CM traces and the neural threshold
estimate therefore became less reliable. For CM measurements, the maximum
sound output 20 from the computer software (50 ms tone burst) was presented to
the left cochlea and recordings were made from the opposite cochlea. The
crosstalk produced CM of a given amplitude in the right cochlea. Then, the
speaker was shifted to the right ear and the sound level needed to obtain a CM of
equal amplitude was ascertained. The IAA was determined based on the
difference of these two sound levels.
As per the usual experimental set-up, the opening of left bulla was not
sealed. However, the hole on the right bulla was sealed with vaseline after placing
the recording electrodes. The reference electrode was positioned close to the
recording electrode (on the neck muscles) to minimize the possible contamination
from the brainstem evoked potential (BSEP). In order to exclude the possible
contamination of the CAP recordings by the BSEP, additional experiments were
carried out in another 3 animals. The experimental set-up in the second group of
animals was the same as the first group except that their left cochlea was
completely destroyed using a scalpel. Therefore, responses measured in the right
cochlea while delivering sound to the left ear could not be contaminated by BSEP
generated by stimulation of the left cochlea.
Fig A.1 shows the mean crosstalk levels based on CM (0.3-1 kHz) and
CAP measurements (2-20 kHz). The average IAA was in the range of 55-60 dB
from 0.8-20.0 kHz (represented with filled symbols and continuous line).
However, the IAA declined sharply for frequencies below 0.8 kHz reaching
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The CM amplitude was measured at the loudest contralateral tones so that the measurements
were well above the system noise.
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minimum level of 40 dB at 0.3 kHz. The interanimal variability was highest at 0.5
and 0.6 kHz where the SD was ±4.6 dB.

Fig. A.1: Mean IAA (dB ±SD) as a function of frequencies (0.3-20 kHz) obtained from 4 animals
with an intact left cochlea (filled symbols with continuous line) and 3 animals (frequencies 2-20
kHz) with the left cochlea destroyed (open symbols with dotted line).

The second set of experiments showed that the mean IAA (2-20 kHz) for
animals with a destroyed left cochlea (represented with open symbols and dotted
line) closely matched the results obtained from the animals with an intact cochlea.
This has two important implications. Firstly, it excluded the possibility of cross
contamination of the CAP recordings (in the right cochlea) by the BSEP as the
result of the loud tones presented to the left ear. Destruction of the cochlea
prevented neural activity from the left ear reaching the brainstem. Therefore,
CAP thresholds recorded from the right cochlea must be because of the crosstalk
and not due to activation of auditory brainstem structures. Secondly, the finding
suggests that MOC efferents were not activated by loud sounds in the
anaesthetised guinea pigs used in the current study. As discussed in the
introductory chapter, high levels of tones to the contralateral (left) ear could
potentially activate the MOC system and inhibit the ipsilateral response in the
right ear, thus making the IAA artificially high. Destruction of the left cochlea
would prevent such cross efferent reflex. Since the IAA from the animals with
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cochlear destruction did not differ much from animals with intact cochlea, it is
unlikely that sound-driven efferent activity had any influence on the results.

A.3 Crosstalk estimation
As described previously, in order to estimate the crosstalk level, we need
to know both the IAA at a particular frequency as well as the threshold of primary
afferents tuned to the same frequency. In this study, primary afferent thresholds to
tones were measured indirectly using the CAP. The CAP at threshold reflects the
activity of a small number of primary afferents tuned to a single frequency and
therefore can serve as an indicator of single unit thresholds (Johnstone et al.,
1979). For frequencies up to 20 kHz, the most sensitive primary afferents in
guinea pigs are consistently about 20 dB lower in threshold than the
corresponding N1 thresholds (Johnstone et al., 1979). Using this relationship, the
threshold of the most sensitive primary afferents for the animals in the present
study was obtained by subtracting 20 dB from their mean N1 CAP thresholds.
The average N1 CAP thresholds for 19 normal animals (See Chapter 4) and
the corresponding estimated threshold of the most sensitive primary afferents
(represented with a grey line) for frequencies 2-20 kHz is plotted in Fig. A2. For
comparison purpose, the single unit threshold (at CF) of CNIC neurons pooled
from all the 19 animals is also shown (data was obtained from Fig. 4.5 B-D). The
estimated most sensitive primary afferent thresholds (represented with a black line
in Fig. A2) corresponded well with the thresholds of most sensitive CNIC neurons
obtained from this study at frequencies 4-20 kHz. However, at 2 kHz, the most
sensitive CNIC neuron was approximately 10 dB more sensitive than the
estimated threshold of primary afferents. As described earlier, for lower
frequencies, the CAP threshold estimate becomes less reliable. Therefore, for
frequencies <4 kHz, the estimation of primary afferent thresholds were based on
the threshold of the most sensitive CNIC unit within this frequency range instead.
Based on the data, the most sensitive CNIC neuron had a threshold of 15 dB SPL
and this value was used for obtaining the crosstalk levels for all the frequencies ≤2
kHz.

198

Fig. A.2: Estimation of the most sensitive primary afferent thresholds. CF versus threshold (at CF)
of 166 CNIC neurons from 19 guinea pigs (normative data obtained from Fig. 4.5B-D). Black line:
composite CAP audiogram (2-20 kHz). Grey line: corresponding estimation of the most sensitive
single primary afferent thresholds. See text in section A3 for further details.

Fig. A.3: Estimated interaural crosstalk levels as a function of frequency (0.3-20 kHz). Crosstalk
levels = interaural attenuation + estimated primary afferent thresholds. See text for further details.
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The predicted interaural crosstalk levels (IAA + estimated primary afferent
thresholds) for the corresponding frequencies are given in Fig. A3. The crosstalk
level was in the range of 68-78 dB for frequencies between 8 to 20 kHz. The level
increased to 93 dB at 4 kHz but sharply declined for the lower frequencies to 55
dB at 0.3 kHz. The interaural crosstalk levels obtained here specify the upper limit
of the tone intensity that can be used for achieving a purely monaural input to the
CNIC neurons. The crosstalk levels for the closest frequency to the CF of each of
the CNIC neuron are indicated with a dotted vertical line in the figures of I/O
functions presented in Chapter 5-7.
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