


Abstract

The anteroventral cochlear nucleus (AVCN), located at the first level of the central
auditory system, sends major ascending inputs to higher auditory levels, such as the
superior olivary complex and the inferior colliculus. However, temporal properties of
AVCN neurons that might be useful for complex-sound processing have not been fully
explored. This study applied different temporal measures, which were related to different
sound features, to neural recordings of the responses of AVCN neurons to tones in
broadband noise. The detectability of a tone in noise based on each temporal property
was compared to psychophysical detection performance. Possible underlying neural
mechanisms to extract the temporal information were also explored. The results provided
implications for detection mechanisms used by higher auditory levels and the
significance of certain stimulus features for detection. This study also examined the effect
of inhibitory inputs on AVCN responses to pure tones and complex sounds by
iontophoretically injecting inhibitory receptor antagonists. Blocking inhibition was found
to affect both average discharge rates and temporal properties, such as discharge
regularity, first-spike latency, and synchronization to the envelope of the sound, for some
AVCN neurons. The influence of inhibition differed across neuron types and within
types. These findings provide useful information for identifying the functional role and
the source of inhibitory inputs, and for future modeling of different types of AVCN
neurons. Because possible inhibitory sources include descending inputs from higher
auditory levels, results of this study illustrated possible feedback mechanisms at the level

of the AVCN.
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Chapter |

General Introduction

1.1  Background and motivation

In our daily life, our auditory system receives a variety of sounds from the
environment and transforms the sounds into information that can be used by our brain.
Throughout the ascending auditory pathway, neural responses represent important sound
features, such as the frequency spectrum, temporal envelope, and sound level. In addition
to sound representation, there are complex neural mechanisms to perform different
auditory tasks, such as detecting signals from background noise, locating sound sources,
and separating different acoustic streams. For some of these tasks, certain types of
neurons have been found to play critical roles. For example, some neurons in the superior
olivary complex (SOC) and the inferior colliculus (IC) are sensitive to interaural
differences (Kuwada et al., 1979; Caird and Klinke, 1983), which can be useful for sound
localization. For other tasks, it is not yet clear what mechanisms or what types of neurons
are responsible for the processing.

Detection of signals in noise is one of the most important tasks in our life, since
signals, the sounds that we pay attention to, are seldom presented alone without other
sounds in the background. Detection of signals that are at or slightly above threshold in
background noise is of particular interest for hearing research, since this task is especially
difficult for listeners with hearing loss, even with hearing aids (Abel et al., 1990; Nabelek

et al., 2004; van Tasell et al., 1988). To date, the inefficiency of hearing aids in helping



listeners with detection at least partly results from our lack of knowledge about what
detection mechanisms are used by the auditory system and what stimulus features
determine detectability. Psychophysical studies that are designed to answer these
questions, e.g., detection of tones in roving-level noise (Kidd et al., 1989) or reproducible
noise (Pfafflin and Mathews, 1966, Gilkey et al., 1985; Isabelle and Colburn, 1991;
Evilsizer et al., 2002; Davidson et al., 2006), can reveal some knowledge of the general
listening strategies for normal hearing listeners, whereas the underlying neural
mechanisms must be assessed with physiological approaches.

As stated earlier, it is not clear which part of the auditory system or which type of
neuron is most responsible for detection. The present study used physiological
approaches to obtain neural responses to tones embedded in noise in the anteroventral
cochlear nucleus (AVCN), the lowest level in the central auditory system. The AVCN is
one of the three major functionally and anatomically separated parts of the cochlear
nucleus (Rose et al., 1959). The motivation of recording from the AVCN was not based
on any assumption that the “problem” can be solved at this level; rather, the goal was to
find out what kind of information available at this level is most robust for detection, and
how feasible it is for higher auditory levels to use this information. Projections from
AVCN bushy cells are the major inputs to the medial (MSO) and lateral (LSO) superior
olivary nuclei on both sides of the brain (Warr, 1982; Cant and Casseday, 1986). AVCN
T-stellate cells project directly to the contralateral IC (Cant, 1982; Oliver, 1987; for
review, see Young, 1998). Based on knowledge of tone-in-noise responses in the AVCN,

hypotheses of higher-level processing can be created and used as guidelines for



physiological studies at those levels, which are usually more diverse in response to tones
in noise (e.g., IC: Rees and Palmer 1988; Ramachandran et al. 1999).

The present study included several temporal analyses of tone-in-noise responses
obtained in the gerbil AVCN. It is somehow surprising that after a number of temporal
approaches have been applied to different areas of auditory research, such as pitch (e.g.,
Licklider, 1951; de Cheveigne and Pressnitzer, 2006) and binaural hearing (e.g., Domnitz
and Colburn, 1976), the commonly used analysis for tone-in-noise responses is still
focused on average discharge rate (Rhode et al., 1978; Geisler and Sinex, 1980; Gibson et
al., 1985; Young and Barta, 1986, Rees and Palmer, 1988) or synchronization to tone
frequency (Rhode et al., 1978; Costalupes, 1985; Miller et al., 1987). One reason for the
average discharge rate to be so popular in tone-in-noise studies probably lies in the
similarity between masked and unmasked rate-level functions for most auditory neurons.
The masked rate-level function (for tones in noise) is commonly described as a shift of
the unmasked rate-level function (for tones alone) to higher tone levels (Young and Barta
1986; Rees and Palmer, 1988; May and Sachs, 1992), although a decreased dynamic
range is observed when the masking-noise level is high (Greenwood and Goldberg, 1970;
Geisler and Sinex 1980; Gibson et al. 1985; Rhode et al. 1978; Young and Barta 1986).
However, the neural coding mechanism can be potentially different when a noise is added
to a tone based on the following hypothesis. When a tone is presented alone, sound
representation is the major task of the auditory system. The capture of the sound features,
such as frequency, duration, and level, provides enough information to the brain to
perceive the sound. However, when a masking noise is added, more complex processing

mechanisms will be triggered to separate the tone from the noise, as suggested by the



remarkable detectability of signals from noise for normal-hearing listeners. In other
words, the system does more than a simple representation of the tone plus the noise.
Based on this hypothesis, tone-in-noise responses should be studied more carefully than
pure-tone responses with all appropriate rate or temporal approaches.

In addition to the direct analysis of neural responses, modeling of AVCN neurons
helps to improve our understanding of the signal-processing mechanisms present at this
level. AVCN neurons receive excitatory inputs from auditory-nerve fibers (ANFs)
(Fekete et al., 1984; for review, see Brown et al., 1993), and some neurons also receive
inhibitory inputs (Oertel, 1983; Wenthold et al., 1988; Wickesberg and Oertel, 1988;
Saint Marie et al., 1989; Babalian et al., 2002; Arnott et al., 2004). It is relatively
straightforward to simulate the excitatory inputs using computational models (Banks and
Sachs, 1991; Rothman et al., 1993), since the response properties of ANFs to a variety of
sounds have been intensively studied (e.g., Evans, 1978; Rhode et al., 1978; Winter and
Palmer, 1991; Joris and Yin, 1992; Cedolin and Delgutte, 2005), and computational AN
models have been established (Giguere and Woodland, 1994; Robert and Eriksson, 1999;
Zhang et al., 2001; Zilany and Bruce, 2006). Based on knowledge of the excitatory
inputs, some properties of AVCN neurons can be explained with relatively simple
processing strategies, e.g., enhanced synchronization to tone frequency (Rothman and
Young, 1996; Joris et al., 1994).

However, not all response properties of AVCN neurons can be explained by
excitatory inputs. For example, the enhanced synchronization to amplitude modulation
found in the AVCN (Frisina et al., 1990; Rhode and Greenberg, 1994) is hypothesized to

be caused by the presence of inhibition (Rhode and Greenberg, 1994), which is likely to



be the case since later Backoff et al. (1999) show that inhibition enhances the AM
synchrony in the PVCN and the DCN. Previous modeling studies of choppers (Banks and
Sachs, 1991; Hewitt and Meddis, 1993) also propose different hypotheses about whether
transient responses are related to inhibitory inputs. Using modeling approaches, the
inhibitory inputs are difficult to simulate accurately since they can come from multiple
sources, including neurons in other parts of the CN (Wickesberg and Oertel, 1988),
higher auditory levels (Ostapoff et al., 1997; Thompson and Schofield, 2000), or even the
contralateral CN (Wenthold, 1987; Babalian et al., 2002). Ideally, accurate simulations of
the inhibitory inputs require creating a large network involving those inhibitory neurons.
However, if for a particular type of neuron the effect of inhibition is found to be
negligible for a given stimulus, the neural modeling can then focus on only excitatory
inputs. If the effect of inhibition indeed matters, knowledge of some basic response
properties of the inhibition allows phenomenological simulations of the inputs without
knowing the exact function of the inhibitory neuron that projects to the targeted neuron.
The iontophoretic technique was used here to study the properties of the inhibitory inputs

and their potential effect on detection of tones in noise.

1.2 Applying temporal measures to tone-in-noise responses

In Chapter II (Gai & Carney, 2006), several temporal metrics are described and
compared to the average discharge rate in terms of their ability to explain detection
performance based on tone-in-noise responses obtained from the AVCN. The average
discharge rate based on single-neuron responses failed to predict psychophysical

detection thresholds. On the one hand, it is hard to rule out the possibility that some



pooling mechanism can combine average rates across neurons and thereby increase the
detectability by reducing the variance (Delgutte, 1996). On the other hand, a pooling
strategy will be inefficient if single neurons contain other forms of information (i.e.,
temporal information) that are more robust for detection and more easily extracted than
average rate.

First, a temporal correlation metric was tested to quantify the amount of change
available in the temporal responses when a tone was added to a noise. The results showed
that sufficient temporal information was contained in the neurons’ responses to account
for psychophysical detection thresholds. This metric does not indicate what type of
information is useful or how feasible it is to extract this information. Therefore, more
specific temporal approaches were constructed and tested. As stated earlier,
synchronization to tone frequency is the major temporal approach used by previous tone-
in-noise studies (Rhode et al., 1978; Costalupes, 1985; Miller et al., 1987). Detection
performance explained by synchronization to tone frequency was found to be consistent
with previous studies, and was able to predict psychophysical detection thresholds at low
and mid frequencies. However, the present study was unable to propose a physiological
mechanism to extract this type of fine-structure information.

Envelope-related approaches have not been applied to detection of tones in noise
in previous physiological studies. Here an envelope-slope metric adopted from a
psychophysical detection study (Richards, 1992) was used to measure the fluctuation in
time-varying rate obtained from the post-stimulus time (PST) histogram. Since the
addition of a tone to noise reduced the amount of rate variation over time, the tone can be

detected based on reduced fluctuation. It was hypothesized that the fluctuation of neural



responses originated from the locking to stimulus envelope. This metric can be realized
by changing the parameters of a physiological model for the IC, the same-frequency
inhibition and excitation (SFIE) model (Nelson and Carney, 2004). The model transforms
the fluctuation coding into rate coding at a level higher than the AVCN, but it is not
limited to the IC. Model thresholds based on responses of some AVCN neurons can
predict psychophysical detection thresholds. In summary, envelope-related information is
robust for detection of tones in noise and can be easily extracted physiologically.

The third temporal metric, temporal reliability, measured the discharge-pattern
consistency for tone-in-noise responses. Although reliability is commonly used to
characterize neural responses to certain sound stimuli in physiological studies (e.g.,
Mainen and Sejnowski, 1995; Martin et al. 2004; DeWeese et al., 2005), it has never been
considered as a useful coding mechanism for a particular task. However, if a higher-level
neuron receives multiple inputs from a lower level, the reliability of input responses will
presumably affect the integration across inputs, which determines the discharge of the
targeted neuron. In the present study, detection performance based on reliability was
tested. In general, this metric was also promising in predicting the psychophysical
detection thresholds; however, the present study was unable to propose a physiological
mechanism to compute the reliability without being affected by the overall discharge rate.

After the above results were published in Gai and Carney (2006), some other
temporal approaches were explored, including the correlation index and the spike-
distance metric. As will be discussed in Chapter II, although synchronization to tone
frequency has been found to be a robust detection metric at low and mid frequencies,

there are difficulties in finding a physiological mechanism to extract this information.



The correlation index (Louage et al., 2004; Joris et al., 2006) measures the coincidence of
discharges across different repetitions and can be constructed with a simple physiological
mechanism, coincidence detection. For responses to pure tones, the correlation index has
been found to represent synchronization to tone frequency. However, the present study
showed that for responses to tones in noise, the correlation index is inconsistent with
synchronization to tone frequency; instead, it changes with the tone level in a way similar
to temporal reliability. Therefore, a physiological mechanism to extract the
synchronization to tone frequency is yet to be discovered.

The spike-distance metric (Victor and Purpura, 1996, 1997) quantifies the
differences of spike timing with respect to stimulus onset between neural responses. A
confusion matrix can be constructed based on the spike-distance metric to allow the
calculation of mutual information, which measures the efficiency of the neural responses
in coding a set of sound stimuli for different temporal resolutions. It was discovered that
absolute spike timing did not contain as much information as the above approaches for
detection of tones in noise, at least for mid- and high-CF primary-like units. The present
study also questioned the accuracy of deriving the “best temporal resolution” based on

this method.

1.3  Application of inhibitory receptor antagonists

Chapters IV and V focus on the iontophoretic study of inhibitory inputs received
by AVCN neurons. Although previous studies have tested the effect of inhibition on CN
neurons’ responses to pure tones (AVCN, Caspary et al, 1994; VCN, Ebert and Ostwald,

1995a, b; AVCN, Kopp-Scheinpflug et al., 2002), amplitude-modulated tones (DCN and



PVCN, Backoff et al., 1999), and tones in noise (VCN, Ebert and Ostwald, 1995b), none
of these topics have been fully explored. Average discharge rate is the most commonly
used metric to quantify changes in neural responses to pure tones at characteristic
frequency (CF) or other frequencies when inhibitory inputs are blocked. Temporal
contrast, e.g., peak vs. sustained rates and spontaneous vs. sound-driven activity (Ebert
and Ostwald, 1995; Kopp-Scheinpflug et al., 2002), has been studied for pure-tone and
tone-in-noise responses. Although more temporal measures have been applied to
amplitude-modulated responses, changes in these measures after blocking inhibition have
not been associated with other response properties to provide a general description of the
characteristics and functions of inhibitory inputs.

In Chapter IV, changes in neural responses to pure tones after blocking inhibition
are analyzed. Since a relatively large number of repetitions (100) for CF tones were used
in this study, changes in detailed temporal response patterns can be obtained. For AVCN
choppers that showed significant changes after blocking inhibition, the discharge
regularity decreased, and the largest change occurred at different post-onset time period
for neurons with different chopping patterns. A number of primary-like and unusual units
showed substantially decreased first-spike latency, indicating the presence of inhibition
on response onset that seemed to contradict the general assumption of delayed inhibition.

Chapter V describes iontophoretic results for responses to tones in noise and to
two types of amplitude-modulated stimuli. Rate and temporal metrics described in
Chapters II and III were applied to neural responses before, during and after the injection

of inhibitory receptor antagonists. There were three aims as stated below.
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The first aim was to quantify the overall change in each metric caused by
blocking inhibition. For example, the average discharge rate was expected to increase for
any tone-noise combination after blocking inhibition. The change in the amount of
temporal fluctuation was assumed to agree with the change in the synchronization to
amplitude-modulated stimuli, if the temporal fluctuation was indeed related to stimulus
envelope.

The second aim was to test the effect of inhibition on detection performance
based on each metric, that is, to test whether detection thresholds were changed when the
inhibition was blocked. If the majority of neurons did not show changes in threshold, it
can be concluded that the presence of the inhibition was not to facilitate tone-in-noise
detection at the level of the AVCN based on a specific type of information. For the spike-
distance metric, the major focus was to examine whether the temporal resolution that
yielded the maximal coding efficiency changed after blocking inhibition.

Third, if blocking inhibition showed different effect sizes on tone responses as
compared to noise responses, some characteristics of the inhibitory source neuron could
be inferred. For example, inhibitory neurons in the CN with glycinergic neurotransmitters
are either D-stellate cells in the VCN (Wickesberg and Oertel, 1988; Arnott et al., 2004)
or vertical cells in the dorsal cochlear nucleus (Wickesberg and Oertel, 1988, 1990). D-
stellate cells respond actively to broadband noise but poorly to tones (Rhode and
Greenburg, 1994; Winter and Palmer, 1995), while vertical cells response actively to CF
tones but poorly to broadband noise (Gibson et al., 1985; Rhode and Greenburg, 1994).
Therefore, the influence of these two cell types on the targeted AVCN neurons is

hypothesized to differ for tones versus noise.
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1.4  Summary

The present study applied several temporal metrics to tone-in-noise responses of
AVCN neurons, including features related to stimulus fine structure, stimulus envelope,
and spike-timing consistency. Detection performance based on the most sensitive units
for each metrics was quantified and compared to psychophysical detection thresholds.
The fine-structure related metric, synchronization to tone frequency, was found to be a
reliable cue at low and mid frequencies. The envelope-related metric, PSTH fluctuation,
and two spike-timing-consistency related metrics, temporal correlation and correlation
index, were found to be reliable cues at all frequencies. Corresponding physiological
mechanisms were explored for each metric; however, only the PSTH fluctuation can be
easily realized with known neural mechanisms.

The effect of inhibitory inputs on pure-tone and amplitude-modulated responses
generally agreed with previous studies. In addition, more detailed analysis of the PSTH
provided a better understanding of the characteristics of inhibitory inputs, such as the
latency and smoothness. The effect of inhibitory inputs on the temporal metrics for tone-
in-noise responses indicated not only how much inhibition affects detection, but also how
neural representations of different stimulus features change with inhibition. The results of
the iontophoresis studies can help to refine present neural models and to better

understand signal processing by AVCN neurons.
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Chapter 11
Temporal Measures and Neural Strategies for Detection
of Tones in Noise Based on Responses in Anteroventral

Cochlear Nucleus

Abstract

To examine possible neural strategies for the detection of tones in broadband noise,
single-neuron extracellular recordings were obtained from the anteroventral cochlear
nucleus (AVCN) in anesthetized gerbils. Detection thresholds determined by average
discharge rate and several temporal metrics were compared to previously reported
psychophysical detection thresholds in cat (Costalupes 1983). Because of their limited
dynamic range, the average discharge rates of single neurons failed to predict
psychophysical detection thresholds for relatively high-level noise at all measured
characteristic frequencies (CFs). However, temporal responses changed significantly
when a tone was added to a noise, even for neurons with flat masked rate-level functions.
Three specific temporal analyses were applied to neural responses to tones in noise. First,

temporal reliability, a measure of discharge time consistency across stimulus repetitions,
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decreased with increasing tone level for most AVCN neurons at all measured CFs.
Second, synchronization to the tone frequency, a measure of phase-locking to the tone,
increased with tone level for low-CF neurons. Third, rapid fluctuations in the post-
stimulus time histograms (PSTHs) decreased with tone level for a number of neurons at
all CFs. For each of the three temporal measures, some neurons had detection thresholds
at or below psychophysical thresholds. A physiological model of a higher-stage auditory
neuron that received simple excitatory and inhibitory inputs from AVCN neurons was
able to extract the PSTH fluctuation information in a form of decreased rate with tone

level.
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2.1 Introduction

Monaural detection of tones in background noise is a fundamental problem in
auditory physiology and psychophysics. For auditory-nerve (AN) fibers and most
cochlear-nucleus (CN) neurons, average discharge rate increases monotonically with tone
level. However, the dynamic range of most AN fibers and CN neurons for rate encoding
is significantly reduced by the presence of background noise (Geisler and Sinex 1980;
Gibson et al. 1985; Rhode et al. 1978; Young and Barta 1986). This decrease is due to a
reduction in maximum rate at high tone levels and to increased rates in response to the
noise alone (Gibson et al. 1985).

Neural temporal response patterns change when a tone is added to a noise
(Greenwood and Goldberg 1970). The most intensively studied temporal property is the
synchronization coefficient of discharges to tone frequency, which has been shown to
yield lower detection thresholds than discharge rates in both AN fibers (Rhode et al.
1978) and CN neurons (Miller et al. 1987) at relatively high noise levels. However,
neural mechanisms that can extract phase-locking information for tone-in-noise detection
are unclear. Moreover, phase locking to high-frequency tones is presumably too weak to
be a cue for detection. The present study explored temporal approaches as alternatives to
average discharge rate or synchronization to tone frequency, seeking strategies that are
physiologically realizable and not restricted to low frequencies.

Extracellular recordings were made from neurons in the anteroventral cochlear
nucleus (AVCN) in response to tones in noise, and detection thresholds as determined by
the average discharge rate and by several temporal measures of the neural responses were

compared to psychophysical detection thresholds. The CN is the first stage of the
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auditory central nervous system and receives direct input from AN fibers. The rate-
related dynamic-range properties of most AVCN neurons in response to tones in noise
are similar to those of AN fibers (Gibson et al. 1985; May and Sachs 1992; Rhode et al.
1978). However, since AVCN neurons can receive convergent AN fiber inputs
(Liberman 1991), as well as inhibitory inputs (Caspary et al. 1994; Kopp-Scheinpflug et
al. 2002; Wickesberg and Oertel 1990), the detailed temporal information exhibited by
AVCN neurons differs from that of AN fibers. For example, a number of AVCN neurons
show enhanced synchronization to tones (Joris et al. 1994) and to the envelope of
amplitude-modulated stimuli (Frisina et al. 1990) as compared to AN fibers.

Before introducing the temporal measures used here, several issues related to
previous studies should be discussed. First, the noise spectrum levels used in most
previous physiological studies (AN: Young and Barta 1986; inferior colliculus: Rees and
Palmer 1988) were relatively low compared to those used in psychophysical experiments
(e.g., Costalupes 1983; Zheng et al. 2002). In the present study the noise levels were
chosen to match the levels typically used in psychophysical studies of masked detection.

Second, in previous physiological studies of detection of tones in broadband
noise, the temporal-information analysis was mainly focused on the change of
synchronization to the tone frequency. Although envelope-based psychophysical models
have been used to explain human performance in tone-in-noise detection (Gilkey and
Robinson 1986; Richards 1992), possible changes in the neural responses caused by
changes in the stimulus envelope have not been investigated for detection, given the
absence of a distinct envelope for broadband noise. However, after narrowband filtering

in the periphery, the “effective” noise waveform has an envelope with slower
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modulations than the original stimulus envelope (Lawson and Uhlenbeck 1950; Louage
et al. 2004). It has been shown that in response to tone and noise stimuli, envelope-locked
temporal response properties of AN fibers and CN neurons can be separated from fine-
structure phase locking by using pre-discharge stimulus ensembles (van Gisbergen et al.
1975) or autocorrelograms (Louage et al. 2004, 2005). In the present study, we measured
the change in the fluctuation of the post-stimulus time histograms (PSTHs) caused by the
addition of a tone to a noise. It was assumed that the fluctuation was dominated by the
envelope, not the fine structure, of the “effective” stimulus.

Third, in the ascending auditory pathway, the discharge of a higher-stage neuron
is not a simple summation of its input from lower-stage neurons. Modeling studies have
shown that if a neuron receives multiple subthreshold inputs from lower-stage neurons,
the relative timing across inputs can affect the discharge of the targeted neuron, even if
the inputs are independent (e.g., Banks and Sachs 1991; Rothman et al. 1993). The
present study explored several possible neural processing strategies that could be used by
higher auditory centers that receive projections from the AVCN.

In order to examine both slow and rapid information in neural responses, temporal
analysis windows of different lengths were applied to tone-in-noise responses for each
analysis. First, changes in the temporal discharge patterns were quantified by a temporal
correlation metric. More specific temporal metrics were then applied to neural responses
to extract different types of information, including temporal reliability, synchronization to
the tone frequency, and fluctuation of the PSTH. A higher-stage physiological model was
tested for its detection performance based on the fluctuations of PSTHs recorded from

AVCN neurons. In addition to these temporal metrics computed from the whole or
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steady-state responses, changes in the first-spike latencies of AVCN neurons to tones in

noise were examined.

2.2 Methods

2.2.1 Animal preparation and recording procedures

Extracellular recordings were obtained in the AVCN of adult Mongolian gerbils
(Meriones unguiculatus). The animal was anesthetized with an intraperitoneal injection
of a mixture of ketamine (170 mg/kg) and xylazine (7 mg/kg). A syringe pump (BSP-99,
Braintree Scientific Inc.) was used for continuous subcutaneous injection of 50%
ketamine plus xylazine and 50% saline (0.9%), at a rate of 0.05 cc/hr or less.
Supplemental intramuscular injections of ketamine and xylazine were administered based
on the animal’s pedal reflex and respiration rate. The animal was placed in a double-
walled soundproof room with an automated heating pad to maintain a constant body
temperature of 37.5°C. After a tracheotomy, the left pinna was removed and a hole was
made in the bulla. A second hole was made in the temporal bone to expose a small
portion of the cerebellum directly above the AVCN. These procedures were approved by
the Syracuse University Institutional Animal Care and Use Community (IACUC).

Glass electrodes filled with 3 M NaCl were advanced by a manual
micropositioner. Each penetration was constrained within a small range of stereotaxic
angles. Occasionally, the location of neurons was verified histologically. Sound stimuli
were delivered through a plastic tube coupled to the left auditory meatus. An acoustic
calibration was performed with an ER-7C probe microphone (Etymotic Research) at the

beginning of each experiment, and linear compensation of the sound stimulus using the
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calibration table was performed for the frequency range of 0.1 to 10 kHz. A
programmable Tucker-Davis-Technologies System III was used to generate the stimuli
digitally and record the action potential times, under the control of Matlab. Sub-
microsecond accuracy was achieved for discharge-time recordings.

A low-level broadband noise (0.1 to 10 kHz, 50-msec duration, repeated every
100 msec) was used as a search stimulus while isolating single neurons. An automated
threshold tuning curve was used to identify the threshold (Liberman 1978), CF, and
spontaneous rate for each neuron. Responses to a CF tone with a duration of 25 msec,
repeated every 100 msec at several levels (e.g., 0 to 80 dB SPL with a 10-dB step size),
were used to categorize unit types according to Blackburn and Sachs (1989). For tone-in-
noise responses, the frequency of the tone was set equal to the CF of the neuron, and the
tone level was varied (e.g., 30 to 80 dB SPL with a 10-dB step size). The Gaussian noise
masker had a frequency spectrum from 0.1 to 10 kHz; neurons with CFs outside the range
of 0.3 to 8 kHz were not included in the analysis. The noise spectrum level was set at 30
dB SPL for all neurons (the overall level of the noise was 70 dB SPL); 40 dB SPL noise
spectrum level was also tested when possible. Noise waveforms were generated randomly
for each neuron at each noise level, but were identical (frozen) for all presentations of
noise-alone and tone-plus-noise stimuli, due to the requirement of repetitive stimulus
presentations by the temporal analyses. Tone and noise tokens were gated simultaneously
with 10-msec cosine-squared ramps. The tone-plus-noise stimulus had a duration of 250
msec, and was repeated every 475 msec. Thirty to 50 presentations of each stimulus were

obtained for each neuron. In each presentation, the tone level was randomly selected to
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avoid sequential effects. After each tone-in-noise presentation, the tone alone was

presented to obtain unmasked rate-level functions.

2.2.2  Average discharge rate

The average discharge rate was defined as the total discharge count in each
stimulus presentation, including both onset and sustained activity, divided by the stimulus
duration. A d' metric based on the mean and the standard deviation of the average
discharge rate was used to quantify the rate change in response to noise-alone and tone-
plus-noise stimuli (MacMillan and Creelman 2005).

_ Mtn _Mn
V6,2 +6,2)/2

d' (Egn. 2-1)

M, and My, are the mean average rates across repetitions in response to the noise alone
and a tone plus the noise, respectively. csn2 and csm2 are the estimated variances of the
average rates for the noise alone and the tone plus the noise, respectively. The lowest

tone level that had d' > 1 was defined as the detection threshold.

2.2.3 Temporal correlation

A direct measure of the overall change in the temporal discharge pattern when a
tone was added to a frozen noise was the correlation coefficient between the two
responses. A low correlation value indicated a large change in the neural response due to
the addition of the tone. If no significant change occurred, there was not sufficient

temporal information available to detect the tone. However, to provide useful
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information, the change caused by the stimulus had to be larger than the variation from
trial to trial in response to the same stimulus, i.e., the noise alone. Figure 2-1 shows a
neuron’s responses to a noise at 30 dB SPL spectrum level and to the noise plus a 65 dB
SPL tone. 1p, is the correlation coefficient between the PSTHs of even- and odd-numbered
presentations of the noise alone. r, is the correlation coefficient between the PSTHs of
Odd-numbered presentations of the noise alone and odd-numbered presentations of the
tone plus the noise. The detection threshold based on temporal correlation was defined as
the lowest tone level for which r, was significantly lower than r, [t-test of two dependent
correlations (Blalock 1972), p < 0.05].

PSTHs were convolved with a Gaussian smoothing function before the correlation
was computed. The standard deviation of the Gaussian smoothing function was referred
to as the temporal analysis window, which was varied over a large range (0.2, 0.6, 1.6,
4.5 and 12.8 msec) to examine both slowly and rapidly changing temporal information.
The Gaussian function was truncated to 3 standard deviations in length (as in Martin et al.
2004). For each temporal analysis window, the PSTH was convolved with the Gaussian
smoothing function, and the bin width of the resulting PSTH was then chosen to match
the temporal analysis window.

Note that each correlation was measured between two groups of discharge trains,
i.e., even- and odd-numbered presentations, instead of between every pair of individual
discharge trains. Measuring the correlation between two PSTHs was more practical
because the correlation between two individual discharge trains was very small when the
smallest temporal analysis window was applied, due to the sparseness of discharges.

Interleaved presentations were chosen for each group to avoid sequential effects.
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[ Noise alone [ Tone + Noise

Odd#’l 35,7, Odd#’l 357,

Fig. 2-1 Responses of a chopper unit to a noise at 30 dB SPL spectrum level and the same
frozen noise with an added 65 dB SPL tone. Top panels are PSTHs obtained from 50
trials, with 2-msec bin width. Bottom panels are dot rasters of discharge times grouped
into odd- and even-numbered trials. r, 1s the correlation coefficient between the odd-
numbered trials to noise-alone and to tone-plus-noise stimuli. 1, (noise alone) and r. (tone
plus noise) are the correlation coefficients between the odd- and even-numbered trials,
respectively. G309u9, CF = 482 Hz, spontaneous rate (SR) = 0 sp/sec, threshold in quiet

=22 dB SPL.



22

Since each correlation value was obtained from just one comparison between two
PSTHs, the temporal correlation appeared to be noisy and was not strictly monotonic for
every neuron. In the present study, the detection threshold based on the temporal
correlation was defined as the lowest tone level that showed a significant change when all
higher tone levels also showed significant changes. This rule also applied to any of the
following metrics that were not strictly monotonic.

Temporal correlation measured the amount of change in the neural responses
caused by adding a tone to a specific noise waveform. However, this is not a
physiologically realistic detection mechanism since a direct comparison between the
noise-alone and tone-plus-noise responses is generally not available. In addition, changes
in temporal correlation did not indicate how the response changed or potential
mechanisms that caused the change. Three more specific temporal strategies are
discussed below: temporal reliability, synchrony to tone frequency, and PSTH

fluctuation.

2.2.4 Temporal reliability

Due to the stochastic nature of the AN fiber inputs, the discharge times of AVCN
neurons varied across presentations of the same stimulus waveform. Reliability measured
the consistency of a single neuron’s discharges to a number of presentations of the same
stimulus (Mainen and Sejnowski 1995; Martin et al. 2004). As illustrated in Fig. 2-1, 1,
measured the consistency of discharge times in response to the noise alone and can be
thought of as a measure of reliability. Similarly, the correlation coefficient between the

PSTHs of even- and odd-numbered presentations of the tone-plus-noise stimulus was
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denoted as r.. As with the temporal correlation measure, discharge trains in each
temporal-analysis window were smoothed before the correlation coefficient was
computed. The presence of a tone was determined if the addition of a tone caused a
significant change in the reliability. The detection threshold was defined as the lowest
tone level that elicited a significant increase or decrease in the reliability for any temporal
analysis window [t-test of two independent correlations (Blalock 1972), p < 0.05], as
long as this increase or decrease persisted at all the tone levels higher than the threshold

for that particular temporal analysis window.

2.2.5 Synchrony to the tone frequency

The synchronization coefficient, also called the vector strength (Goldberg and
Brown 1969), of the response to each stimulus presentation was computed at the tone
frequency for tone-plus-noise and noise-alone responses. The onset response (discharges
within 12 msec after the stimulus onset) was not included when computing
synchronization. The discharge trains were not smoothed so as to preserve fine-timing
information for mid- and high-CF neurons. The mean synchronization coefficient for all
presentations at each tone level was tested for significance (Mardia 1972, p < 0.05). The
detection threshold was defined as the lowest tone level that elicited significant
synchronization. The criterion for significant synchronization had to account for the
number of discharges (Mardia 1972); the number of discharges used here was the mean

discharge count averaged across stimulus presentations.
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2.2.6 Fluctuation of the PSTH

Richards (1992) used the average slope of the stimulus envelope as a decision
variable to predict human performance in psychophysical detection experiments. After
the extraction of the stimulus envelope, the difference between adjacent points in the
envelope was computed and averaged across the stimulus duration. This average slope
measured the amount of fluctuation in the stimulus envelope. A similar metric was
applied in the present study to the neural response PSTHs with different temporal
analysis windows.

Discharge times were smoothed by the Gaussian smoothing function described
above and combined across all stimulus presentations to form the PSTH. The discharge
count in the previous bin was subtracted from the count in each bin of the PSTH. The
absolute values of all the subtracted numbers were then summed. The fluctuation of the
PSTH was defined as the sum divided by the number of bins in the PSTH for a given
temporal analysis window. The change in fluctuation with changing tone level was
measured for each neuron.

In the Results section, a higher-stage physiological model with combined
excitatory and inhibitory inputs that was able to extract the PSTH fluctuation is
presented. Detection performance based on this model was superior to that based on the
computed fluctuation of the PSTH as described above. Therefore, only detection

thresholds of the physiological model are presented below.
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2.2.7 First-spike latency

It has been shown in previous studies that AVCN neurons have decreased first-
spike latencies when the level of a pure CF tone is increased (for review, see Moller
1975). The present study explored first-spike latency changes with tone level when a
noise masker was present. The first spikes were identified by using an approach presented
by Young et al. (1988), which involved manually placing a cursor at the beginning of the

stimulus-driven response to remove spontaneous activity.

2.3 Results

Data presented here describe recordings from 102 isolated AVCN units in 19
gerbils. Responses of all 102 neurons were studied with tones in 30-dB SPL noise, and 57
of them were also studied with tones in 40-dB SPL noise. Neurons were classified into
three major categories based on their short-tone-burst responses (Blackburn & Sachs
1989). Fifty-three “primary-like” units included response types associated with bushy
cells (e.g., primary-like and primary-like-with-notch). Thirty-five “chopper” units
included both transient and sustained chopper response types, since no consistent
difference was found between the two types of choppers for any of the analyses. Fourteen
“other” units included neurons that could not be classified into the first two categories.
Figures 2-2A-2-5A show examples of short-tone PSTHs for four representative neurons
(two primary-like and two chopper units arranged in order of increasing CF). The
response properties to tones in noise were analyzed on the basis of the discharge rate and
the temporal measures. The detection thresholds for each metric were compared with

psychophysical detection thresholds for cat (Costalupes 1983), as behavioral results are
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Fig. 2-2 Responses of a chopper unit to a short tone (25 msec, 50 dB SPL), long tones
(250 msec), noise alone (250 msec), or tones plus noise (250 msec). A, PSTH for
responses to the short tone at CF. Bin width = 0.5 msec. B-I, Tone-in-noise responses. B,
PSTH for noise at 30 dB SPL spectrum level. Bin width = 2 msec. C, PSTH for noise in
B plus a 65 dB SPL tone. Bin width = 2 msec. D, Masked rate-level functions for a 250-
msec CF tone and for the tone plus the noise. E, Temporal correlation measured with
different temporal-analysis windows. F, Temporal reliability measured with different
temporal-analysis windows. G, Synchronization coefficient to the tone. H, PSTH
fluctuation measured with different temporal-analysis windows. I, Rate-level function of
the SFIE model. All filled squares indicate significant increases, and all open squares
indicate significant decreases (p < 0.05 or d'>1). The x on the abscissa indicates
responses to noise alone. G309u9, CF =482 Hz, SR = 0 sp/sec. Pure-tone rate threshold
in quiet = 22 dB SPL (same neuron as in Fig. 1). Fifty trials per stimulus condition. Error

bars are standard deviations.
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not available for gerbil. In the Costalupes study, the noise was continuously presented,
whereas the noise was gated in the present study; therefore, the psychophysical
thresholds were corrected with 1- to 3-dB elevations at mid and high frequencies to

compensate for the effect of noise duration on detection thresholds (Wier et al. 1977).

2.3.1 Average discharge rate

Figures 2-2D—2-5D show masked and unmasked rate-level functions for tones at
CF of the four representative neurons; the masker noise spectrum level was 30 dB SPL.
Figure 2-2D and 2-3D show that the average discharge rates of a chopper and a primary-
like unit increased significantly for the two highest tone levels (filled squares). However,
the discharge rates of the other two neurons (Figs. 2-4D and 2-5D; 1 chopper and 1
primary-like unit) were independent of tone level up to the highest tone level tested (70
or 80 dB SPL). The average rate in response to a pure tone at CF with the same stimulus
duration is also shown for comparison (dashed lines, Figs. 2-2D-2-5D). The dynamic
range of each neuron’s discharge rate was at least 30 dB SPL for pure tones but was
usually reduced in the presence of the noise (e.g., Figs. 2-3D-2-5D, but not for Fig. 2-
2D). For all neurons recorded, this reduction of dynamic range was mainly the effect of
increased activity at low tone levels caused by the addition of masking noise. For some
neurons, it was also an effect of reduced maximum responses at high tone levels caused
by the presence of the masking noise (Figs. 2-4D and 2-5D). These observations agreed
with those of Gibson et al. (1985).

Figure 2-6A shows the detection thresholds for all neurons based on average rate.

The symbols in the shaded area represent neurons with unchanged rate-level functions up
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to the highest tone level tested (70 or 80 dB SPL). When the noise spectrum level was 30
dB SPL (Fig. 2-6A, left panel), 45% of neurons had flat rate-level functions. Even among
the 55% of neurons with measurable thresholds, the neural thresholds were higher than
psychophysical detection thresholds (solid lines). The percentage of neurons with flat
rate-level functions was even higher when the noise spectrum level was 40 dB SPL (Fig.
2-6A, middle panel). In general, chopper units had lower rate thresholds than did
primary-like units at similar CFs. At a noise spectrum level of 40 dB SPL, no primary-
like unit at mid and high frequencies showed a significant change in average rate at any
tone level (Fig. 2-6A, middle panel). The right panel of Fig. 2-6A will be discussed later

with the results of other analyses.

2.3.2 Temporal correlation and first-spike latency

Values of temporal correlations for the four representative neurons are shown in
Figs. 2-2E-2-5E. Detection performance based on the temporal correlation of chopper
units was approximately invariant with window size. For example, the detection
threshold of the chopper unit shown in Fig. 2-2E was 50 dB SPL for every temporal
analysis window. (The significant point at 20 dB SPL using the smallest temporal
analysis window was discarded based on the rule described in the Methods section.) For
the chopper unit shown in Fig. 2-4E, the detection threshold was invariant with all
temporal analysis windows except the largest one. In contrast, at a noise spectrum level
of 30 dB SPL, approximately 68% of the primary-like units had lower detection
thresholds when the temporal analysis windows were smaller. For example, the two

primary-like units shown in Figs. 2-3E and 2-5E had detection thresholds that were
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Fig. 2-6 Left and middle columns, detection thresholds based on (A) average discharge
rate of the neuron, (B) temporal correlation, (C) temporal reliability, (D) synchronization
to the tone, and (E) SFIE model discharge rate at noise spectrum levels of 30 (left) and 40
(middle) dB SPL. The shaded areas, labeled Un, indicate no measurable detection
threshold up to the highest tone level tested (45%, 1%, 12%, 39% and 11% of neurons for
30-dB SPL noise, and 67%, 5%, 27%, 56% and 23% of neurons for 40-dB SPL noise,
based on the measures of A to E, respectively). The solid lines represent psychophysical
detection thresholds of cat (Costalupes 1983) corrected for noise duration (Wier et al.
1977). Right column, the increase of the detection threshold for each neuron when the
noise spectrum level increased from 30 to 40 dB SPL, for neurons that were tested at both
noise levels. The shaded areas, labeled Un, indicate neurons with unmeasurable
thresholds at 40 dB SPL noise spectrum level. The shaded symbols circled by the dashed
lines, labeled Neg, indicate neurons with lower thresholds at 40 dB SPL, including those
neurons that had unmeasurable thresholds at 30 dB SPL but measurable thresholds at 40
dB SPL noise spectrum level (these neurons are also marked in the left and middle panels
as shaded symbols). The solid lines in the right panels represent the increase in the
psychophysical detection threshold when the noise level was increased by 10 dB. For the
purpose of illustration, small jitters drawn from a Gaussian distribution with standard
deviation of 1 dB SPL were added to each threshold value to avoid completely

overlapping symbols.
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relatively low for the three smallest temporal analysis windows, while the two largest
temporal analysis windows exhibited no significant change up to the highest tone level

tested.

Figure 2-6B shows detection thresholds as determined by temporal correlation.
For neurons with detection performance that varied across different temporal analysis
windows, the lowest threshold was selected. Compared to the rate thresholds in Fig. 2-
6A, the detection thresholds of most neurons were lower than the psychophysical
thresholds, including neurons that had flat masked rate-level functions. No significant
difference was found in the detection thresholds of different neuron types.

The correlation coefficient measured the discharge similarity between neural
responses to noise-alone and tone-plus-noise stimuli. A low correlation can result from
different discharge patterns, or from the same pattern shifted in time. To examine the
possibility of a shift in latency, we measured the maximum value of the normalized
cross-correlation function between noise-alone and tone-plus-noise responses, which was
essentially the maximum correlation coefficient between the two responses with different
delays introduced. The detection threshold of a neuron as determined by temporal
correlation did not change when a latency shift was taken into account, although
sometimes the maximum correlation was slightly higher than when the correlation
coefficient had no relative delay (results not shown here).

For some AVCN neurons, the first-spike latency decreased monotonically with
increasing tone level when a masking noise was present (63% and 24% of neurons when
the noise spectrum level was 30 and 40 dB SPL, respectively). Figure 2-7 shows the

mean and the standard deviation of the first-spike latency for the four representative
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Fig. 2-7 First-spike latencies of the four representative neurons in response to tones in
noise. A, B, C, and D correspond to the four neurons in Figs. 2-2 — 2-5, respectively. The
noise spectrum level was 30 dB SPL. The open squares indicate significant decrease in
the first-spike latency to the tone-plus-noise condition compared to noise-alone condition

(d'>1). The x on the abscissa indicates responses to noise alone.
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neurons. Each open symbol indicates a significant decrease (d'>1) in the first-spike
latency at a certain tone level compared to the latency for noise alone. In general, the
lowest tone level associated with a significant change in first-spike latency agreed with
the average rate threshold, such as the neuron in Fig. 2-7B. For the 30 dB SPL noise
spectrum level, 25% of neurons had lower detection thresholds when based on the first-
spike latency than when determined by average rate, such as the neurons in Fig. 2-7, A, C
and D; yet 24% of neurons had lower rate thresholds. Since first-spike latency did not
yield significantly better detection performance than did average rate, it was not further

explored in this study.

2.3.3 Temporal reliability

Temporal reliability measures a single neuron’s consistency when responding to
multiple presentations of the same stimulus. Values of temporal reliability based on tone-
in-noise responses of the four representative neurons are shown in Figs. 2-2F-2-5F. Note
that for the noise-alone condition, the temporal reliability was equal to the temporal
correlation. Before discussing how reliability changed with different sound stimuli for
each neuron, it should be noted that the reliability across neurons was quite diverse. It
was commonly observed that low-CF neurons were more reliable than high-CF neurons
for both noise-alone and tone-plus-noise stimuli. For example, the primary-like unit with
a CF of 676 Hz in Fig. 2-3F had higher reliability values than the primary-like unit with a
CF of 4565 Hz in Fig. 2-5F, especially for smaller temporal analysis windows. Also,
chopper units were typically more reliable than primary-like units, except at very low

CFs.
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The reliability of a number of neurons changed significantly when a tone was
added to the noise. The two primary-like units in Figs. 2-3F and 2-5F showed a clear
decrease in temporal reliability with increasing tone level when relatively small temporal
analysis windows were used. However, the chopper unit in Fig. 2-4F did not show a
systematic change in reliability with increasing tone level. For small temporal analysis
windows, approximately 75% and 65% of AVCN neurons showed decreased reliability
with increasing tone level for 30 and 40 dB SPL noise spectrum level, respectively, while
the rest showed unchanged or increased reliability with increasing tone level. For large
temporal analysis windows, fewer neurons showed systematic changes.

The left and middle panels of Fig. 2-6C show the detection thresholds based on
temporal reliability for the two noise levels tested. For a number of neurons, the
thresholds determined by temporal reliability were at or below the psychophysical
thresholds, but more neurons had thresholds higher than the psychophysical thresholds.

No significant difference was found in the detection thresholds across different neuron

types.

2.3.4 Synchrony to the tone frequency

Figures 2-2G—2-5G show the synchronization coefficients of the four
representative neurons computed at the tone frequency, which was set equal to CF. In
general, low-CF neurons had higher synchronization than high-CF neurons (Figs. 2-3G
and 2-5G), and primary-like neurons had higher synchronization than chopper neurons

with similar CFs (Figs. 2-2G and 2-3G). These properties were consistent with previous
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descriptions of AVCN neurons’ synchronization to pure CF tones (e.g., Blackburn and
Sachs 1989).

Figure 2-6D shows the detection thresholds based on the synchronization
coefficient for all neurons. A small number of neurons, mainly primary-like units, had
detection thresholds equal to or lower than the psychophysical thresholds at low CFs. The
majority of chopper units had detection thresholds higher than the psychophysical

thresholds.

2.3.5 Fluctuation of the PSTH

Figure 2-1 shows the dot rasters and PSTHs of a chopper unit in response to a 30-
dB SPL noise (left panels) and to the noise plus a 65 dB SPL tone (right panels). Certain
temporal discharge patterns, resulting from consistent discharge timing across trials, can
be easily visualized in the dot rasters of the noise-alone responses (middle and bottom
left). These discharge patterns are also apparent in the fluctuations of the PSTHs (upper
left). However, discharge patterns are weaker in the tone-plus-noise response (middle and
bottom right), which results in relatively flat PSTHs (upper right). As stated earlier, after
passing the broadband noise through peripheral auditory filters, the envelope of the
effective stimulus has more low-frequency energy and thus fluctuates more visibly than
the envelope of the original waveform (Lawson and Uhlenbeck 1950; Louage et al.
2004). Adding a tone to the noise flattened the envelope of the stimulus, resulting in a
more evenly distributed PSTH of the neural response. Figures 2-2H-2-5H show values of
the PSTH fluctuation for the four representative neurons using different temporal analysis

windows. For each temporal analysis window (represented by each line), the values of
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PSTH fluctuation at different tone levels were normalized by the corresponding value of
the fluctuation with noise—alone stimuli for the purpose of illustration. For the first three
neurons (Figs. 2-2-2-4), the tone-plus-noise PSTHs were significantly flattened as
compared to the noise-alone PSTHs when the temporal analysis resolution was chosen to
approximately match the PSTH fluctuations. For the high-CF primary-like neuron in Fig.
2-5, the fluctuation of the PSTH did not change as much as for the other three neurons.
Approximately 56% and 37% of all neurons tested showed decreased fluctuation for at
least one temporal analysis window for noise spectrum levels of 30 and 40 dB SPL,
respectively. For neurons that showed decreased fluctuation, approximately 90% of them
showed the most significant decrease when using a 1.6-msec temporal analysis window
(thick lines, Figs. 2-2H-2-5H) among the five windows tested.

The fluctuation was computed as the difference between adjacent discharge
counts averaged over the stimulus duration. If the shape of the PSTH did not change and
only the discharge rate increased, the computed fluctuation increased. As seen in Fig. 2-
2H, the reduction of fluctuation at high tone levels dominated the increased rate when a
1.6-msec temporal analysis window was used. However, for the smallest (0.2 msec) and
largest (13 msec) temporal analysis windows, the measured fluctuation increased at high
tone levels, which may have been affected by the increased rate or a stronger onset
response. Since the measured fluctuation using these two temporal analysis windows was
less consistent across neurons as compared to the decrease measured using the 1.6-msec
window, the increase in fluctuation was not considered to be a reliable cue for tone-in-

noise detection.
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2.3.6 Same-frequency inhibition and excitation (SFIE) model

The temporal strategies described above require a higher-stage auditory center to
process the temporal information in CN neural responses for tone-in-noise detection. In
the Discussion section we will address the difficulty of finding physiological substrates
for calculating the temporal correlation, temporal reliability, and synchronization to the
tone frequency. Here we present a physiological model for extracting the information
contained in the fluctuation of the PSTH. Modeling methods will be presented first,

followed by the model results.

a. Modeling methods

The fluctuation of the PSTH was reflected in the difference of discharge counts in
adjacent bins. A physiological mechanism that uses this information therefore must have
access to both present and previous discharge activity to make a comparison. A natural
way to provide this comparison is a delayed inhibition. Nelson and Carney (2004)
proposed a phenomenological model to account for the response properties of inferior-
colliculus (IC) neurons to amplitude modulation, the same-frequency inhibition and
excitation (SFIE) model (Fig. 2-8A). As will be addressed later, the PSTH fluctuations
were assumed to be dominated by locking to stimulus envelope. Since the model shows
rate tuning to the frequency of fluctuations of stimulus envelopes and receives delayed
inhibitory inputs, it simulates a physiological mechanism that can extract PSTH
fluctuations obtained from AVCN neurons in order to detect the presence of the tone.

The model receives on-CF excitatory inputs and delayed on-CF inhibitory inputs.

When the reversal potential of inhibitory post-synaptic potentials (IPSPs) is close to the



42

A B. :
’ Strength of inputs
100 — EPSP
o 3 | e IPSP (Chopper)
- & 80r == |PSP (Primary-like) |-
(]
< 60f
+ Inhibitory £,
f__interneuron '; Y S
R 20 T ——
0 ! ! 1 1
0.3 1 3 8
CF (kHz)
Model inputs (G308u3) 2: Model responses

50r Noise alone
5 LN

50r Noise + tone (50 dB SPL)Z'

. N R T )
50-‘ Noise + tone (70 dB SPL)2_

0 e a4 AL a I |

> y 0 t
0 250 msec 0 250 msec

[ ]

Fig. 2-8 A, schematic diagram of the same-frequency inhibition and excitation (SFIE)
model. B, The strength of EPSPs and IPSPs (the value 100% was equivalent to the
excitatory strength of a single input action potential that just caused the membrane
potential to reach the discharge threshold). C, PSTHs of a chopper neuron (the unit
shown in Fig. 2-4) describing the inputs to the model. D, Model responses. In C and D,
the top panels correspond to a noise at 30 dB SPL spectrum level; the middle and bottom
panels correspond to the same frozen noise plus a 50 (middle) or 70 (bottom) dB SPL
tone. Bin width =2 msec. + and - signs indicate excitatory and inhibitory inputs,

respectively, and illustrative EPSPs and IPSPs are plotted beside the + and - signs.
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resting potential of the cellular membrane, this type of inhibition is called a shunting
inhibition (for review, see Koch 1999). The effect of a shunting inhibition on the
discharge rate is subtractive when the inhibitory inputs terminate on the cell body, and
divisive when they terminate on distal dendrites (Koch 1999). The neuron model used
here had a single compartment and the inhibitory effects were thus mainly subtractive. A
leaky integrate-and-fire model with time-varying conductances was used to simulate the
SFIE model neuron (see Appendix). The model inputs were discharge times in 30 to 50
repetitions obtained from a single AVCN neuron. No temporal analysis window was used
since the smoothness of the inputs was determined by the time constants of the excitatory

post-synaptic potentials (EPSPs) and IPSPs.

The time constants of the EPSPs and the IPSPs were 0.5 msec and 2 msec,
respectively. These relatively fast time constants were required by the model in order to
extract the rapidly changing PSTH fluctuation. The inhibitory inputs were delayed by 1
msec to simulate the synaptic delay associated with an inhibitory interneuron. The
strength of excitatory and inhibitory inputs used for different CFs is shown in Fig. 2-8B;
a value of 100% was equivalent to the strength of one input discharge that just caused the
membrane potential to reach the discharge threshold. The strength of inhibition was kept
constant for model cells that had inputs from chopper units, but linearly decreased with
CF for model cells that had inputs from primary-like units. This configuration was chosen
to maintain a reasonable discharge rate (e.g., greater than 20 spikes/sec in response to
noise alone) for model neurons with high-CF primary-like inputs, which would otherwise

have had rates too low to contain any reliable information. Among all model parameters,
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the strength of excitatory and inhibitory inputs was most critical for determining the
model’s detection threshold.

The SFIE model required multiple input discharge trains to detect the fluctuations
of the PSTHs. Here the responses of a single AVCN neuron to 50 stimulus repetitions
were used as the multiple inputs to provide one repetition of the model discharge count.
The variance of the model discharge count was added based on the variance of the input
(i.e., the variance over the mean of the model discharge count was set equal to the
variance over the mean of the input discharge count). The model detection threshold was
the lowest tone level that had d' > 1. Note that a decrease of model rate was used in the

calculation of d'.

b. Modeling results

Figure 2-8D illustrates the responses of a model cell that received input from the
chopper unit shown in Fig. 2-4 (re-plotted in Fig. 2-8C). For noise alone, the model
neuron received excitatory inputs that fluctuated with time (Fig. 2-8C, top). Although the
strength of the inhibitory inputs was as strong as that of the excitatory inputs, the
membrane potential still reached the discharge threshold frequently. Hence the model
showed sustained activity to noise alone or when a low-level tone was added to the noise.
Yet when a high-level tone was added to the noise, the model received fewer fluctuating
excitatory inputs from the chopper unit (Fig. 2-8C, middle and bottom). Meanwhile, the
inhibitory inputs were more constant and thus more effective in preventing the membrane
potential from depolarizing. The model thus yielded mainly subthreshold activity and low
discharge rates in response to high-level tone-in-noise stimuli, and a significant decrease

in the model rate indicated the presence of a tone.
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Figures 2-21-2-5I show the rate-level function of the SFIE model with the
discharge times of the four representative neurons as inputs. The first two neurons (Figs.
2-21 and 2-3I) had monotonically decreasing model rates with increasing tone level. The
third neuron (Fig. 2-41) had a clear trend of decreased model rate, although there was a
dip at 20 dB SPL (the detection threshold of this neuron was defined as 50 dB SPL). The
model discharge rate with inputs from the fourth neuron (Fig. 2-5I) was noisier. Note that
only responses from 30 trials were obtained for the neuron in Fig. 2-5, whereas 50 trials
were obtained for the other three representative neurons.

Figure 2-6E shows the detection thresholds as determined by the model rate with
inputs from recorded AVCN neurons. Some of the model thresholds were equal to or
lower than the psychophysical thresholds. Here the model rate included both onset and
sustained activity; performance did not change significantly when only sustained activity
was analyzed. No significant difference was found in the detection thresholds across
different neuron types.

Although the rate-level functions of the SFIE model qualitatively represented the
fluctuation of the PSTH, it was commonly observed that the model rate changed
significantly at a lower tone level than did thresholds based on fluctuation of the PSTH.
For example, the fluctuation of the PSTH of the chopper unit with a temporal analysis
window of 1.6 msec (Fig. 2-2H) did not show a significant decrease at 50 dB SPL,
whereas the SFIE model did (Fig. 2-2I). There were cases for which no systematic
change was observed in PSTH fluctuation up to the highest tone level tested, but the rate
of the SFIE model decreased monotonically with tone level. The better performance of

the model was partly the result of the nonlinear behavior of a neuron model that
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generated discharges only if the membrane potential exceeded a discharge threshold.
When the input neural response had a flat PSTH due to the addition of a tone, it was more
likely to cause subthreshold activity that was not reflected in the number of model
discharges. An extreme example is shown in the bottom panels of Fig. 2-8, C and D, for a
noise plus a 70-dB SPL tone. Except at the onset and offset, the model input only caused
subthreshold activity and led to no sustained model responses. However, when
calculating PSTH fluctuation, the subtraction between adjacent counts still left some
sustained activity that contributed to the values shown in Fig. 2-4H. Hence the spiking
model was more sensitive to the reduction of fluctuation in the envelope and less affected

by the absolute input rate than non-spiking models were.

2.3.7 Comparisons of the detection performance between different measures

Direct comparison of detection thresholds among the approaches presented here
was complicated by several issues. First, the measures of rate, correlation, and
synchronization required different statistical methods to test for significant changes.
Second, the detection thresholds of the average rate and the synchronization were based
on neural responses for individual trials, while the other temporal approaches required
combinations of discharge times across trials. Third, the detection thresholds of the
temporal correlation and the temporal reliability for each neuron were chosen as the best
performance across all temporal analysis windows, whereas the measures of average rate
and synchronization did not involve different temporal resolutions. The SFIE model can
also be thought of as using one temporal resolution, since the time constants and

inhibitory delays of the model were fixed for all neurons.



47

The ability to predict psychophysical detection thresholds based on the
performance of each cue (Fig. 2-6, left and middle panels) was described above for two
noise levels. Another way to test a detection cue was to measure how detection
performance based on this cue changed with noise level compared to the psychophysical
thresholds, which are approximately 10 dB higher for 40-dB SPL noise than for 30-dB
SPL noise (Costalupes 1983). The right column in Fig. 2-6 shows the increment of
threshold for neurons tested at both noise levels. The increment in the psychophysical
detection thresholds, indicated by the solid lines (Fig. 2-6, right panels), was 10 dB SPL
for low and mid frequencies, and gradually increased to 13 dB SPL at the highest
frequencies (Costalupes 1983). For each detection cue, a certain number of neurons had
thresholds that were increased by a similar amount as compared to the psychophysical
thresholds. For example, 54% of primary-like neurons showed a 10-dB increment in
threshold based on synchronization to the tone frequency (Fig. 2-6D, right panel),
although some of these neurons had higher detection thresholds than the psychophysical
thresholds at both noise levels (Fig. 2-6D, left and middle panels). Since the tone level
was usually measured with a 10-dB step, some of the neurons that showed a 0 or 20 dB
SPL increment in their thresholds might actually have had smaller or larger increments in
threshold if a higher resolution of tone level steps had been used. For the temporal
correlation, temporal reliability, and SFIE model, there were neurons that showed
decreased detection threshold with increased noise level (enclosed by dashed lines in the
right column of Fig. 2-6), which was contradictory to the psychophysical observation.
The detection performance of these neurons as determined by that particular detection

cue should be evaluated with caution (Fig. 2-6, left and right columns, symbols with a dot
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in the center). Nevertheless, these neurons may still contribute to the detection task if a
population of neurons are combined to predict the psychophysical detection thresholds at

different noise levels.

2.4  Discussion

The present study showed that the average discharge rate of individual
anteroventral cochlear nucleus (AVCN) neurons was incapable of predicting
psychophysical tone-in-noise detection performance, while the temporal correlation
measure indicated that abundant temporal information was available. Three temporal
cues—reliability, synchronization to the tone frequency, and fluctuation of the post-
stimulus time histograms (PSTH)—were shown to yield detection thresholds in some
neurons that were comparable to psychophysical results. The same-frequency inhibition
and excitation (SFIE) model provided a specific, physiologically realistic mechanism for
the extraction of temporal envelope fluctuation and transformation into a representation

in terms of discharge rate.

2.4.1 Average discharge rate

A reduction in the dynamic range of the discharge rate caused by a broadband
noise was found in most of the neurons in the present study and showed trends similar to
previous studies of auditory-nerve (AN) fibers and VCN neurons (AN: Geisler and Sinex
1980; Rhode et al. 1978; Young and Barta 1986; CN: Gibson et al. 1985). It has been
reported that a small number of AN fibers with low- and mid-spontaneous rates have rate

thresholds comparable to behavioral detection thresholds (Young and Barta 1986). Since
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the dynamic range of the average discharge rate of CN neurons is similar to AN fibers
(Gibson et al. 1985), it would be expected that the rate coding of some CN neurons
should be sufficient to account for psychophysical detection thresholds. However, the
highest noise spectrum level in Young and Barta’s study was 30 dB SPL. The present
study showed that detection performance based on discharge rate was even worse for the
40 dB SPL noise spectrum level.

One limitation of this study was that the animals were anesthetized with ketamine
during the recordings. May and Sachs (1992) suggested that VCN neurons in awake cats
may exhibit larger dynamic ranges in rate than neurons in anesthetized or decerebrate
cats. Another limitation was that the rate coding discussed thus far was based on single
neurons. It is likely that the rate information in an optimally weighted population of
independent neurons would predict lower detection thresholds than the most sensitive
individual neuron. Theoretically, combining the average discharge rate across identical
but independent neurons can reduce the variance of the rate. For example, the detection
threshold based on the average rate of the chopper neuron in Fig. 2-2 was 65 dB SPL, but
might be reduced to 50 dB SPL if the estimated variance of the rate was reduced by
combining 10 statistically identical and independent neurons, although the absolute rate
change was small at 50 dB SPL. In other words, in order to achieve lower detection
thresholds than the single-neuron thresholds, small rate changes in a precise system are
critical.

A mechanism that could combine the average rates across a population of neurons
to reduce the variance is not clear. Discharges of higher-stage auditory neurons that

receive multiple inputs from AVCN neurons are affected by refractoriness and by the
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relative timing differences between individual inputs. Since the majority of AVCN
neurons showed decreased temporal reliability with increasing tone level, the reduction of
the coincidence across neurons upon addition of the tone would act against the increased

average rate for any higher-stage neurons with subthreshold inputs.

2.4.2 Temporal reliability

Martin et al. (2004) calculated the coefficient of reliability as the mean cross-
correlation coefficient of every pair of smoothed discharge trains for all possible
combinations of trials. They found that the discharge pattern of auditory thalamic neurons
in response to tones was scrambled when broadband noise was added, which was
reasonable since the noise in each stimulus presentation was not identical (frozen). In the
present study, the temporal reliability measure focused on discharge-timing similarity
across identical neurons to the same stimulus; thus the noise was frozen to maintain
consistent response patterns, as seen in Fig. 2-1.

Most of the AVCN neurons exhibited decreased reliability when a CF tone was
added to broadband noise, especially for relatively small temporal analysis windows. The
exact factors that determined the temporal reliability for AVCN neurons are not clear
from the results obtained here. Nevertheless, some similarities between current results
and a previous study of neocortical neurons (Mainen and Sejnowski 1995) may provide
some insight. In that study, the reliability of discharge timing was shown to be
significantly higher in response to fluctuating current pulses than to a DC current,
although the average discharge count did not vary much across trials for either stimulus.

In the present study, of the neurons that had decreased reliability for at least one temporal
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analysis window, 92% and 71% also had decreased PSTH fluctuation at noise levels of
30 and 40 dB SPL, respectively, although the detection thresholds based on the two
metrics were not always the same. Therefore, one possible factor contributing to the
observed temporal reliability is the presence of temporal features contained in the
stimulus waveform that cause synchronization in the neural responses. This hypothesis
implies an association between the temporal reliability and the envelope of the effective
stimulus. However, as shown by the chopper unit in Fig. 2-4, which had large changes in
the PSTH fluctuation but small changes in the reliability when a high-level tone was
added to the noise, the relationship between the stimulus envelope and the temporal
reliability is not as direct as the relationship between the stimulus envelope and the PSTH
fluctuation.

The two primary-like units in Figs. 2-3 and 2-5 showed decreasing temporal
reliability for relatively small temporal analysis windows. This decreased reliability
might seem to contradict the increased synchronization to the tone frequency. Although
the higher reliability of low-CF neurons as compared to high-CF neurons was presumably
due to the stronger phase locking at low frequencies, a higher synchronization coefficient
caused by the addition of a tone did not necessarily correspond to higher response
reliability across presentations or to a higher coincidence of discharge times across
identical neurons. For the two primary-like units (Figs. 2-3C and 2-5C), the increased
synchronization with the tone level indicated that discharges appeared at a more precise
phase in each tone cycle; however, since the neuron did not discharge in every tone cycle,
the reduction of the PSTH fluctuation suggested that the activity was spread out over

more tone cycles. If the fluctuation of PSTHs was mainly determined by the envelope of
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the effective stimulus, as will be discussed next, it is reasonable to conclude that the
neural response to stimulus envelope played a more important role in determining the

temporal reliability than did the synchronization to the tone frequency.

2.4.3 Fine timing vs. envelope

We hypothesized that PSTH fluctuation was caused mainly by the stimulus
envelope because AVCN neurons have been shown to discharge in synchrony to the
envelope of amplitude-modulated stimuli (Frisina et al. 1990; Rhode and Greenberg
1994). In the present study, the envelope that was assumed to be responsible for the
PSTH fluctuation was the envelope of the effective stimulus after peripheral filtering
(Louage et al. 2004), which differs from the envelope achieved by the Hilbert transform
of the original waveform. The fluctuation of the PSTH might also be affected by the
neuron’s intrinsic properties and its inputs.

It is difficult to discriminate fine-timing and envelope-related cues because they
are not clearly delineated by response properties analyzed with different temporal
resolutions. For the majority of neurons, the 1.6-msec analysis window was found to
provide the best resolution for measuring PSTH fluctuation among the five windows
tested. Although this 1.6-msec window was smaller than the period of a CF tone for low-
frequency neurons, fluctuations measured on this time scale were classified as envelope-
related for two reasons. First, this resolution value was fixed for all neurons and was
independent of their CFs. As long as the temporal resolution did not match the CF
exactly, the fluctuation was associated with factors other than phase locking to the tone.

Second, stronger synchronization to the tone at higher tone levels caused more precise
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timing in each tone cycle, which should have resulted in more peaky PSTHs, as opposed
to the observed flattened PSTHs using the 1.6-msec analysis window, as shown in Figs.
2-2-2-4.

By using different temporal analysis windows that ranged from sub-millisecond to
tens of milliseconds, the best resolution for processing the temporal information
quantified by each metric was examined. There were three major conclusions related to
temporal resolution. First, performance based on the temporal correlation of chopper
units was less affected by the choice of temporal analysis window, while most primary-
like units showed lower thresholds with relatively small window sizes. This difference
implies that temporal information carried by these primary-like units would not be useful
for detection if higher-stage auditory pathways were not sufficiently fast or accurate.
Second, the temporal reliability for most of the neurons predicted better detection
performance when using relatively small temporal analysis windows. Third, the decrease
in PSTH fluctuation with tone level was most significant with a temporal analysis
window of 1.6 msec for most AVCN neurons.

Louage et al. (2005) measured the intrinsic oscillations of AVCN neurons in
response to broadband noise with the shuffled autocorrelogram (SAC). They found the
dominance of synchronization transitioned from the tone frequency to envelope-locking
at CFs of approximately 4 kHz. The present study showed that the rapid fluctuation of
PSTHs, presumably caused by the rapidly changing stimulus envelope, contained
information for detection for both low and high CFs. In fact, the detection thresholds
based on the PSTH fluctuations of low-CF neurons were lower than high-CF neurons,

which agreed with the psychophysical detection thresholds. There are two reasons for this
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apparent discrepancy between the study of Louage et al. and the present study. First,
synchronization to fine structure and to envelope can be independent of each other (van
Gisbergen et al. 1975). Synchronization to the tone frequency only relies on the discharge
phase in each tone cycle and does not incorporate the cycle in which a discharge falls.
Therefore, a low-CF neuron can synchronize to both the envelope and the fine structure
(Rhode and Greenberg 1994). Second, Louage et al. focused on the relative importance of
fine-timing and envelope synchronization in determining the overall neural response,
while the present study focused on determining which cue was more sensitive to the
addition of a tone to noise.

Comparisons between Fig. 2-6 D and E indicated that the envelope-related cue
was able to predict the psychophysical thresholds at both low and high CFs, while
synchronization to the tone frequency was only able to predict the psychophysical
thresholds at low CFs. In addition, it has been discussed earlier that the change of
temporal reliability when a tone was added to noise was dominated by the stimulus
envelope. Therefore, we conclude that envelope-related cues may be critical for tone-in-

noise detection at both low and high frequencies.

2.4.4 SFIE model

The SFIE model (Nelson and Carney 2004) was originally developed to predict
the responses to amplitude-modulated stimuli of inferior colliculus (IC) neurons, which
have an average firing rate that is tuned to modulation frequency. The present study
showed that with inputs from a number of AVCN neurons, a decrease in the discharge

rate of the model can indicate the presence of a tone in background noise. The model
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provided a fundamental detection strategy that separated the tone from the noise without
cross-frequency integration. The result indicated that single-neuron responses elicited by
fluctuations in the stimulus envelope may contain useful information for detection of
tones in noise, though in reality the physiological mechanism probably involves more
complicated arrangements than simple combinations of excitatory and inhibitory inputs
with matched CFs.

In the central nucleus of the IC (ICC), the frequency tuning of the inhibitory
inputs was found to match to that of the excitatory inputs for most neurons (Palombi and
Caspary 1996); stimulating the lateral lemniscus can cause EPSPs and delayed IPSPs in
the same ICC neuron (for review, see Wu et al. 2004). These observations are consistent
with the assumptions of the SFIE model. A study of ICC neurons in decerebrate cats
(Ramachandran et al. 1999) showed that the majority of neurons responded to broadband
noise with diverse shapes in the rate-level functions and discharge rates to tones and to
noise. However, Rees and Palmer (1988) mainly reported weak responses of ICC neurons
to broadband noise in anesthetized guinea pigs. It is unclear whether decreased neural
responses with increasing tone level were ever observed in that study. In addition to ICC
neurons, there are neurons at other levels of the auditory system that receive combined
excitatory and inhibitory inputs. For example, the lateral and medial superior olivary
nuclei (LSO and MSO) receive ipsilateral and contralateral inhibitory inputs, as well as
excitatory inputs (LSO: Brownell et al. 1970; Wu and Kelly 1994; MSO: Cant and Hyson
1992; Grothe and Sanes 1993). These neurons are also physiological candidates for the

SFIE model as tone-in-noise detectors.
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The time constants used in the model simulation were relatively short in order to
follow the rapidly changing PSTH fluctuations. One study of ICC neurons showed EPSP
time constants of several milliseconds (Wu et al. 2004), which were several times longer
than the values used here. The EPSP time constants of LSO and MSO neurons are closer
to the values used here (Smith et al. 2000; Wu and Kelly 1994). Note that the relatively
low temperature used in those in vitro studies might have led to slower measured time
constants (Smith et al. 2000) than what could have been obtained at the animals’ body

temperature.

2.4.5 Possible physiological mechanisms for the temporal approaches

The next step beyond the exploration of the types of information that are
potentially useful for detection is to understand what physiological mechanisms can
process the information from AVCN neurons. As mentioned earlier, the temporal
correlation metric indicated change in the neural responses, but such change cannot be
easily represented by any feasible physiological strategy. Thus, only the other three
temporal metrics are discussed below.

Temporal reliability was used to measure the consistency of the discharge pattern
of a neuron across trials; we hypothesize that it also reflects the coincidence of discharge
timing across a population of neurons. A neuron that requires the temporal convergence
of multiple excitatory subthreshold inputs to reach its discharge threshold functions as a
coincidence detector. When a tone is added to a noise, the discharge rate of the
coincidence-detection neuron is decreased if the reliability of its input is reduced with

approximately a constant number of input discharges; however, if the number of input
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discharges is higher for the tone, the target neuron is more likely to increase its discharge
rate, counteracting the reliability cue. Simulations of a coincidence-detection neuron with
inputs from AVCN recordings revealed that the input rate had a stronger effect than the
reliability did (result not shown here). Therefore, not all AVCN neurons could use a
simple coincidence-detection mechanism to extract the information in the temporal
reliability measure.

Changes in the fluctuation of PSTHs can be detected by the SFIE model, as
discussed above. For the chopper unit in Fig. 2-4, another way to detect the fluctuation is
to set a high discharge threshold for the membrane potential of the post-synaptic neuron
that receives multiple excitatory inputs from AVCN neurons and no inhibitory inputs. For
example, based on the PSTHs shown in Fig. 2-4 B and C for a noise alone and for a 70-
dB SPL tone plus noise, a discharge threshold set just under the peak values of the noise-
alone PSTH and above the sustained activity of the tone-plus-noise PSTH would result in
a decreased discharge rate of the post-synaptic neuron upon addition of the tone to the
noise. This thresholding mechanism can be realized by the coincidence-detection neuron
described above by increasing the discharge threshold. However, similar to the problem
with the coincidence-detection mechanism, the thresholding mechanism would fail to
detect the tone if the input rate increased with tone level.

The fine-timing information for tone-in-noise detection was quantified with the
synchronization coefficient in the present study and previous studies (Miller et al. 1987;
Rhode et al. 1978). The computation of the synchronization to the tone frequency
requires knowledge of the tone frequency and an “internal clock” (Joris et al. 2005;

Louage et al. 2004) to mark the phase of each discharge in a tone cycle. Before
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discussing possible mechanisms that do not involve an internal clock, it should be noted
that simple coincidence detection across identical and independent neurons, although it
seems intuitive, does not reliably detect increased synchronization to the tone with
increasing tone level due to the decreased temporal reliability and more uniformly spread
discharge activity.

One way to avoid the requirement of an internal clock is to have accurate delay
lines that are proportional to the neuron’s CF. These delay lines can be used by a first-
order autocorrelation model that increases its rate when the coincidence between non-
delayed inputs and delayed inputs is higher when a tone is added. To date, direct
physiological evidence for delay lines have not been identified. Another way to avoid
using an internal clock and the knowledge of tone frequency is to construct a shuffled
autocorrelogram (Louage et al. 2004, 2005). However, the physiological mechanism for
constructing an autocorrelogram is still unclear (Cariani and Delgutte 1996).

In addition to synchronization to the tone frequency, phase changes across AN
fibers with different CFs are used by the phase-opponency model (Carney et al. 2002) for
tone-in-noise detection as an alternative fine-timing cue. The detection thresholds of this
model were shown to match to human psychophysical detection thresholds at low
frequencies (Kidd et al. 1989). The physiological evidence for this model is still under

exploration.

2.4.6 Future studies

The temporal approaches used here were based on the responses of on-CF

neurons. The possibility that detection performance would improve by including off-CF
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neurons in those analyses was not explored. Lewis and Henry (1995) showed responses
of a high-CF AN fiber to a low-CF tone and the tone plus a broadband noise (their Fig. 2-
8). This fiber had only onset and offset responses to the tone-alone stimulus but a
sustained response to the tone-plus-noise stimulus that was phase-locked to the off-CF
tone. It is possible that some AVCN neurons also have such properties, which may
provide useful phase-locking information for tone-in-noise detection. The role of off-CF
neurons should be considered in further studies of the temporal metrics presented here.

The present study found that the rapidly changing fluctuation of the PSTH
contained useful information for detection, which was presumably determined by the
effective stimulus envelope. It was unclear whether the best temporal resolution, 1.6
msec, was general for detection of tones in noise with any bandwidth or was unique to
broadband noise. In a reliability study of neocortical neurons (Mainen and Sejnowski
1995), the best timescale for precise discharge timing was found to be 1 to 2 msec, even
when the current pulses used to stimulate the neurons fluctuated at a much slower rate. It
is possible that the rapid fluctuation of AVCN responses to tones in sub-critical-band
noise still contain useful information for detection. Nevertheless, contributions of the
slow-changing envelope to the detection of a tone in narrowband noise cannot be ruled
out until further experiments are conducted. Such studies would be of interest for

comparison to psychophysical studies of detection with different masker bandwidths.



2.5 Appendix

A single-compartment leaky integrate-and-fire model with time- and voltage-
dependent conductances (Cook et al. 2003) was used.
The neuron model used to simulate the SFIE model can be expressed as

- —t
C, YO _ 6 V() + Gy exp(- YV - Vi) + Gy exp(— 1
dt Tg T

V() -V))

Parameter descriptions and values are listed in Table 2-1. The model inputs are arrival

times of incoming excitatory or inhibitory discharges, tg and t;, respectively. When the
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membrane potential, V(t), exceeds a discharge threshold, 6, an action potential is marked

in time as the model output. A dead time of 0.7 msec is used to simulate the absolute

refractory period after each action potential.



Table 2-1 Parameter values for the SFIE model
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Parameters | Description Value
Cu/Gnm Ratio of membrane capacitance to 0.5 msec
membrane conductance for leakage
Gg, Gy Maximum membrane conductances  Adjusted to yield the strength of
for excitatory and inhibitory EPSPs and IPSPs as described in
postsynaptic currents (EPSCs and Fig. 2-8B
IPSCs, respectively)
TE, TI Time constants of EPSCs and IPSCs, Adjusted so that the decay time
respectively constants of evoked EPSPs and
IPSPs were 0.5 msec and 2 msec
0 Discharge threshold 15 mV above the membrane’s
resting potential
Ve Reversal potentials for EPSCs 55 mV above the resting potential
Vi Reversal potentials for IPSCs Set equal to resting potential
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Chapter 111
More Analyses of Tone-in-noise Responses: Correlation

Index and Spike-distance Metric

3.1 Introduction

In Chapter II, detection performance based on the responses of AVCN neurons to
tone-in-noise stimuli using average rate and several temporal analyses was described.
Two additional temporal analyses were tested with the same set of physiological data
after the publication of the above results in Gai and Carney (2006). The results of these
analyses will be presented in this chapter.

When a neuron responds to a sound, information carried by inter-spike intervals is
presumably easy for the brain to use since it does not require knowledge of the stimulus.
An autocorrelogram based on all-order inter-spike intervals has been used in various
studies, such as modeling studies for pitch (Licklider, 1951; Meddis and Hewitt, 1991).
The shuffled autocorrelogram (SAC), constructed by including the intervals across
repetitions but excluding the intervals within each spike train, was shown to be a better
measure of temporal information carried by inter-spike intervals since it is not
constrained by the refractoriness after each discharge (Louage et al., 2004). In general,
the SAC is a relatively simple method to examine fine-structure or envelope-related
information for both periodic and aperiodic stimuli (Louage et al., 2004, 2005), although

a mechanism for computing the inter-spike intervals that it requires is still unclear.
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The correlation index is the peak value of the SAC, which measures the
occurrence of simultaneous discharges across repetitions. The correlation index can be
realized with a simple coincidence-detection mechanism (Louage et al., 2005; Joris et al.,
2006); that is, no interval computation is required. In Louage et al. (2005) and Joris et al.
(2006), the correlation index is applied to neural responses to pure tones, sinusoidally
amplitude-modulated (SAM) tones, and noise. For pure-tone responses, the correlation
index measures synchronization to tone frequency in a similar way as the vector strength
(Joris et al., 2006), but it does not have the drawback of compressing high-synchrony
values. For SAM responses, the correlation index measures synchronization to
modulation frequency, and for noise responses, synchronization to the noise envelope.
However, the correlation index has not been applied to tone-in-noise responses. It is
unclear how the correlation index changes with a mixture of synchronization to tone
frequency and to envelope.

As pointed out in Chapter II, for low-CF neurons that are partially synchronized
to both fine structure and envelope, increasing the level of a tone added to noise causes
increased synchronization to tone frequency and decreased fluctuations in time-varying
rate due to the flattening of the stimulus envelope. Therefore, the correlation index is
affected by two counter-acting cues and does not represent either fine-structure alone or
envelope-related cues alone. In fact, the correlation index was expected to change in a
way similar to temporal reliability, since both measure across-repetition consistency of
discharge times. As shown in Chapter II, the dominance of envelope over fine structure
caused a decrease in the temporal reliability with increasing tone level. A similar change

was expected to occur in the correlation index.
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The correlation index and the other temporal metrics described in Chapter II can
be divided into two categories based on their dependence on spike-time precision.
Synchronization to tone frequency and PSTH fluctuation reflect response features that are
not directly related to spike timing with respect to stimulus onset, but rather are related to
relative spike timing (e.g. intervals, or fluctuations in rate over time). For example, two
spike trains that were locked to different phases of the same stimulus do not have the
same absolute spike timing but could have the same synchronization coefficient. More
generally, two different spike trains in response to two different stimuli can have the
same synchronization coefficient. On the other hand, those metrics that involve
correlation or coincidence detection (i.e., temporal correlation, temporal reliability, and
correlation index) rely on the absolute spike times with respect to stimulus onset. Victor
and Purpura (1996, 1997) develop a distance metric that can be applied to absolute spike
times to quantify the dissimilarity across spike trains over varying time scales. If absolute
spike times are critical for coding a certain set of stimuli, then the spike-timing distance
should be larger for responses to different stimuli in the set than for responses to different
repetitions of the same stimulus.

To study detection of a tone in noise, the spike-distance metric was applied to
responses to noise-alone stimuli and to noise with tones at different levels. In the
category that relies on absolute spike timing, this metric is most similar to temporal
correlation, since both directly compare noise-alone and tone-plus-noise responses, while
temporal reliability and correlation index measure the similarity of responses to different
repetitions of the same stimulus. In general, comparisons of detection performance

between the two categories of temporal measures indicate whether the temporal
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information critical for detection of tones in noise is carried by absolute or relative spike

times.

3.2 Methods

3.2.1 Animal preparation, stimulus generation and recording procedures

The experimental procedures were the same as described previously. Briefly, the
gerbil was anesthetized with ketamine and xylazine. Single-neuron extracellular
recordings in the AVCN were obtained with a single-barrel glass electrode through an
opening in the temporal bone and the bulla (Frisina et al., 1990). Sound stimulus was a
white noise (30 or 40 dB SPL spectrum level from 0.1 to 10 kHz) or the noise plus a
simultaneously gated CF tone that varied in level. Each stimulus was presented 30 to 50
times, had a duration of 250 msec, and was repeated every 475 msec. The noise
waveform was randomly generated and kept frozen for each dataset. Both amplitude and
phase were digitally compensated for each stimulus using a calibration table obtained at

the beginning of each experiment.

3.2.2 Correlation index (CI)

The correlation index (CI) is basically a measure of the degree of similarity of
discharges in response to different repetitions of a stimulus. The calculation was the same
as that described in Joris et al. (2006). For each pair of spike trains, the total number of
coincidences of spike times across repetitions was counted. For M repetitions, there were

M(M —-1)/2 different pairs of spike trains. In order to match the calculation of SAC in
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Joris et al. (2006), in which the order of the two spike trains matters (e.g., spike train #1
vs. spike train #2 yields different results from spike train #2 vs. spike train #1),

M(M —1) pairs of spike trains were counted, so that half of the CI values were duplicates

of the other half. The total number of coincidences across all paired combinations is
denoted as N.. CI was computed as

I= N, 5 (Eqn. 3-1)
MM —-Dr oD

where 1 is the average discharge rate, ® is the temporal analysis window (i.e.,
coincidence window), and D is the stimulus duration (250 msec).

The temporal analysis window determines the window during which two spikes
are considered coincident. In the Chapter II, five arbitrarily selected windows, 0.2, 0.56,
1.6, 4.5, and 12.8 msec, were applied to some of the temporal metrics. However, only the
smallest 2 windows could be applied to the CI, since the larger windows allowed more
than 1 spike to fall into the same window. No Gaussian smoothing function was applied
since values of spike trains had to be either 1’s or 0’s for coincidence detection.

To determine a detection threshold based on the CI, the lowest tone level that
yielded a significantly different CI compared to that of the noise alone was identified. A
bootstrapping algorithm (Moore et al., 2002) was used to test the significance of the
difference in CI between responses to noise-alone (M repetitions) and noise-plus-tone (M
repetitions) stimuli; the difference was denoted as ACI,,. Basically, spike trains in
response to both noise-alone and noise-plus-tone stimuli were mixed together and
regrouped randomly into two new groups (M spike trains each), and the difference in CI

between the two new groups, denoted as ACI, was computed. A distribution of ACI
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using 500 different random groups was formed. By comparing the ACI,, and ACI for the

mixed distribution the statistical significance was obtained. In fact, since more than 80%
of neurons showed decreased CI with tone level (see Results) at both noise levels, only
significant decreases in CI derived using the above method were considered. The
detection threshold was the lowest tone level that had a significantly lower CI than that
for noise alone for any temporal-analysis window, as long as the decrease in CI remained

significant for all higher tone levels for that particular window.

3.2.3 Spike-distance metric and mutual information

The dissimilarity of two spike trains, as measured by the spike distance metric,
can be interpreted as how much effort is required, or how costly it is, to transform one
spike train into the other with a certain degree of temporal freedom (Victor and Purpura,
1997). More specifically, one spike train can always be created from another spike train
by adding (cost = 1) and deleting (cost = 1) spikes, or by shifting the timing of spikes

(cost = q|At

; At| is the time difference between the two spikes). The action is

determined by minimizing the total cost of transferring one spike train into the other.

When |At| <2/q, the cost of shifting the spike is lower than adding and deleting spikes,

and vice versa. Therefore, q determines the temporal resolution. When q =0, the spike

distance is equal to the difference between spike counts of the two spike trains. When

q = «, the spike distance is the sum of the total number of spikes of the two trains

excluding coincident spikes.
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When there are several sets of spike trains in response to several stimuli, a
confusion matrix can be created to indicate the discharge consistency within each
stimulus and across different stimuli. The mutual information derived from the confusion
matrix indicates the efficiency of the responses in coding the stimuli. A detailed
illustration of the procedure can be found in Chase and Young (2006). In the present
study, a confusion matrix was created based on spike distances in the responses to noise-
alone and the noise-plus-tone stimuli with different tone levels. High mutual information
suggests that the tone-in-noise responses were highly “separated” in a metric space,

regardless of the monotonicity of the underlying changes. For example, when q =0, the

spike distance metric is equal to average discharge rate. High mutual information can be
achieved even if the rate change is nonmonotonic with tone level as long as the rates are
different in response to different stimuli. In general, the average rate and several of the
temporal metrics presented in Chapter II are monotonic with tone level; however, some
nonmonotonicity can be observed for two adjacent tone levels due to variability in the
responses. Therefore, only responses to three tone levels were included in computing the
spike distance metric: noise alone, noise plus the highest-level tone (70 or 80 dB SPL),
and noise plus the third-highest-level tone (50 or 60 dB SPL), to provide potentially large
distances between the responses.

Values of q were logarithmically spaced between 10 and 17,783 with 4 values per
decade, which was shown to yield a smooth change of mutual information based on spike

distances for AVCN neural responses. q =0 was also included to test average-rate

coding. The computations of the confusion matrix and mutual information were the same

as described in Chase and Young (2006). Note that a detection threshold was not
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obtained based on the mutual information; rather, the goal was to compare rate coding

and spike-timing coding for each neuron.

3.3 Results

Tone-in-noise responses of the same 102 units presented in Chapter II were re-
analyzed here with the correlation index and spike distance metrics. Four representative
neurons (from Figs. 2-2 to 2-5, 2 primary-like and 2 chopper units) will be presented first,

followed by population results.

3.3.1 Correlation index

Figure 3-1A shows the change of CI with increasing tone level for two temporal-
analysis windows, 0.2 and 0.6 msec. A common trend was that the CI decreased with
tone level. As shown in Chapter II, the synchronization to tone frequency for 3 out of 4
neurons increased significantly with tone level (Figs. 2-2D, 2-3D, and 2-5D). Therefore,
the CI did not represent synchronization to tone frequency in the presence of background
noise, as it did for pure tones. In fact, the change of CI with tone level was similar to that
of temporal reliability (Figs. 2-2F to 2-5F). For easier comparison, the temporal
reliability (computed as the correlation coefficient between the PSTHs constructed with
even-numbered and odd-numbered repetitions) of the 4 neurons is re-plotted in Fig. 3-1B.
The detection thresholds based on CI and temporal reliability were the same for neurons ¢
and d, but different for neurons a and b. For example, the lowest tone level that showed a

significant decrease (p < 0.05, bootstrapping; see Methods) of CI for neuron b was 60 dB
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Fig. 3-1 Correlation index (A) and temporal reliability (B, re-plotted from Figs. 2-2F to 2-
5F) for the four representative neurons at different temporal resolutions. Panels a and ¢
show two choppers, and panels b and d show two primary-likes. The CF was 482, 676,
1085, and 4565 Hz, for neurons in @, b, ¢ and d, respectively. Open (filled) squares
indicate significant decrease (increase) at a certain tone level compared to that of noise

alone. X on the abscissa marks the noise alone. The noise spectrum level was 30 dB SPL.
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SPL, while the lowest tone level that showed a significant decrease of temporal reliability

for neuron b was 40 dB SPL.

Figure 3-2 shows detection thresholds based on CI for noise spectrum levels of 30
(left) and 40 (middle) dB SPL. These thresholds were comparable with detection
thresholds based on temporal reliability (Fig. 2-6C, left and middle). A small number of
neurons showed detection thresholds equal to or lower than psychophysical detection
threshold in cat (solid lines; Costalupes, 1983, corrected for noise duration based on Wier
et al., 1977). In the right panel, most neurons showed increased thresholds with noise
level that were close to the psychophysical threshold increments (solid line) but more

variable than the threshold increments based on temporal reliability (Fig. 2-6C, right).

In Joris et al. (2006), 0.05 msec was chosen as a standard window based on the
effect of the coincidence window size on the CI. Applying the CI with 0.05-msec
temporal window on AVCN responses (not shown here) yielded worse detection
performance in general compared to the result using the above two temporal windows
(0.2 and 0.6 msec). As stated in the Methods, windows larger than these two were not

included either, since no more than 1 spike was allowed to fall in the same window.

3.3.2 Spike-distance metric and mutual information
a. Best temporal resolution
Figure 3-3 shows the mutual information (MI) based on spike-time distances for

the four representative neurons (solid lines). The x-axis is the cost, g, which corresponds

to a temporal resolution of 1/q (Victor and Purpura, 1997). q = 0 represents average rate
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Fig. 3-2 Left and middle panels: Detection thresholds based on correlation index
(CI) plotted in the same format as Fig 2-6 for noise spectrum level of 30 (left) and 40
(middle) dB SPL. Solid lines indicate psychophysical thresholds in cat (Costalupes,
1983). Shaded areas, labeled Un, indicate unmeasurable thresholds (no significant change
occurred up to the highest tone level tested). Right panel shows threshold increments
when noise level increased from 30 to 40 dB SPL. The solid line indicates
psychophysical threshold increments. Shaded areas, labeled Un, indicate unmeasureble
thresholds at 40 dB SPL noise level. Filled symbols in right panel, labeled Neg, indicate
decreased thresholds with increasing noise level (these neurons are also marked with

filled symbols in left and middle panels).
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coding. For neurons ¢ (primary-like) and d (chopper), the MI at q = 0 was close to 0,
consistent with the fact that these two neurons had flat masked rate-level functions (Figs.
2-4D and 2-5D). For these two neurons, the MI peaked at relatively high values of q,
indicating that temporal coding for detection based on absolute spike times was most

efficient with relatively high spike-timing precision (1/q = 1.8 and 0.6 msec, for neurons

Mutual Information (Moise: 30)

151 a G30909 1 b, G297u5
1
0.5
ko) :
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Fig. 3-3 Mutual information (MI) based on spike-time distances of tone-in-noise
responses with varying q for the four representative neurons. Solid lines, mutual
information based on all spike times. Note that the mutual information of the two
choppers (a and ¢) was substantially larger than that of the two primary-like units (b and
d). The dotted line in panel a is the MI with reduced average-rate information. For every
spike train in response to noise-alone or tone-plus-noise stimuli, no more than the first 23
spikes (the mean discharge count for responses to noise—alone stimuli), beginning at the

stimulus onset, were included.



75

¢ and d, respectively). Neuron a (chopper) had a relatively high value of MI at q = 0,
since its average discharge rate showed a significant change with tone level (Fig. 2-2D).
However, the best coding for detection was achieved at a resolution of 10 msec. This is a
relatively large time scale that did not support any of the temporal measures presented in
Chapter II. The implication of the large time scale will be discussed later with population
results. Neuron b (primary-like) was even more interesting in that including spike-timing
information did not improve the detection efficiency compared to average-rate coding,
even though this neuron showed better detection performance using any of the previously
tested temporal metrics than using rate coding (Fig. 2-3). This example suggested that the
spike-time distance metric was not related to the other temporal metrics that were based

on either absolute or relative spike times.

To describe population results, the MI as a function of q was categorized into
symmetrical band-pass shaped (neurons ¢ and d), low-pass shaped (neuron b), and
asymmetrical band-pass shaped (neuron a). The symmetrical band-pass shape described
MI functions with no average-rate information. The low-pass shape described MI
functions with the maximum information contained in average rate. The asymmetrical
band-pass shape describes MI functions with substantial rate information, but the
maximum information was obtained when spike timing information was included. Fig. 3-
4 shows the MI based on spike-time distance for all recorded neurons grouped by
response types (primary-like, chopper, and unusual). A common trend in the best
temporal resolution was that those neurons with symmetrical band-pass shaped functions

showed consistently higher values of best q compared to neurons with asymmetrical
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Fig. 3-4 Mutual information (MI) based on spike-time distances of tone-in-noise responses with varying q for all primary-like (A),

chopper (B), and unusual (C) units. In each group, neurons are arranged with increasing CF from left to right, top to bottom. Solid

lines, 30 dB SPL spectrum level noise. Dotted lines, 40 dB SPL spectrum level noise.
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band-pass shaped functions. However, the best temporal resolution derived in this
manner can be hard to interpret for the following two reasons.

First, as q increases, the number of spikes required for sampling the space also
increases (Victor ad Purpura, 1997). Due to limited data samples, however, the same
number of spikes was used for different q values. Therefore, the best q can be
underestimated. Second, it is likely that the presence of average-rate information at q =0
biased the best q toward lower values for the asymmetrical band-pass shaped functions.
To examine this possibility, the MI with varying q values for neuron a was re-computed
with artificially reduced rate information by including only the first 23 spikes (the mean
discharge count for noise alone) from the stimulus onset for each noise-alone or tone-in-
noise response. The resulted MI was plotted in Fig. 3-3a (dotted line). In comparison to
the original MI that was computed with all recorded spikes, the curve shifted to the right
(towards higher q values).

The bias toward smaller q values with the presence of rate change can also cause
changes in best q at different noise levels. Figure 3-5A re-plotted the MI of a chopper at
30 and 40 dB SPL noise spectrum level from the population results (Fig. 3-4B, third row,
fourth column). The best temporal resolution was higher at 40 dB SPL than at 30 dB SPL
noise spectrum level. However, when the same strategy was used to reduce the rate
information, as shown in Fig. 3-5B, the best temporal resolution did not vary across noise
level. Therefore, the best temporal resolution will not be a focus for further exploration in

this study.
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Fig. 3-5 Mutual information (MI) based on spike-time distances of tone-in-noise
responses with varying q at different noise spectrum levels. A, MI based on all spikes
recorded. B, MI with reduced average-rate information (the number of spikes in each
repetition for noise alone and noise plus tones was no more than the mean number of
spikes for noise alone). Solid lines, 30 dB SPL spectrum level noise. Dotted lines, 40 dB

SPL spectrum level noise. G315u20. CF = 1579 Hz. Chopper.
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b. Maximum mutual information

In Fig. 3-4 (population results), neurons are arranged with increasing CF for each
response type. In general, the maximum MI decreased substantially with CF for primary-
likes (Fig. 3-4A), but only slightly for choppers (Fig. 3-4B). This trend can be better
visualized in Fig. 3-6, where the peak MI is plotted as a function of CF. The maximum
MI for choppers was generally higher than that of primary-likes and unusual neurons at
all measured CFs. Victor and Purpura (1996) illustrated that discharge regularity,
measured by the coefficient of variation (CV), can have a large effect on coding
efficiency based on either average rate or absolute spike times. In other words, the
absolute spike times are more meaningful when inter-spike intervals vary less. Figure 3-7
shows the CV for each neuron in response to noise alone (CV is the standard deviation
divided by the mean of inter-spike intervals). Although some choppers and unusual
neurons showed lower CV (higher regularity) than primary likes, which was consistent
with larger M1, the discharge regularity was generally uncorrelated to the maximum MI.
This observation also held when the CV was calculated using tone-plus-noise responses.

Chapter II showed that detection performance based on synchronization to tone
frequency was worse at mid and high CFs. Figure 3-8 shows the MI based on
synchronization to tone frequency vs. CF. The decreased MI based on synchronization
indeed seemed to resemble the maximum MI based on spike-time distance. However,
when individual neurons were considered, a significant correlation was not found
between these two measures. Figure 3-9 shows the maximum MI plotted against the MI
based on synchronization. In fact, the MI based on synchronization was higher than the

maximum MI based on spike-time distance for 72% and 63% of primary-likes at 30 and
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CF. Left columns, 30 dB SPL spectrum level noise. Right columns, 40 dB SPL spectrum

level noise.
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40 dB SPL noise spectrum level, respectively (the maximum MI was sometimes achieved
with average rate information; if only timing information was considered, the maximum

MI would be even lower).

In summary, absolute spike times of choppers carried more useful information for
detection of tones in noise than primary-likes, and the spike-distance metric was found to

be generally unrelated to other types of temporal information.

c. Average rate vs. timing

Figure 3-4 shows that for each type of AVCN neuron, some carried average-rate
information (low-pass shaped), some carried spike-timing information (symmetrical
band-pass shaped), and some carried both (asymmetrical band-pass shaped). Note that
when the noise spectrum level increased from 30 (solid lines) to 40 (dotted lines) dB
SPL, declined rate performance and improved spike-timing performance as the MI
change from low-pass or asymmetrical band-pass shape into symmetrical band-pass
shape was observed for 36% of units. Figure 3-10 plots the maximum MI against the MI
based on average rate. Symbols on the diagonals indicated that the best coding for
detection of tones in noise was average-rate coding, and symbols above the diagonals
indicated that the best coding for detection of tones in noise was spike-timing coding.
When noise level increased, the symbols generally moved away from the diagonals. This
observation suggested that when the average rate was saturated by high-level noise,

detection information was more likely to be carried by absolute spike times.
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3.4 Discussion

3.4.1 Correlation index

As stated in Chapter 11, to date no physiological mechanism has been discovered
to use the information carried by phase locking to tones. Joris et al. (1995) shows that the
correlation index, which can be implemented by relatively simple neural mechanisms,
represented the synchronization to tone frequency for neural responses to pure tones.
However, this study showed that in the presence of broadband noise, the correlation
index decreased with tone level for the majority of AVCN neurons, even when
synchronization to tone frequency increased with tone level for some neurons.

This study showed that the correlation index changed with tone level in a way
similar to the temporal correlation metric. The detection-performance difference between
the correlation index and temporal reliability was not surprising, considering the different
computational methods and statistical tests used for these two metrics. The correlation
index is more feasible than temporal reliability, since coincidence detection is a simpler
neural mechanism than correlation. Nevertheless, it is still unclear what mechanism could
be used to normalize the coincidence count by average discharge rate (Eqn. 3-1). This
normalization is critical for detection of tones in noise because simulations without the
normalization showed that coincidence detection was more sensitive to the change in

average rate than to spike-timing coincidence (Chapter II, Discussion).
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3.4.2 Spike-distance metric vs. other temporal metrics

Temporal information carried by spike times can exist in different formats. This
study divided all the tested temporal metrics for detection of tones in noise into two
categories, a relative-spike-time category and an absolute-spike-time category. Note that
the “absolute” spike time does not necessarily refer to “precise” spike time; different
temporal resolutions can be achieved by temporal smoothing, binning or varying the cost
factor for moving spikes. Rather, by absolute spike timing we refer to the timing of
spikes with respect to stimulus onset.

The first category included the synchronization to tone frequency and PSTH
fluctuation metrics. We hypothesized that PSTH fluctuation was mainly caused by
locking to the stimulus envelope. Strictly speaking, however, when the stimulus envelope
changes with time, an accurate measure of locking to the envelope will be related to
absolute spike times, which is not simply the PSTH fluctuation (spike timing in response
to two stimuli with completely different envelopes may have the same PSTH fluctuation).
Therefore, it should be noted that the first category should not be interpreted as
synchronization to fine structure and envelope.

The second category included temporal correlation, temporal reliability,
correlation index, and spike-distance metric. The degree of the dependence on absolute
spike times of each of these metrics varies. The spike-distance metric is mostly strongly
related to absolute spike times, since spike trains are directly compared to each other,
both in response to the same stimulus and across different stimuli. Temporal correlation
is less dependent on absolute spike times for two reasons. First, comparison is made

between PSTHs, rather than individual spike trains. Second, only variation to noise-alone
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stimuli was included as a baseline to determine significant changes caused by addition of
tones to the noise, and variation in responses to tone-plus-noise stimuli was not
considered. Temporal reliability and correlation index only depend on absolute spike
times in response to the same stimulus. How absolute spike times change across stimuli
was not included in these metrics.

No direct relationship was found between the results for the spike-distance metric
and for the other temporal metrics in either category. Different types of neurons carry
different amounts of temporal information with absolute spike times. This study showed
that information carried by spike times and average rate decreased dramatically with
increasing CF for primary-likes, but only slightly for other types of neurons. This
decreasing trend with CF for primary-likes was not observed for any of the other
temporal metrics (Fig. 2-6) except synchronization to tone frequency, while a closer
examination of the relationship between spike-time distance and synchronization to tone
frequency showed no significant correlation for individual neurons. In fact, most
primary-like neurons showed better detection performance based on synchronization to

tone frequency than on the spike-distance metric.

3.4.3 Best temporal resolution

The present study showed that the best temporal resolution, determined by q, can
be biased to low values by variations in average rate. The bias was reduced by including
only a constant number of spikes beginning at stimulus onset. However, this approach
resulted in a loss of information carried by the spikes that were removed. More

importantly, the spike trains were effectively responses to stimuli with different
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durations. The alternative strategy of equalizing rates by keeping stimulus duration the
same and selectively removing spikes throughout the duration of the response would
impair the temporal information. Therefore, to study the best temporal resolution based

on absolute spike times, a better strategy to normalize the rate change must be designed.

3.4.4 Spike-distance metric vs. template

Templates with particular temporal features have been used in previous detection
models (Dau et al., 1996; Breebaart et al., 2001). In these models, a temporal
representation derived from neural responses for a single trial is compared to a template
to make a decision, such as whether a tone is present or not. These methods involving
comparisons to templates typically rely on absolute stimulus features or absolute spike
times (based on instantaneous rate functions), depending on how the comparisons are
made. Results based on the spike-distance metric in this study suggested that the use of a
template method for a certain task may be appropriate for some types of neurons but not
others. For example, a strategy for detection of tones in noise using a template is unlikely
to yield a satisfactory result for primary-like neurons in the AVCN.

In summary, the spike-distance metric based on spike-timing precision is not an
optimal metric for evaluating temporal information. For AVCN neurons, information
useful for detection is more likely to be carried by features that are not anchored in time
or by other forms of information that are less strictly dependent on absolute spike times
(i.e., temporal reliability and correlation index). Future studies should examine these

issues for neurons at other auditory levels and for other types of auditory tasks.
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Chapter IV
Influence of Inhibitory Inputs: I. Responses to Pure

Tones

Abstract

Anatomical and physiological studies have shown that AVCN neurons receive
glycinergic and GABAergic inhibitory inputs, which primarily affect on-CF responses.
The effects of inhibition on the temporal responses of target neurons have not been fully
tested, which limits the understanding of the functional role of inhibition. In this chapter,
changes in responses to pure tones of AVCN neurons by blocking glycinergic and
GABAergic inhibition are analyzed in both the frequency and temporal domains for
different types of neuron and compared to previous iontophoretic and modeling studies.
Sustained and slowly adapting choppers showed increased regularity throughout the
response duration after blocking inhibition, whereas most transient choppers showed
increased regularity in the early part of the response. The first-spike latency decreased for
the majority of AVCN neurons. This decrease was more than 0.8 msec for 34% of

primary-likes and unusual neurons.
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4.1 Introduction

4.1.1 General introduction

The CN sends major inputs to higher auditory levels; therefore, understanding the
response properties and information-processing mechanisms of CN neurons can play a
critical role in exploring higher-level neurons. The understanding of CN neurons would
be straightforward if these neurons only received excitatory inputs from auditory nerve
fibers (ANFs), because the characteristics of ANFs have been extensively studied.
Established models of ANFs (Giguere and Woodland, 1994; Robert and Eriksson, 1999;
Zhang et al., 2001; Zilany and Bruce, 2006) provide useful tools to simulate responses of
CN neurons caused by excitatory ANF inputs by varying different parameters, such as the
number of fiber inputs, the CF and spontaneous rate of each input, and the strength of
each input with respect to the discharge threshold of the postsynaptic model neuron
(Bank and Sachs, 1991; Hewitt et al., 1991; Rothman et al., 1993). However, it is difficult
to simulate inhibitory inputs to CN cells because the source of inhibition remains unclear
for specific neurons or neuron types in the CN, although anatomical studies have
demonstrated particular inhibitory projections from one area to another (see below).

If a neuron receives inhibitory inputs that are strong enough to alter its response
characteristics, these inputs can be particularly meaningful and powerful since they may
convey information from neurons at the same level or from higher levels, which allows
local circuits or descending mechanisms. Therefore, various anatomical and
physiological studies have been done to identify the source of inhibitory inputs and to
study the characteristics of inhibitory inputs and how they affect the target neuron’s

responses, directly or indirectly.
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4.1.2 Anatomical studies

Early anatomical evidence of the presence of inhibitory inputs received by AVCN
neurons was the finding of synaptic terminals that contain flattened or pleomorphic
vesicles (Cant and Morest, 1979; Cant, 1981), in contrast with the spherical vesicles
associated with ANF endings (Lenn and Reese, 1966). The flattened vesicles are
associated with glycinergic inhibition in the AVCN (Altschuler et al., 1986; Wenthold et
al., 1988). The pleomorphic vesicles are associated with GABAergic inhibition for bushy
cells (Cant and Morest, 1979; Saint Marie et al., 1989), and are associated with
glycinergic inhibition for some PVCN stellate cells. All principle cell types in the AVCN
are stained with glycine (Wenthold et al., 1988) and GABA (Saint Marie et al., 1989),
although the distribution on cell bodies vs. dendrites and the density of the endings vary
across neuron types. Note that the GABAergic inhibition described here only refers to
GABA4 receptor mediated inhibition, not GABAg, although both are present in the VCN
(Altschuler et al., 1993). Ebert and Ostwald (1995a) report that injecting GABA
receptor antagonist muscimol had significant effects on neurons that responded to GABA
injection, while injecting GABAg-receptor antagonist baclofen on the same neurons
showed small effects that were not consistent with the GABA effect.

By making horseradish peroxidase (HRP) injections in the AVCN, Wickesberg
and Oertel (1988) found frequency-specific connections from the dorsal cochlear nucleus
(DCN) to the AVCN and also a local circuit within the AVCN. The DCN interneurons
were confirmed to be tuberculoventral/vertical neurons (Wickesberg and Oertel, 1990;

for review, see Oertel and Wickesberg, 1993). D-stellate neurons, located in the



95

posteroventral cochlear nucleus (PVCN) and AVCN, project glycinergic inputs to the
AVCN, PVCN and DCN (Smith and Rhode, 1989; Arnott et al., 2004). Yet there is no
anatomical evidence showing that D-stellate cells project to a specific cell type in the
AVCN.

A third source of glycinergic inhibition that has not raised as much attention as
the above two sources is the descending input from the superior olivary complex (SOC).
The lack of attention to this input may be partly due to the difficulty of studying these
inputs in brain-slice preparations. A study in guinea pig using retrograde labelling
combined with immunocytochemistry reports glycinergic projections from the lateral
(LNTB) and ventral (VNTB) nuclei of the trapezoid body and the dorsal periolivary
nucleus (DPO) to the CN, and most of the glycinergic projections are ipsilateral (Ostapoff
et al., 1997). A particularly interesting finding of that study is the reciprocal connection
between the CN and the posteroventral periolivary nucleus (PVPO). The only known
input to the PVPO is an ascending projection from the CN, and the only known output of
the PVPO is the descending projection to the same area of the CN (guinea pig: Thompson
and Schofield, 2000).

There are also commissural glycinergic projections from the contralateral CN to
the ipsilateral CN identified by anatomical (Wenthold, 1987) and physiological (Babalian
et al., 2002) studies. Using the whole-brain preparation, Babalian et al. (2002) show that
63% of recorded CN neurons, including bushy and stellate cells, received commissural
inhibition. In the present study, the commissural inhibition was not considered to be a
major source of glycinergic inhibitory activity since no sound was delivered to the

contralateral ear in these experiments. If an inhibitory neuron were spontaneously active,
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it could provide tonic inhibition. However, Wenthold (1987) shows that neurons in the
contralateral CN with commissural projections are large stellate cells, which usually have
low or medium spontaneous activity (Blackburn and Sachs, 1989; Smith and Rhode,
1989).

Compared to glycinergic inhibition, sources of GABAergic inhibition to the
AVCN are less clear. Although there are GABAergic inhibitory interneurons located in
the DCN, no connections between these neurons and the VCN have been found. Golgi
cells in the superficial granule cell domain are GABAergic (Kolston et al., 1992). These
cells do not project to the VCN (but rather to regions overlying the VCN); however, it is
likely that some AVCN neurons, such as T-stellate cells, send distal dendrites that receive
inputs from these cells (Ferragamo et al., 1998). However, the effect of inhibition is not
expected to be strong when the inputs synapse on the distal dendrites of the target
neurons, which is confirmed by the fact that GABAergic inhibitory post-synaptic
potentials (IPSPs) are insignificant during brain-slice recording (Oertel, 1983; Ferragamo
et al., 1998), in which the GABAergic inputs from outside the CN are absent.

The major source of GABAergic inhibition is presumably the descending
projection from the SOC. Most of these GABAergic neurons are bilaterally located in the
VNTB (Ostapoft et al., 1997). Since neurons that project bilaterally to the CN also
receive descending inputs from the inferior colliculus (IC), descending pathways from
high auditory levels to the CN can be formed (Schofield and Cant, 1999). Some of these

bilateral inputs from the SOC may also be glycinergic (Schofield and Cant, 1999).
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4.1.3 Invitro physiological studies

In vitro intracellular studies use the presence of IPSPs created by electrical or
chemical stimulation of ANFs or other parts of the CN as evidence of inhibitory inputs.
Note that in these brain-slice preparations inhibitory sources from outside the CN are
removed. In Oertel (1983), IPSPs were observed with delays of 1.2 msec or longer for
both bushy and stellate cells (the latency of EPSPs was approximately 0.7 msec). These
late IPSPs were further confirmed to be mediated by glycinergic inhibition (Wu and
Oertel, 1986; Wickesberg and Oertel, 1990), rather than GABAergic inhibition. Using
strong electrical stimulation, trains of glycinergic late IPSPs caused by intrinsic inputs
within the VCN are observed for VCN T-stellate cells (Ferragamo et al., 1998). These
intrinsic inputs are believed to come from D-stellate cells, which respond to strong
electrical stimulation with trains of EPSPs. Direct evidence of glycinergic projections
from DCN tuberculoventral neurons to the AVCN was obtained by stimulating the DCN
with glutamate to create IPSPs for AVCN bushy and stellate cells (Wickesberg and
Oertel, 1990) and blocking the inhibition with glycine receptor antagonists. Because
inhibitory sources from outside the CN are typically removed in the CN brain slice

preparation, GABAergic inhibition from SOC cannot be studied with that approach.

4.1.4 Invivo physiological studies

Lateral inhibition is a basic mechanism found in visual (e.g., Ganz, 1964) and
somatosensory (Von Bekesy, 1967) research, thus efforts have been made to identify
“side-band” inhibition received by auditory neurons using off-CF tones. Due to the low

spontaneous activity found for many AVCN neurons, some baseline activity has to be
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created to exhibit side-band suppression. Martin and Dickson (1983) iontophoretically
inject excitatory amino acid to generate some baseline activity, and then detect side-band
inhibition with off-CF tones. Rhode and Greenberg (1994) use masked response areas to
reveal the presence of inhibition when adding an off-CF tone to broadband noise
decreases the neural responses. These findings support the idea of lateral suppression and
inhibition. However, results derived by tone suppression are not direct measures of the
frequency response of inhibition. In the presence of strong excitation at CF, the effect of
on-CF inhibition may not be clear. Moreover, some inhibitory interneurons (such as onset
choppers) respond more strongly to broadband noise than to pure tones, which
complicates the interpretation of masked response areas. (These methods might be more
appropriate in studying neurons that are known to have non-overlapping excitatory and
inhibitory areas.)

Paolini et al. (2005) use intracellular recording to examine the presence of IPSPs
as evidence of inhibitory inputs for VCN choppers. The results suggested that the
different degree of discharge regularity for transient and sustained choppers might
originate from different amounts of overlap between excitatory and inhibitory areas.
More specifically, transient choppers have inhibitory response areas that closely match
excitatory areas, and this match results in declined firing rate and regularity compared to
sustained choppers. Sustained choppers have more lateral inhibition that is less effective
in altering the firing rate and regularity in response to CF tones (Paolini et al., 2005).

Compared to in vitro studies, in vivo intracellular recording allows the
examination of inhibition from outside the CN in response to sound stimuli. However,

due to the dominance of excitatory post-synaptic potentials (EPSPs) in response to sound
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stimuli, the presence of IPSPs is hard to detect except after the tone offset. Moreover, for
shunting inhibition that has a reversal potential close to the resting potential, IPSPs might
not be detectible. This technique also cannot discriminate glycinergic from GABAergic
inhibition.

In comparison to the above methods, iontophoretically applying inhibitory
receptor agonists or antagonists is a more direct test of the effect of inhibition. Caspary et
al. (1979) test the effect of glycinergic and GABAergic inhibition on average rate and
PSTHs of AVCN and DCN neurons; they injected the inhibitory receptor agonists,
glycine and GABA, most frequently; the glycine receptor antagonist, strychnine, was also
injected for a number of neurons. The major finding of Caspary et al. (1979) is that more
neurons respond to glycine rather than GABA, and the spontaneous activity is more
affected by inhibition than is the tone-evoked activity. A more detailed iontophoretic
study using inhibitory receptor antagonists (Caspary et al., 1994) examined the effect of
glycinergic and GABAergic inhibition on the frequency response area for AVCN
choppers and primary-likes (including phase-locked units). The results agreed with
findings in the PVCN (Palombi and Caspary, 1992) and the IC (Palombi and Caspary,
1996) that in contrast to the lateral inhibition found in visual and somatosensory systems,
inhibition alters the maximum response or near-CF response for the majority of AVCN
neurons. This finding is contradictory to the results based on masked response areas
(Rhode and Greenberg, 1994). Because sustained choppers were not differentiated from
transient choppers in Caspary et al. (1994), it is not clear whether this finding agrees or

disagrees with Paolini’s (2005) finding that sustained choppers receive lateral inhibition.
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Besides the changes in the frequency response area during iontophoresis, changes
in temporal responses to CF tones have also been studied. Ebert and Ostwald (1995a, b)
iontophoretically apply GABA to VCN neurons. In general, they find that onset response
is emphasized as inhibition reduces more of the sustained activity and even more of the
spontaneous activity (the latter agrees with Caspary et al., 1979). They also observe
changes in the chopping discharge pattern for 15 PVCN choppers and 4 AVCN choppers.
The regularity of sustained choppers decreases the most during the later part of responses,
and the regularity of transient choppers decreases the most during the early part of
responses.

In addition to applying inhibitory receptor antagonists, Kopp-Scheinpflug et al.
(2002) also record prepotentials to study pre-synaptic activity for AVCN neurons that
receive large endbulb synaptic endings. The difference between post-synaptic and pre-
synaptic responses decreases after blocking inhibition. Inhibition also accounts for the
non-monoticity of the post-synaptic rate-level functions. Similar to the finding of Ebert
and Ostwald (1995a), sustained activity is more affected by inhibition than onset activity,
as measured by the “peak-to-sustained” ratio.

If onset activity were not effectively changed by inhibitory inputs, one would
expect that the change in first-spike latency after blocking inhibition would be relatively
small. In fact, the average value and variability of the first-spike latency is reduced after
application of bicuculline (GABA receptor antagonist) for PVCN neurons (Palombi and
Caspary, 1992).

In summary, extracellular experiments using the iontophoretic technique provide

more details about the inhibitory inputs than intracellular recordings of IPSPs. However,
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the intracellular study does have some advantages over the extracellular iontophoretic
technique. The presence of IPSPs is direct evidence of inhibition, whereas in
iontophoretic experiments there is always some uncertainty in determining whether an
observed change of response is due to a drug effect or other factors (such as current

effects).

4.1.5 The present study

The initial motivation for choosing the AVCN as the study focus was to perform a
relatively complete test on the temporal responses of AVCN bushy cells, which are major
ascending inputs to the binaural nuclei. At low and mid CFs, AVCN bushy cells
generally show enhanced synchronization to tone frequency (Joris et al., 1994), which is
reasonable since fine-timing information is critical for binaural localization and possibly
for binaural masked detection. Most of the known inhibitory neurons, such as D-stellate
cells and vertical cells, do not shown significant synchronization to tone frequency.
Therefore, the presence of inhibitory inputs for bushy cells indicates that the function of
bushy cells may not be solely to provide a faithful representation of stimulus fine
structure.

As described above, some of the iontophoretic studies use inhibitory receptor
agonists. Although the change of neural responses with enhanced inhibition does indicate
some function of the inhibition, applying inhibitory receptor antagonists might generate
more “meaningful” responses, i.e., the behavior of a neuron with only excitatory inputs.
As pointed out by Ebert and Ostwald (1995b), the steady injection of agonists actually

creates a source of tonic inhibition, which can be qualitatively different from sound-
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evoked inhibition received by the target neuron. In contrast, applying inhibitory receptor
antagonists removes the effect of inhibition only when the inhibition is active. Another
reason to focus on inhibitory receptor antagonists was the observation of decreased
activity for some neurons during iontophoretic injections, presumably caused by non-
drug effects (e.g., a current effect). These effects make it difficult to interpret decreases in
activity during iontophoresis. In contrast, increased neural activity elicited by inhibitory

receptor antagonists appears to be more reliable for indicating drug effects.

4.2  Methods

4.2.1 Sound stimuli

Sound stimuli were created digitally with Matlab, and converted to analog signals
with a programmable Tucker Davis System (TDT) III. A plastic tube was coupled to the
left ear meatus to deliver sound stimuli. Linear compensation of levels for frequencies
from 70 Hz to 10 kHz was performed for each sound stimulus, based on a calibration
table generated at the beginning of each experiment with an ER-7C probe microphone
(Etymotic Research). Units with CFs outside the range of 0.3 to 9 kHz were not studied.

Rate-level functions of short tones at CF (25-msec duration, repeated every 100
msec at several levels with a 10- or 15-dB step size) were most frequently used to
monitor the iontophoretic effect on neural responses. One hundred repetitions were
obtained at each tone level for the categorization of response types according to
Blackburn and Sachs (1989) and for the study of temporal response details. The
frequency response area was studied by varying the frequency and level of the 25-msec

tones for 10 repetitions. For each repetition, the tone level increased with a 15- or 20-dB
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step size; at each tone level, the tone frequency swept from below CF to above CF (e.g., 2
octaves below and 1 octaves above) in half-octave steps unless limited by the frequency
range of the calibration. Three or 4 tone levels were obtained for each unit, with 1 level
slightly above threshold, 1 level at 70 or 80 dB SPL, and 1 or 2 intermediate levels. Both

on-CF and off-CF tones described above had 5-msec cosine-squared ramps.

4.2.2 Recording and iontophoresis

Electrical signals were amplified by an AC Preamplifier (GRASS P55) through a
High Impedance Input Module (GRASS HZP). A voltage-crossing criterion was used to
discriminate spikes from background noise, and the times of the peaks of spikes were
marked as spike times. Sub-microsecond accuracy was achieved for discharge-time
recordings. Single-neuron extracellular recordings and iontophoresis were obtained with
6-barrel piggyback electrodes (Havey and Caspary, 1980). The recording electrode (15 —
50 MQ) protruded 10-25 um from the injecting barrels. The tip of the injecting multi-
barrel electrode was 10-20 pum in diameter. Each injecting barrel contained one of the
following chemicals: strychnine-HCI (1020 mM, PH = 3-3.5), glycine receptor
antagonist; bicuculline methiodide (10 mM, pH = 3-3.5), GABA, receptor antagonist;
gabazine (3—5 mM, pH = 3-3.5), GABA4 receptor antagonist; glycine (500 mM, pH =
3.5-4); y-aminobutyric acid (GABA, 500 mM, pH = 4-4.5). Injecting currents (20-35 nA
per barrel; one or two barrels with the same chemical were used at a time) were generated
and monitored by a 4-channel current generator (NeuroPhore BH-2, Harvard Apparatus);
otherwise, a negative holding current (-15 nA) was maintained for each barrel. (Lower

holding currents were used when the barrel was partially plugged as indicated by
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impedance measurements.) To avoid the building up of net charges, a balancing barrel
(the center barrel of the piggyback electrode) continuously injected a current that was
equal to the sum of the currents in all the other barrels with inverse polarity. The
balancing barrel and the attached recording barrel were filled with 1 M sodium acetate
(Kopp-Scheinflug et al., 2002). The use of sodium was to be consistent with extracellular
ionic concentrations; the use of acetate was to reduce diffusion and transport number
during application of hyperpolarizing currents (Muller, 1992). Occasionally, one of the
injecting barrels was filled with 1 M sodium acetate as a control barrel to test the possible
effect of electrical current alone.

The multi-barrel electrode was advanced by a manual micropositioner through the
dura and cerebellum to the AVCN. Each penetration was constrained within a small
range of stereotaxic angles, which was determined previously when collecting data for
Chapter II. After recording from a unit, the electrode was moved by at least 150 um and
no recording was made from another neuron until at least 30 min after a previous

injection.

4.2.3 Data analysis

Neuron response types were categorized based on Blackburn and Sachs (1989).
To simplify the results, three basic classes were used, including primary-likes and

primary-like-with-notches, choppers (including different chopping types), and
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unusual/onset units', unless differences were observed within a class. More detailed
classification was used when necessary. For the classification of choppers, the first and
second “spike per peak” values were 0.95 — 1.05 and 0.92 — 1.05, respectively (value 1.0
means one spike in each chopping peak for every repetition). Neurons that showed clear
chopping patterns but failed this criterion were classified as unusual cells. However, the
single-neuron extracellular recordings cannot guarantee recordings of every spike,
especially at high tone levels (70 or 80 dB SPL) that usually caused decreased spike
amplitudes. The above criterion was slightly broadened for 3 units at high tone levels as
long as these units had spike-per-peak values within the rigid criterion at mid tone levels.

Spontaneous rate (SR) and threshold were computed by an automated threshold
tuning curve program (Liberman, 1978), as described in Chapter II. The SR of some units
was found to change substantially during the experiment; however, since the effect of
inhibition on SR was not a major focus of this study, the threshold tuning curve was not
monitored during iontophoretic injections, as was the rate-level function. Therefore, the
SR was computed based on spikes during 50 to 100 msec after stimulus onset (the sound-
evoked response was always shorter than 40 msec) from responses collected at the lowest
tone level (this level was always below threshold) for the rate-level function. The SR
computed this way basically agreed with the SR computed from the tuning curve
program.

First-spike latency (FSL) was difficult to measure due to the existence of

spontaneous activity. Young et al. (1988) set a cursor by hand at the beginning of sound-

' Some studies use “phase-locked” as a neuron type for low frequency units that cannot be clearly
classified as primary-likes or choppers due to the strong phase locking to tone frequency. Here

this class was not included since most units had CFs around 1 to 2 kHz.
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evoked activity by examining the post-stimulus time histogram (PSTH) for each response
and discard all activity before the cursor. Chase (2007) provides a binless algorithm that
was used here; this algorithm determines the starting time of the sound-evoked activity
by computing the probability of an instantaneous firing rate that can or cannot be
generated by spontaneous activity. Specifically, first the algorithm searches for the time
when at least 5 spikes (combined across all stimulus repetitions) have occurred. Then the
probability of generating a number of spikes in a certain time interval by spontaneous
firing is calculated for a set of intervals between the present spike and each previous
spike --- the shortest interval includes the previous 5 spikes, and the longest interval
includes all previous spikes. When the minimum probability across different lengths of
intervals is below a certain criterion (i.e., 10°), the starting time of tone-evoked activity is
marked; otherwise, the time point moves to the next spike. The probability of observing

at least n spikes in an interval of t, is computed as

n—1 m —N}»tn
b n)=1- 5 N )

m=0

(Eqn. 4-1)
m!

(Chase, 2007). A is the spontaneous rate. N is the number of repetitions (N = 100 in the
present study).

The starting time of sound-evoked activity derived from this algorithm is not
strictly a minimum latency, since the accumulation of first spikes from several trials are
required to detect a change of probability. Nor is it the mean FSL. In this study, the
starting point was used to exclude spontaneous spikes that occurred before the sound-
evoked response and the mean FSL was then computed based on the remaining spikes. It
should be noted that some early spikes (the 5 earliest spikes across all repetitions) were

always excluded, and thus a few sound-evoked spikes may be missed by this technique.
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Although not a study focus, the response area was tested to provide a description
of the inhibitory frequency tuning and for comparison to a previous study (Caspary et al.,
1994). That study uses a z-score method to determine whether inhibition is on-CF vs. off-
CF. Here a similar method was used by computing the d' using mean and standard
deviations of firing rate at each frequency.
M, -M,

Vo, +06,7)/2

M, and M, are the mean average rates across 10 repetitions at a certain frequency and

d'=

(Eqn. 4-2)

sound level for injection and control, respectively. 6,> and o> are the estimated variances
of the average rates for injection and control, respectively. The d' measures the
significance of a rate increase caused by blocking inhibition. For a given sound level, the
d' at the frequency with the maximum response (usually at CF, but sometimes shifted to

frequencies lower than CF at high tone levels) was compared to the d' away from CF.

4.2.4 Drug-effect analysis

In the following text, “positive effect” (Caspary et al., 1994) will be used to refer
to consistently increased neural responses to CF tones, based on the rate-level function
that was frequently recorded during iontophoresis. “Drug effect” (Caspary et al., 1994)
will be used to refer to an effect on neural responses that was presumably caused by the
inhibitory receptor antagonists or agonists, rather than by other unknown factors (e.g.,
current injection, mechanical effects of the electrode on the neuron, or change in the pH).

A microscope with x100 amplification was used to examine the proximity of the

injecting and recording barrels after recording. [This microscope was available after 9
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positive-effect neurons (from experiments g340 — g 354) had already been studied.]
Before the introduction of the microscope, units without a positive effect were excluded
from this study unless the same penetration yielded other positive-effect neurons. In other
words, a unit that showed no change in rate was included only if a given electrode was
known to work properly. After the introduction of the microscope, units that showed
unchanged rate were counted as negative-effect units if one of the two following
conditions was met --- 1) the injecting and recording tips of the electrode remained close
to each other after the recording session, and 2) during the same penetration there were
other positive-effect units. If none of the two conditions was met, the unit was not
included in the results presented here.

In this study, a unit was considered to be a positive-effect unit only when it passed
the following two criteria. The first criterion was a significant increase of average rate (t
test, p < 0.05) for at least one super-threshold level (at lest 10 dB above threshold). In
other words, a significant rate increase for tone-evoked activity was required (issues with
the spontaneous rate will be discussed later). The second criterion was that the increase of
rate remained significant until the end of the injection and did not disappear immediately
after the injection was ended (it was common that the maximum effect occurred
sometime after the injection current was ended). Some units showed significantly
increased rate occasionally during the injection but the increase disappeared before or
right after the injection was ended; these units were considered to be negative-effect
units.

Recovery was indicated when the average discharge rate consistently decreased

by at least 10% of the maximum rate after the injection was ended. The recovery process
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was highly variable across units and across inhibitory receptor antagonists. Possible
factors for this variability included the structure of the electrode (the distance between the
recording and injecting barrels), the location of the electrode with respect to the neuron,
the morphology of the neuron (especially the distribution of inhibitory input endings),
and the concentration of the drug. For units that did not show signs of recovery within the
holding time (between 3- min to 4 hr), the positive effects were still considered drug
effects as long as the above two criteria were met. Sometimes the positive effect
happened quickly after the beginning of injection, presumably due to a short distance
between the neuron and the injecting barrels. However, the positive effect was
maintained for a time period after the termination of injection (between tens of minutes to
several hours) except for one unit.

A t-test was used to test the significance of rate change in response to CF tones
after blocking inhibition, and the t values were compared across neuron types.

MI_MO

t=
\/slz/N+soz/N

(Eqn. 4-3)

M, and M, are the mean average rates across 100 repetitions in response to a CF tone at a
certain sound level for injection and control, respectively. s> and sy’ are the estimated
variances of the average rates for injection and control, respectively. N is the number of

repetitions (N = 100).
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4.3  Results

4.3.1 General descriptions of positive effects and the recovery process

Data presented here were responses from 89 units in 38 gerbils. Table 4-1 gives a
summary of units that showed positive or negative effects to inhibitory receptor
antagonists, based on changes in the average discharge rate in response to CF tones after
inhibitory receptor antagonists were injected. In general, 52 out of 89 neurons showed
positive effects to inhibitory receptor antagonists for either glycine (21/59) or GABA
(34/73) inhibition. There were 2 units (1 sustained chopper and 1 unusual) out of 12 units
that showed positive effects to both types of inhibitory receptor antagonists. Here the 12
units referred to units that showed positive-effects and full recovery to one type of
inhibitory receptor antagonist (glycinergic/GABAergic) and were then tested with
another type of antagonist (GABAergic/glycinergic). Thirty out of 37 negative-effect
units were tested with both types of inhibitory receptor antagonists, and the other 7
negative-effect units were only tested with one type of antagonist.

There were 29% to 47% of positive-effect units that showed recovery for different
inhibitory receptor antagonists (Table 4-1). Although the percentage of neurons that
showed full or partial recovery did not differ substantially for different antagonists (Table
4-1), it was commonly observed that bicuculline injection had a relatively quick and
complete recovery process as compared to the other two antagonists.

As stated earlier, negative-effect units can also show significantly increased rate
temporarily; however, the increased rate either disappeared before the injection was
ended or immediately after the injection was ended (it will be shown below that the

amount of rate increase for negative-effect units was smaller than that observed for



Table 4-1 Summary of positive and negative effect for all recorded neurons
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Cell Type PL PLN Chp-S Chp-T Chp-SA Unusual Onset Overall
° N 25 3 8 5 8 9 1 59
g Positive Effect 7 3 2 2 1 6 0 21 (35%)
é >10% Recovery 0 1 1 1 2 0 7 (33%)
% | High Level (neg) 0 4 2 3 1 1 17 (28%)
1 High Level (neg) 0 1 1 5 2 0 17 (28%)
® N 15 0 3 3 3 2 1 27
E Positive Effect 7 3 3 2 1 1 17 (63%)
§ >10% Recovery 3 2 0 2 1 0 8 (47%)
5 | High Level (neg) 4 0 0 0 0 0 4 (15%)
1 High Level (neg) 3 0 0 1 0 0 4 (15%)
N 14 0 10 4 8 8 2 46
g Positive Effect 4 3 1 2 5 2 17 (37%)
-;:' >10% Recovery 2 1 1 1 0 0 5 (29%)
O | | High Level (neg) 4 3 1 2 5 1 16 (35%)
1 High Level (neg) 4 1 2 0 1 0 8 (17%)

| High Level (neg), negative-effect units with average rate decreased significantly at any levels 20 dB above threshold. 1 High Level

(neg), negative effect units with average rate increased significantly at any levels 20 dB above threshold.
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positive-effect units). Among the 38 units that did not show a positive effect to
strychnine, 17 showed significantly increased rate (but the increase was not persistent
over time), and 17 showed significantly decreased rate (Table 4-1). Among the 39 units
that did not show a positive effect to bicuculline or gabazine, 12 showed significantly
increased rate (but the increase was not persistent over time), and 20 showed significantly
decreased rate (Table 4-1).

For units that showed significantly decreased rate, it was unclear whether the
cause was drug or non-drug effect (current effect, pH effect, etc). This decreased rate was
observed in the same electrode penetration with units that showed positive effects for 14
units after blocking glycinergic inhibition and for 17 units after blocking GABAergic
inhibition. Sometimes decreased rates were observed with electrodes that were found to
have separated tips (the recording barrel tip was detached from the injecting barrels)
under the microscope after the penetration; these units were excluded from the present
study. To test the non-drug effects, currents were injected from the balancing barrel or
one of the barrels filled with only sodium acetate (pH = 7) for 7 units. Two of the 7 units
showed a rapid increase of rate after turning on the current. One unit recovered after the
termination of injection, but another unit did not recover. Current was also injected from
barrels filled with sodium acetate (pH = 3) for 1 unit, and the rate decreased significantly.
In summary, the cause of decreased rates was uncertain.

Glycine and GABA (inhibitory receptor agonists) were only injected for 2 and 3
units, respectively. A chopper that showed a positive effect to bicuculline did not show
changes to glycine (a strychnine injection was not available for this unit). An unusual unit

that showed different positive effects to strychnine and bicuculline showed decreased rate
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to glycine (this unit will be described in detail below). One primary-like and one chopper
showed positive effects to bicuculline but negative effects to GABA. The last unit, a

primary-like, did not show a change to strychnine, bicuculline or GABA.

4.3.2 Basic results for different neuron types

a. Primary-likes and primary-like-with-notches

Figures 4-1 and 4-2 show positive effects of two PLs to bicuculline and
strychnine, respectively. The left three columns are responses to 100 repetitions of the
25-msec CF tones (rate-level functions, PSTHs, and inter-spike intervals vs. time). The
PSTHs and interval plots were obtained at the highest tone level (70 or 80 dB SPL). The
first unit showed a maximum change 61 min after the 15-min injection of bicuculline was
ended, and the positive effect was highly reduced 166 min after the injection was ended.
For the second unit, the maximum change occurred 108 min after the 54-min injection of
strychnine. The unit became unavailable for recording soon after.

The rightmost column was the response area measured with 10 repetitions of 25-
msec tones at different frequencies. The dark area represents positive change (rate
increase after blocking inhibition). The inhibitory inputs had a broader response area than
the excitatory inputs. Note that the SR also increased together with sound-evoked activity
(Fig. 4-1, first column). To eliminate the effect of the change in SR on the response area,
the SR was subtracted out from the sound-evoked responses (result not shown). These
response areas based on driven rate were still broader with the inhibitory inputs.
However, it was unclear whether the inhibitory inputs consisted of one source of

responses with broad frequency tuning or several sources with slightly off-CF tuning but
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Fig. 4-1 Pure-tone responses of a PL unit (g396ul) before and after injection of bicuculline. Total duration of bicuculline injection was
15 min. First column, rate-level functions for CF tones (CF = 1808 Hz). The spontaneous rate (SR) was computed by averaging the
discharge rate between 50 to 100 msec after stimulus onset. Second and third columns, PSTHs and mean inter-spike intervals over
time in response to a 70 dB SPL tone at CF. In the first three columns, the first row plots responses before injection. The second and
third rows plot responses after injection (thick lines), as well as responses before injection (thin lines) for comparison. Fourth column,
frequency response area obtained with short tones at different frequencies and levels. The vertical dotted line marked the CF. Shaded

areas indicate maximum average-rate increase during and after injection. CV, coefficient variation (Blackburn and Sachs, 1989).
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overlapping the excitatory area (Caspary et al., 1994). The second PL unit (Fig. 4-2) did
not show a change in SR. The response area indicated off-CF inhibition at the highest
tone level, though the off-CF inhibition became less significant at lower tone levels.

The first PL (Fig. 4-1) did not show a change in the shape of PSTH, which was
the case for most PLs. The second PL (Fig. 4-2) gradually showed an earlier and sharper
onset with increased average rate. There were other units that also showed this “early
peak” during or after injection. This phenomenon will be presented in more detail below.

Since both PLs had CFs between 1 and 2 kHz, they phase locked to the tone
frequency. No change in the synchronization coefficient was observed with drug
injection. In general, blocking inhibition did not vary the synchronization to tone
frequency or the phase of the synchronized response. Figure 4-3 shows rate-level
functions and PSTHs for all 18 PL and 3 primary-like-with-notch (PLN) units. Diverse
effects of inhibition were observed. For example, the shape of the rate-level function and
the first-spike latency changed in different ways across units.

As shown in Table 4-1, all three PLN units responded to blocking glycinergic
inhibition but not to blocking GABAergic inhibition. The sample size was too small to
make any conclusion; few of these response types were seen, presumably because the
recording sites were anterior and globular bushy cells (that have PLN responses) are
more posterior in the AVCN (Cant and Morest, 1979; Smith and Rhode, 1987).
Nevertheless, this finding agreed with an immunocytochemical study (Saint Marie et al.,

1989) which reports that fewer GABAergic endings are located on globular bushy
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Fig. 4-3 Rate-level functions and PSTHs in response to CF tones for all PL and PLN units. In the rate-level plots, solid lines are
average rates before injection, and dotted lines are maximum average rates during or after injection. In the PSTH plots, top panels are
PSTHs before injection, and bottom panels are PSTHs when maximum average rates during or after injection were obtained. All

PSTHs are responses to the highest-level CF tones.



120

cells compared to spherical bushy cells (that have PL responses, Rhode et al., 1983).

b. Choppers

Figure 4-4 shows changes in tone responses after gabazine injection for a transient
chopper (Chp-T). Apart from the increase of average discharge rate, a systematic change
in the PSTH was observed. Before the injection of gabazine, 3 clear chopping cycles
could be identified (Fig. 4-4, top row, 2" column). During the injection, a clear 4™ peak
was observed (middle row, 2™ column). The unit showed full recovery 18 min post-
injection (bottom row, 2™ column); average rate decreased and the 4™ peak disappeared.
The 3™ column shows the mean inter-spike intervals over time that were used to classify
chopper types. The intervals were only plotted up to 20 msec to avoid the end effects
(Young et al., 1988; Blackburn and Sachs, 1989). This unit was classified as a transient
chopper (also called transiently adapting chopper) since the intervals increased abruptly
over the early part of the response and then slightly decreased later (Fig. 4-3, top row, 3"
column). During the injection of gabazine the abrupt increase of intervals at the
beginning of the response disappeared. The response area indicated that the inhibitory
inputs had frequency tuning similar to that of the excitatory inputs, or on-CF inhibition.
This unit did not show a positive effect after strychnine injection.

Figures 4-5 and 4-6 show changes to GABA receptor antagonists for two slowly
adapting choppers (Chp-SA). These examples, one for gabazine and the other for
bicuculline, are presented to show that some basic observations obtained with these two
types of GABA receptor antagonists were generally agreeable, except that the recovery

process was usually faster with bicuculline. These two units were classified as Chp-SAs
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Fig. 4-4 Same format as Fig. 4-1. Chp-T, g387ul2, total duration of gabazine injection was 11 min. CF =2362 Hz.
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Response to Bicuculline: Chp-SA
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since their inter-spike intervals increased with time up to 20 msec. However, when
GABA receptor antagonists were injected, the inter-spike intervals became relatively
constant with time so that the two slowly adapting choppers indeed became sustained
choppers. The CV decreased from 0.26 to 0.09, and from 0.25 to 0.15 for the two
choppers, respectively. The change of regularity can also be observed from the PSTHs
(2™ columns) as a larger number of distinct chopping cycles appeared during drug
injection. The chopping cycles also decreased correspondingly. The response areas of the
two units indicated that the frequency tuning of the inhibitory inputs was broad. The
second Chp-SA did not show a positive effect after strychnine injection (no strychnine
was injected for the first Chp-SA due to time limitation).

Figure 4-7 shows changes after bicuculline injection for a sustained chopper
(Chp-S). Sustained choppers have inter-spike intervals that are nearly constant over time
(Blackburn and Sachs, 1991). In this study various degrees of change to the sustained
properties were observed. In the inter-spike interval plots (Fig. 4-6, top row, 3" column),
before blocking inhibition, a slight increase in intervals as a function of time was
observed. Nevertheless, this unit was classified as a Chp-S since the increase was
substantially smaller than for Chp-SA units (in this study, all Chp-S units had CVs < 0.2
and Chp-SA units had CVs > 0.2). After bicuculline was injected, the intervals became
more invariant over time. As for Chp-SA units, more chopping cycles with a faster
chopping rate were observed in the PSTH (Fig. 4-6, 2" column) of the Chp-S unit. The
frequency tuning of the inhibitory inputs was also broad (Fig. 4-6, 4™ column). This unit

did not show a positive effect after strychnine injection.
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Figure 4-8 shows the population results for all choppers that had positive effects.
The top 8 responses are obtained from Chp-S units. In general, the change of discharge

rate in response to on-CF (and off-CF) tones after the injection of inhibitory receptor
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Fig. 4-8 Rate-level functions and PSTHs in response to CF tones for all chopper units (chp-S, Chp-T and Chp-SA). Same format as

Fig. 4-3.
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antagonists was smaller for Chp-S units than for Chp-SA and Chp-T units. Previous
studies also suggested that Chp-S units may not receive strong inhibition (Banks and
Sachs, 1991; Hewitt and Meddis, 1993) or that Chp-S units mainly receive off-CF
inhibition (Paolini et al., 2005). However, since Chp-S units had more regular discharges,
the variance of the rate was smaller (confirmed by this study), and hence the same
amount of rate change can be more meaningful as compared to the other two chopper
types. Figure 4-9 shows the maximum t values across tone levels for each unit with
injection of glycine (top) or GABA (bottom) antagonists. All the values are above the
significance level (horizontal solid line). Chp-S units showed t values comparable to the
values of other cell types. Therefore, it was concluded that inhibitory inputs received by
Chp-S units affected responses to CF tones. In addition, larger changes of rate were
observed after blocking GABAergic inhibition than after blocking glycinergic inhibition.

As shown by the two Chp-SA and one Chp-S units, the regularity of choppers
could be affected by inhibitory inputs. Figure 4-10 shows the CV values before and after
the injection of inhibitory receptor antagonists for all choppers that showed positive
effects (small CV values indicate regular discharges). The CV is traditionally computed
based on discharges in the time window of 12 to 20 msec (Blackburn and Sachs, 1989),
as shown in Fig. 4-10 top. Chp-SA units (plus symbols) showed the largest change of CV
by blocking inhibition (3 out of 5 units actually became sustained choppers). Six out of 8
Chp-S units (right triangles) also showed decreased CV.

Although one Chp-T became a Chp-S after injection of GABAergic antagonists,
no systematic change of regularity was observed for the other 5 Chp-T units (Fig. 4-4,

downward triangles). However, as illustrated by the Chp-T in Fig. 4-4, the change of
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inter-spike intervals primarily occurred before 12 msec, which was excluded by the
traditional CV time window (12 to 20 msec). Fig. 4-10 (bottom panels) shows the CV
based on discharges occurred between 0 and 12 msec after stimulus onset. All Chp-T
units showed decreased regularity within this time window.

In general, irregular chopping patterns can be generated from regular chopping
patterns by inhibitory inputs; however, inhibitory inputs do not necessarily account for all

irregular chopping patterns.

c. Unusual/onset response types

The final class of response types, 2 onset and 12 unusual types, will be described
here; these units represent all of the neurons studied that did not belong to the major two
response types, PLs (and PLNs) or choppers. A higher percentage of these units showed
positive effects compared to the two major types (Table 4-1). Four unusual units showed
chopper-like or multimodel patterns, although they did not pass the criterion to be
characterized as choppers (based on the spike-per-peak ratio; Blackburn and Sachs,
1989).

Figure 4-11 shows responses of an unusual unit to bicuculline (Part A), strychnine
(Part B), and glycine (Part C), respectively. In response to CF tones, this unit had a
relatively broad peak at the beginning, followed by low activity that built up in time (Fig.
4-11, part A, top row, 2™ column). After injecting bicuculline, both onset and sustained
activity increased (middle row, 2" column), and inter-spike intervals decreased (middle
row, 3™ column). The increase of activity was maximal for the late part of the response,

and minimal right after the onset. This unit recovered by 64 min post-injection. Similar to
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Fig. 4-11 Same format as Fig. 4-1. Unusual, g368u2, total duration of drug injection was 23 min, 60 and 7 min for bicuculline (part

A), strychnine (part B) and glycine (part C), respectively. CF = 3544 Hz.
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the Chp-T unit (Fig. 4-4), the recovered average rate was slightly lower than the control
rate at high tone levels (Fig. 4-11, part A, bottom row, 1* column). This “over-recovery”
was reflected in the PSTHs as a less distinct onset and lower activity at the end of the
response. The response area indicated that the inhibitory inputs were strong both at and
below the unit’s CF (Fig. 4-11, part A, 4™ column).

Part B (Fig. 4-11) shows the unit’s response with injection of strychnine. The
recovered response from bicuculline was used as the new control. The most interesting
change was the appearance of a precisely timed early peak (middle row, 2" column).
This peak was 4.7 msec earlier than the broad peak seen in the original response (part A,
top row, 2™ column). There was also a 1 — 1.5 msec notch after the early peak. The
sustained activity showed less increase and was constant over time. The average rate
recovered 31 minutes post-injection (part B, bottom row, 1* column). The early peak
decreased by half, but did not totally disappear (bottom row, 2™ column). The response
area showed a weaker glycinergic inhibitory effect (part B, 4™ column) as compared to
the GABAergic inhibitory effect (part A, 4™ column). Part C (Fig. 4-11) shows the
response of this unit after injection with glycine. Both the early peak and sustained
activity decreased drastically, confirming the presence of glycinergic inhibition.

Figure 4-12 shows the responses of 12 unusual units (panels 2 and 7 are the same
unusual unit shown above in Fig. 4-11) and 2 onset units. The effects of inhibition can be
divided into three groups: early inhibition, timed inhibition, and persistent inhibition. The
5 units in panels 2, 4, 8, 10 and 12 showed relatively early inhibition (this early inhibition
will be described later in more detail). Units in panels 2 and 10 showed highly isolated

early peaks at times when no discharges were present in the control responses.
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Units in panels 4 and 8 showed enhanced onsets as compared to the control responses.
The unit in panel 12 had multiple peaks similar to a chopper’s (this unit was not
characterized as a chopper since it failed the spike-per-peak criterion). After blocking
inhibition, the timing of these peaks did not change, but an early peak appeared, and the
interval between this extra peak and the second peak was approximately the same as the
later intervals. On the other hand, the 2 units in panels 1 and 11 showed a distinct extra
chopping peak after the primary chopping peaks without much change in other parts of
the response. This type of inhibition was called timed inhibition. The other units seemed

to receive inhibition that was relatively persistent throughout the responses.

4.3.3 More about sound-evoked rate and spontaneous rate

As described above, Fig. 4-9 shows average rate changes in terms of t values for
different types of units. Within each unit type, some units showed a positive effect, while
others did not. Since a positive effect was always associated with an increased discharge
rate, it was possible that units with inhibitory inputs had relatively lower rates than units
without inhibitory inputs. Figure 4-13 shows the maximum discharge rates before and
after blocking inhibition for both positive-effect (filled symbols) and negative-effect
(open symbols) units. A large range of discharge rates (approximately 50 to 600 sp/sec)
was observed. It was true that the 5 choppers that had the highest rates (more than 450
spike/sec) did not show positive effects to either glycine or GABA receptor antagonists.
However, for units that had average rates lower than these choppers, positive effects were

observed for both high- and low-rate units. It can thus be concluded that variations in
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excitatory inputs determined the range of discharge rate across neurons, and inhibitory

inputs only modulated the rate within a limited range.
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During the experiment, 55% of the positive-effect units showed an increase in SR.
Figure 4-14A shows the t values based on changes in SR vs. t values based on changes in
tone-evoked rate by blocking glycinergic or GABAergic inhibition. Filled symbols
indicate positive-effect units, and open symbols indicate negative-effect units. It should
be noted that although Table 4-1 shows that 29 negative-effect units showed significantly
increased tone-evoked rate, the t values of these units (open symbols on the right of the
vertical dotted line) are much lower than the t values of positive-effect units in general.
Recall that these neurons were categorized as negative-effect neurons because the
changes in rate were inconsistent over the course of the injection and/or disappeared
either before or immediately after the end of the injection period. Both positive-effect and
negative-effect units showed insignificant changes in SR. The largest changes in SR were
observed with positive-effect units (8 PLs and 3 choppers on the top of Fig. 4-14A);
however, no t values were above the significance criterion (1.96), due to the large
variance of the SR.

Previous studies that compare changes in SR with changes in sound-evoked rates
have not considered the variance (Caspary et al., 1979; Ebert and Ostwald, 1995a). Ebert
and Ostwald (1995a) computed the ratio of sound-evoked rate to SR. To make the present
study comparable to that study, Fig. 4-14B shows changes in SR and sound-evoked rate
in terms of percentage of increase (based on mean rates, without including variance) after
injection of glycine or GABA receptor antagonists (one unit that showed an increase in
SR from 0 to 40 sp/sec is not included in the plot for graphical reasons). The percentage
of change in SR was larger than that of sound-evoked rate for 49% of units. In general,

the observed changes in SR were consistent with reports from earlier studies;
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Fig. 4-14 A, Change of spontaneous rate compared to change of sound-evoked rate after
blocking glycinergic or GABAergic inhibition in terms of t values. The vertical dotted
line indicates the significant t value (p < 0.05) for changes in the sound-evoked rate. B,
change of spontaneous rate compared to change of sound-evoked rate after blocking
glycinergic or GABAergic inhibition. C, spontaneous rate before and after blocking
glycinergic or GABAergic inhibition. Dotted lines indicated no change of spontaneous
rate. D, recovery of sound-evoked rate vs. recovery of spontaneous rate. Open (filled)
symbols indicate units without (with) positive effect. Vertical and horizontal lines
indicate 100% recovery. Note that 1 unit which had a spontaneous increase from 0 to 40
sp/sec is not plotted in A (spont increase = 40000%), and another unit which did not

recover was not plotted in C (Spont recovery = -5200%).
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however, statistical evaluations of the changes in SR revealed that these changes were not

significant.

Figure 4-14C shows the mean values of SR before and after blocking inhibition.
One interesting observation was that units with original SR greater than 45 sp/sec, which
were all PLs or PLNs, never showed positive effects in terms of an increase of sound-
evoked rate. The group of 11 units that showed large t values based on the SR (Fig. 4-
14A) all had low or medium SRs and also had relatively large (but insignificant) changes
in the mean SR as compared to other units (Fig. 4-14C, upper left).

However, one must be cautious when evaluating the drug effect on the
spontaneous activity for three reasons. First, as shown in Fig. 4-14A, B, and C, although
the largest increase in SR (both as t values and as absolute changes; e.g., t > 1.7) was
observed with positive-effect units, the SRs of negative-effect units also varied in a
certain range (t between —1.5 to 0.75). Second, it was observed (for at least 3 positive-
effect units) that even before the injection of inhibitory receptor antagonists, the SR
already increased substantially (we did monitor the SR frequently before the injection).
Third, the recovery of SR did not correlate with the recovery of sound-evoked rate.
Figure 4-14C shows the percentage of SR recovery vs. the percentage of (sound-evoked)
rate recovery for positive-effect units that showed both increased rate and increased SR

after blocking inhibition.

4.3.4 First-spike latency and early inhibition

Figure 4-15 shows values of mean (A and B) and standard deviation (C and D) of

the FSL for all types of units before and after blocking inhibition (glycinergic and



Mean Latency - Inject imsec)

Mean Latency - Inject (msec)

20

181
16
14
121
10

M

10

A. Change of mean FSL (all)

Primary-likes
PLMN

Choppers
Unusualsfonsets

o+ 0

] 10

Mean Latency - Control (msec)

B. Change of mean FSL (focused)

15

20

4 ] B

Mean Latency - Control (msec)

g

a9

10

"

145



wn]

C. Change of std FSL (all)

STD Latency - Inject (msec)
g}

—

|
T

o
T

m
T

=
T

(W]
T

=

£

¥y o

;,-]
,a..?sﬁ; A
O

]

STD Latency - Inject (msec)

0.8t

0.6

0.4t

2 4 B
STD Latency - Control {msec)

D. Change of std FSL {focused)

0.2r

T + T ﬁ

o

Db Dﬁ Df DE
STD Latency - Control {msec)

146



147

E. t-test of Significance
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Fig. 4-15 Mean (A and B) and standard deviation (C and D) of first spike latency (FSL)
before and after blocking glycinergic or GABAergic inhibition. A and C show all the
units; B and D show the units within the left-bottom rectangular area of A and C,
respectively. Filled symbols are units that had decreased mean FSL for more than 0.8
msec after blocking inhibition. E, t-test of significance of the change of FSL. Negative
values of the x axis indicate decreased FSL. The horizontal dashed line indicates

statistical significance (t test, p < 0.05).
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GABAergic inhibitions are not differentiated in the plots since no difference in trends
was observed between the two types of inhibition). Note that the PLN units were
separated from PLs here, since the FSLs of the former were shorter and less variable than
those of the latter. The FSL was computed based on responses to the highest tone level
tested (60 — 80 dB SPL). The mean FSL of 31 units decreased significantly (p < 0.05), of
8 units increased significantly (p < 0.05), and of 15 units remained unaffected (Fig. 4-
15A). Figure 4-15B amplifies the bottom-left corner of Fig. 4-15A to provide a better
view of units with short FSLs. These two plots clearly showed that the mean FSLs of
choppers (circles) did not vary substantially after blocking inhibition. The filled symbols
in these two plots are 14 units that had FSLs that decreased by more than 0.8 msec after
blocking inhibition, and all of them were PLs or unusual/onset units. These units

accounted for 34% of PLs and unusual/onset types.

Figure 4-15 C and D show standard deviations of FSL, as a measure of how peaky
the onset was. All but two of the units that had FSLs that decreased by more than 0.8
msec (filled symbols) also had decreased standard deviations (Fig. 4-15C). Choppers and
PLNs all had standard deviations of FSL that were smaller than 0.8 msec (Fig. 4-15C,
bottom left corner). PLs all had standard deviations of FSL that were larger than 0.8
msec. Figure 4-15E shows the t-test of significance of the change in FSL. Since choppers
had small standard deviations, the FSLs of 14 out of 19 choppers changed significantly
(above the horizontal dashed line). Negative values on the abscissa indicate decreased
FSLs after blocking inhibition. The decreases of FSL were all above the significance

level for units that had FSLs decreased by more than 0.8 msec (filled symbols).



149

The inhibition associated with units that showed decreases in FSL of more than
0.8 msec after injecting inhibitory receptor antagonists was called early inhibition. Note
that the 0.8-msec criterion was arbitrarily chosen since no clear boundary existed
between early inhibition and later inhibition (Fig. 4-15 A and B). As mentioned before,
the PL plotted in Fig. 4-2 showed clear early inhibition (0.9 msec change in FSL) that
was revealed gradually over the time of the injection. The unusual unit plotted in Fig. 4-
11 showed a 1.9-msec decrease of mean FSL after blocking GABAergic inhibition, and
4.7-msec decrease after blocking glycinergic inhibition. Figure 4-16 gives two more
examples of early inhibition. The mean FSL decreased by 1.8 and 12.7 msec after
blocking GABAergic and glycinergic inhibition for the two units, respectively.

As shown in the mean FSL figure (Fig. 4-15 A and B), there were different
degrees of early inhibition. The mean FSLs of some units were shortened by
approximately 0.8 msec, whereas much larger time changes were observed for others. It
was unclear whether a single underlying mechanism accounted for the large range of FSL
shifts. Four out of 12 units that showed early inhibition required more than 30 min post-
injection time to show the maximum effect, and only 1 unit showed recovery during the
holding time. It should also be pointed out that blocking glycinergic and GABAergic
inhibitions both caused large changes in FSLs, although the sources of these two types of

inhibitions are presumably different.

4.3.5 Frequency response areas

The response area was used to evaluate whether the frequency tuning of inhibitory

inputs was aligned with that of excitatory inputs. Here a d' metric was used to compare
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Fig. 4-16 Examples of units with early inhibition in the same format of the 2™ column in Fig. 4-1. Left, PL, g383u4, total duration of

strychnine injection was 12 min. CF = 3544 Hz. Right, unusual, g381u5, total duration of gabazine injection was 16 min, CF = 2211

Hz.
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the change at CF with that at other frequencies. At relatively low sound levels, such as 15
to 20 dB above threshold, frequency responses were mostly limited to frequencies near
CF, which made it difficult to determine whether inhibition was on-CF vs. off-CF.
However, when the sound level increased, the maximum firing rate shifted to lower
frequencies, and it was assumed that the responses of inhibitory interneurons also shifted.
The determination of on-CF vs. off-CF inhibition had to combine responses at different
tone levels and consider the frequency shift. A final decision was made based on
responses to either the mid or the high tone level, whichever yielded a more distinct
pattern. For units that showed small changes in the response areas, as well as units that
showed mostly decreased rates after blocking inhibition®, no description of the response
area was made (marked as N/A). Figure 4-17 shows the change of response areas (left-
hand panel in each pair) after blocking glycinergic (A) and GABAergic (B) inhibition at
the highest tone level tested. The d' is also shown beside each response area. Four types
of inhibition based on frequency tuning were observed, indicated as “On” (near or at CF),
“Off” (both below and above CF), “Broad” (broad frequency range including CF), and
“Low” (below CF). Table 4-2 summarizes the number of units found in each category.
The 3" unit in the 4™ row of Fig. 4-17B showed typical on-CF inhibition,
although the maximum response shifted to frequencies lower than CF (vertical dashed

line). “Broad” inhibition was primarily observed for choppers (79% of choppers showed

? Occasionally the increase of response during the process of blocking inhibition was unstable,
presumably determined by drug flow. Since the rate-level function was constantly repeated, it
was possible to choose a relatively large increase of response for comparison with the control.
However, the response area was tested only a few times with small number (10) of repetitions. A
decrease of rate in the response area sometimes occurred that was not in line with the general

increase in rate.
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Fig. 4-17 Change of the frequency response area after blocking glycinergic (A) or GABAergic (B) inhibition. The left-hand panel in
each pair shows the response area based on average rate at each frequency (normalized by the maximum control rate) at the highest
tone level tested. Shaded areas indicate the increase in rate after blocking inhibition, and unfilled areas indicate decreases in rate. The
right-hand panel in each pair shows corresponding d' values at each frequency. For both A and B, the x axis was the tone frequency,
and vertical dashed lines indicate unit CFs. fl, minimum tested frequency (usually —2.5 octave below CF); f2, maximum tested

frequency (usually 1.5 octave below CF).
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Table 4-2 Summary of the type of inhibition based on changes in the frequency response

arca.

Cell Type # of units On Broad Off Low
PL 13 0 5 7 1
PLN 2 1 0 1 0
Chp-S 6 0 4 2 0
Chp-T 4 1 3 0 0
Chp-SA 4 0 4 0 0
Unusual 11 3 3 3 2
Onset 1 1 0 0 0
Overall 41 6 19 13 3
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“Broad” inhibition). Note that choppers tended to show active responses to frequencies
that were well below CF and quickly decreased responses to frequencies just above CF,
especially for Chp-S units (all Chp-S units showed this low-pass shaped response areas),
which limited the examination of inhibitory effects on the high-frequency side.
Sometimes it was difficult to discriminate “On” and “Broad” inhibition, since
both types showed a relatively large effect of inhibition around CF. Some of the 5 PLs
marked as “Broad” could have been marked as “On” inhibition if our criterion had been
slightly different. These two types of inhibition accounted for 63% of total responses
(units marked as N/A were excluded). Seven out of 13 “Off”’-inhibition units were PLs,
and only 2 of 13 “Off’-inhibition units were choppers. “Low” inhibition was less
frequently observed, and “High” inhibition was not observed here (the right-most unit in
the 2™ row of Fig. 4-17A shows inhibition on the high frequency side, but at a lower level

it became “Off” inhibition).

4.4 Discussion

4.4.1 Average-discharge rate at CF

Although all positive-effect units showed significant increases in average rate for
at least one sound level, blocking GABAergic inhibition had a larger effect on the
average rate than blocking glycinergic inhibition (Fig. 4-9). Whether or not a unit
received inhibitory inputs was not related to its maximum tone-evoked rate (Fig. 4-13),
which was similar to findings in the IC (Beau et al., 1996). The presence or absence of
inhibition was more related to the original SR (Fig. 4-14B); units that had original SR >

45 sp/sec, which were all PLs, never showed changes in rate after blocking inhibition.
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Although rate saturation was frequently observed for primary-like response types
(Fig. 4-3), all the control rate-level functions monotonically increased with tone level,
whereas Kopp-Scheinpflug et al. (2002) report non-monotonic rate-level functions for
half of their pre-potential units (5 of 10 units). After blocking inhibition, the previous
study reports that rate-level functions for 2 of the 5 units became monotonic, whereas the
others remained non-monotonic. In the present study, the shape of rate-level functions for
primary-like response types did not change as dramatically as observed in the previous
study. It is possible that the difference between the two studies is mainly caused by
different tone durations. The tone duration was 100 msec in the previous study, and 25
msec in the present study. In the next chapter, tone durations of 250 msec were also used;
however, the difference in duration was not found to be a factor. The difference between
studies could also have been caused by different recording sites. All recorded units in
Kopp-Scheinpflug et al. (2002) have pre-potentials, while no pre-potentials were
observed in the present study.

As stated earlier, a “positive effect” referred to a significantly increased rate at CF
after blocking inhibition. In general, the percentage of units that showed positive effects
was smaller in this study than in previous studies in the VCN (Caspary et al., 1979, 1994;
Ebert and Ostwald, 1995a). One possible reason for the relatively low percentage of
positive-effect units in the present study was the limited range of recording sites and
angles (most recorded units had CFs around 1 to 2 kHz). It was possible that units within
this area of the AVCN had relatively fewer inhibitory inputs. Another possible reason
was the criterion used here for negative-effect units. In Ebert and Ostwald (1995a), units

in penetrations that never had a positive effect were discarded (this is also the criterion
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used by Beau et al., 1996). Using that criterion, the present study would have had 45%,
74% and 44% of units that showed positive effects after injection of strychnine,

bicuculline, and gabazine, respectively.

4.4.2 Frequency response areas

Caspary et al. (1994) find that for both primary-likes and choppers there are more
units with on-CF inhibition than off-CF inhibition. The present study also observed more
on-CF inhibition (including broad inhibition) than off-CF inhibition, in general (25 on-CF
or broad as compared to 16 off-CF). A unique finding here was that most of the off-CF
inhibition was exhibited by PLs or PLNs (9 units), and the majority of choppers (12/14)
showed on-CF (especially broad) inhibition. The hypothesis in Paolini’s study (2005) that
sustained choppers receive lateral inhibition and transient choppers receive on-CF
inhibition was not supported by the present study.

Note that for most of the off-CF-inhibition units, the rate-level functions did show
changes in rate for high sound levels at CF. This was presumably due to the frequency
shift of the maximal response with sound level, i.e., at high sound levels, the “no-

inhibition” frequency range actually shifted to frequencies lower than CF.

4.4.3 Temporal responses to CF tones for choppers

Changes in the temporal response patterns reflected in the PSTH after blocking
inhibition were observed for each AVCN neuron type, and generally agreed with the

findings in VCN choppers after injecting GABA (Ebert and Ostwald, 1995b). For
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example, the presence of inhibition reduced the number of chopping cycles and slows
down the chopping frequency. The previous study reported results for 50-msec tone
bursts, including the regularity for the first 20 msec and the last 20 msec. The regularity
of sustained choppers decreases most during the last 20 msec, and the sustained choppers
become more similar to transient choppers. The regularity of transient choppers, whose
chopping patterns only exist within the first 20 msec, decreases most during the first 20
msec. That is, transient choppers become more transient. Therefore, the previous study
concludes that (delayed) inhibitory inputs might be responsible for creating the transient
pattern, which supports the hypothesis by a chopper modeling study (Banks and Sachs,
1991).

However, as briefly mentioned in the Introduction, using inhibitory receptor
agonists to study inhibitory inputs might have some shortcomings. Besides the fact that
the injected constant (tonic) inhibition can be different from the actual inhibition received
by the neuron, the function of the “excessive” inhibition can be different from the actual
inhibition. For example, the modeling study by Hewitt et al. (1993) shows that by varying
the parameters of excitatory synapses (e.g., location and strength), transient chopping
patterns can be created without inhibitory inputs. Therefore, although adding more
inhibition to transient choppers can further reduce the chopping regularity at the early
part of the response, we cannot rule out the possibility that the later part of the irregular
response was created by excitatory inputs. Results from the present study showed that for
all but one transient chopper blocking inhibition only extended the chopping for several
millisecond. For these units, excitatory inputs were presumably responsible for creating

the transient pattern. For the one exception, the transient chopper became a sustained
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chopper after blocking inhibition. There were 3 out of 5 slowly adapting choppers that
became sustained choppers after blocking inhibition. However, it should be noted that for
each chopper type, a number of units did not show positive effects at all after applying
inhibitory receptor antagonists, some of which were recorded in the same penetrations as
positive-effect units. Therefore, it was concluded that inhibitory inputs were able to
convert chopping response types, but excitatory inputs dominated the determination of
chopping types.

Changes of mean FSL for choppers was small (< 0.8 msec), although sometimes
this change was significant due to the small variation of FSL for choppers. Palombi and
Caspary (1992) report 75% of PVCN units (mostly choppers) that have decreased FSL
(they report an average change of 0.5 msec) after blocking GABAergic inhibition. In the
IC, a small number of sustained and unclassified units also show reduction of FSL (Beau
et al., 1996). The present study found both increased and decreased FSL for choppers
after blocking inhibition (Fig. 4-15). For choppers, the FSL indicates the integration time
across a large number of inputs (van Gisbergen et al., 1975; Young et al., 1988). The
presence of inhibition can only delay the integration time; therefore, the variation of FSL
by inhibition is limited. Nevertheless, to account for the decreased FSL by blocking
inhibition, the inhibition had to arrive at the same time or earlier than the excitation,
which was somehow counterintuitive since, in previous brain-slice studies (e.g., Oertel,
1983; Ferragamo et al., 1998), electrically shocking ANFs always caused delayed IPSPs.
It was likely that some source of spontaneously active inhibition was present for the in

Vivo experiments, such as inputs from outside the CN.
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4.4.4 Temporal responses to CF tones for primary-likes and unusual/onset types

More diverse changes in the PSTHs were observed for primary-likes and
unusual/onset types after blocking inhibition. Some units exhibited relatively constant
inhibition over time, and others showed more dramatic changes at certain time points.
Labeling studies have shown that both glycinergic and GABAergic endings tend to be
located on the dendrites of the stellate cells (Wenthold et al., 1988; Saint Marie et al.,
1989), and on the somas of bushy cells. Correspondingly, as stated above, the effect of
inhibition on chopper responses was expected to be smooth as a function of time.
Prolonged chopping cycles in the presence of inhibition indicated that the temporal
summation of a number of small EPSPs to reach the discharge threshold was delayed by
a relatively constant hyperpolarization. This hyperpolarization might become stronger
over time to change sustained choppers into slowly adapting choppers.

For neurons that have relatively fewer excitatory and inhibitory inputs on the
soma and also that have membrane properties that prevent temporal summation (such as
spherical bushy cells; Oertel, 1983; Manis and Marx, 1991), the effect of inhibition was
less similar to a smooth hyperpolarization. As mentioned earlier, when units exhibited
phase locking to tone frequency, blocking inhibition did not cause significant change in
the phase of the response. Therefore, the temporal summation must be minimal in these
neurons, and inhibition was more likely to remove individual post-synaptic spikes, rather
than to delay their timing.

Here units that showed a decrease of FSL of more than 0.8-msec were referred to
as units with early inhibition (filled symbols, Fig. 4-15). Blocking inhibition revealed a

precisely timed early onset that was not present in the control response for some units. A
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strong, constant (tonic) inhibition was not likely to account for this phenomenon because
it would have also blocked most of the later responses. These units seemed to receive
precisely timed inhibition at the onset. The underlying mechanism for the early inhibition

remains a puzzle.

4.4.5 Spontaneous activity

The present study showed insignificant changes in SR for all units after blocking
inhibition. The percentage of increase of SR was much higher than that of the sound-
evoked rate. However, when the variance was considered (t values), the change in SR
was insignificant, and t-values were lower for SR changes than for sound-evoked rate.
Most previous studies (Caspary et al., 1979; Ebert and Ostwald, 1995a) report that
injecting inhibitory receptor agonists or antagonists has a bigger effect on SR than on the
sound-evoked rate for VCN neurons (the variance of SR was not considered), although

for neurons in the IC no significant change of SR is observed (Beau et al., 1996).

4.4.6 Other related issues

The present study used both bicuculline and gabazine as GABA receptor
antagonists, since bicuculline has been found to have side effects that are not related to
GABAergic inhibition (Kurt et al., 2006). The present study did not do a direct
comparison between the two chemicals. Some basic properties, such as changes in the

chopping patterns, were observed in responses studied after injection of both chemicals.
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As discussed in the Results section, some units that showed decreased rate after
blocking inhibition were considered to be negative-effect units (if they met one of the two
criteria). In other words, in this study decreases in rate were considered to be caused by
artifacts. However, if complex neural circuitry existed, such as the local circuit in the CN
proposed by Ferragamo et al. (1998, their Fig. 15) including both excitatory interneurons
and inhibitory interneurons, or the feedback loop between VCN and PVPO (Thompson
and Schofield, 2000), complicated changes in the discharge rate after blocking inhibition
would be possible.

In summary, diverse changes in average rate and temporal responses after
blocking inhibition were observed in this study. In the future, more control experiments
need to be done to address some of the ambiguous results. For example, long-time single-
barrel recordings from individual units should be obtained to examine whether the

spontaneous activity can vary substantially without injections of any chemical or current.
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Chapter V
Influence of Inhibitory Inputs: Il. Responses to

Complex Sounds

Abstract

This chapter examines the effect of inhibition on responses of AVCN neurons to
amplitude-modulated sounds and tones in noise. Some properties of the inhibition, such
as whether it was tonic or phasic, delayed or advanced, were analyzed in detail. Rate and
temporal metrics described in Chapters II and III were applied to the tone-in-noise
responses before and after blocking inhibition. In general, consistent changes in threshold
for detection of tone in wideband noise were not found based on any of the metrics. The
temporal reliability and the correlation index showed the largest change in thresholds
among all the metrics; however, both increased and decreased changes were observed,
and the two metrics did not always agree for changes in thresholds of individual units.
For the average discharge rate and PSTH fluctuation, blocking inhibition caused
significant changes in the values of the metrics, but the changes were similar in size for
responses to noise-alone and tone-plus-noise stimuli. For other metrics (synchronization

to tone frequency, spike-distance metric), significant effects were not observed.
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5.1 Introduction

In the previous chapter, the effect of inhibition on neural responses to pure tones
and on spontaneous activity was studied. The results provided some insights about the
characteristics of inhibitory inputs received by AVCN neurons. In our daily life, pure
tones are seldom presented alone. More often, we hear complex sounds with multiple
frequency components. The complex sounds tested in this study, amplitude-modulated
stimuli and masked tones, were still simplified sounds compared to music or speech.
Nevertheless, if response properties related to certain sound features were always
enhanced, weakened, or unaffected by inhibition, the observations may be generalized to
more complex sounds.

As described in the previous chapter, the idea of lateral inhibition that enhances
frequency contrast is not supported by the majority of AVCN neurons. A focus of
previous studies with tones and noise was whether inhibitory inputs enhance temporal
contrast, in terms of suppressing spontaneous or background-noise activity more than
tone-evoked activity (Ebert and Ostwald, 1995a). The temporal contrast can also refer to
more suppression in the sustained activity than in the onset responses (Kopp-Scheinflug,
2002). Caspary et al. (1993) compare broadband-noise responses at different noise levels
to CF-tone responses at different tone levels for spherical bushy cells using inhibitory
receptor antagonists and agonists. They report that inhibition has similar effects on noise
responses and pure-tone responses, which did not support the idea of inhibition
enhancing temporal contrast (tone-in-noise stimuli were not used in that study). Ebert and
Ostwald (1995a) inject GABA in the PVCN and AVCN and report stronger inhibitory

effects on background-noise activity than on tone- or tone-plus-noise-evoked activity,
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which supports the temporal-contrast hypothesis. It was unclear whether the
disagreement of the two studies was due to different recording sites, different drug
applications, or other factors. As mentioned in the previous chapter, applying inhibitory
receptor agonists creates a source of constant inhibition, which presumably differs from
the actual inhibition received by neurons. For example, if an inhibitory interneuron does
not respond actively to noise, no suppression of background-noise activity of the target
neuron should be observed. Moreover, the level of the background noise used by Ebert
and Ostwald was relatively low (the tone level was approximately 25 dB above discharge
threshold; the overall noise level was 10 dB below the tone level, e.g., 0 to 10 dB SPL
spectrum level; the noise bandwidth was approximately 20 kHz). The present study
applied inhibitory receptor antagonists to AVCN neurons for tone-in-noise responses.
The noise level was high (30 dB SPL spectrum level), and the tone levels were close to
psychophysical detection thresholds.

Changes in the responses to tones in noise by blocking inhibition can also help to
identify the source of the inhibitory inputs. Glycinergic inhibitory neurons in the CN that
may project to the AVCN are vertical cells and D-stellate cells (Wickesberg and Oertel,
1988, 1990). Vertical cells respond actively to CF tones, and weakly to broadband noise
(Gibson et al., 1985). On the contrary, D-stellate cells respond weakly to CF tones, but
actively to broadband noise (Rhode and Greenburg, 1994). Therefore, the difference in
the effect of inhibition on tones and noise might provide clues about the type of
inhibitory neurons. Responses properties of other inhibitory interneurons, especially

those located in the SOC, are unclear.
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The influence of inhibition on the temporal measures discussed in Chapters II and
IIT was examined in this chapter. Since fewer tone levels and repetitions were used here
due to time limitations during the experiments, detection performance of these temporal
measures was not compared to psychophysical thresholds. Rather, the focus was to
examine whether detection performance changed after blocking inhibition. These detailed
temporal measures have not been analyzed in previous iontophoretic studies of AVCN
neurons.

Apart from tone and noise stimuli, responses to sinusoidally amplitude-modulated
(SAM) tones have also been studied for neurons in the PVCN and DCN while blocking
or enhancing inhibition (Backoff et al., 1999). Inhibition enhances the synchronization to
the stimulus envelope, especially at low and mid modulation frequencies. The present
study tested changes in neural responses to SAM tones in the AVCN after blocking
inhibition. For units that showed decreased synchronization to amplitude modulation
after blocking inhibition, more detailed analysis was made to identify tonic vs. phasic

inhibition.

5.2  Methods

The experimental design was the same as used in the previous chapter, and the
data was obtained together with the pure-tone responses described in the previous chapter
(from 38 animals). Here complex sounds, two amplitude-modulated stimuli (sinusoidally
amplitude-modulated tones and two-tone stimuli) and the tone-in-noise stimuli, were
applied before, during and after the iontophoretic injection of glycine or GABA receptor

antagonists. Among the 89 units tested with CF tones, only units that showed positive
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effects (52 units) were further tested with the three complex stimuli (48 units were tested
with sinusoidally amplitude-modulated tones, 35 were tested with two-tone stimuli, and

47 were tested with tones in noise).

5.2.1 Sound stimuli

Two types of amplitude-modulated stimuli were used. One was the sinusoidally
amplitude-modulated (SAM) tone with carrier frequency equal to the neuron’s CF and
modulation depth equal to 100%. The level of the carrier was 20 dB above the neuron’s
pure-tone threshold. Another amplitude-modulated stimulus was created by adding two
equal-amplitude tones with frequencies symmetrically placed above and below CF on a
logarithmic scale’. The levels of both tone components were 20 dB above the neuron’s
pure-tone threshold. Both amplitude-modulated stimuli had 5-msec cosine-squared ramps
and durations of 600 msec, repeated every 1 sec, for 6 to 8 trials. In each trial, several
modulation frequencies were arranged from low to high (e.g., from 16 Hz to 1024 Hz)
with 1-octave steps. Modulation transfer functions based on average rate and synchrony
for both amplitude-modulated stimuli were obtained.

The tone-in-noise stimulus was similar to that used in Chapter II, except that only
a noise spectrum level of 30 dB SPL was used and fewer tone levels were tested here.
The noise was randomly created and frozen for each dataset, and thus varied across tests

(and before and after blocking inhibition).

? The second type of amplitude-modulated stimulus was called a two-tone stimulus here. It should
be pointed out that the traditional “two-tone stimulus” used in studies related to two-tone
suppression or lateral inhibition usually has one tone at CF; the frequency of the other tone is

varied to map out suppressive or inhibitory sideband regions.
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5.2.2 Same-frequency inhibition and excitation (SFIE) model

Chapter II provides the details of the SFIE model (Nelson & Carney, 2005), a
model of neurons at auditory levels higher than the AVCN. Here the model was tested
with input spikes that were recorded from AVCN cells before and after iontophoretic
injections. Briefly, the model received excitatory and delayed inhibitory inputs from the
same AVCN neuron. Spike times from 30 to 50 repetitions for each AVCN neuron in
response to noise-alone or tone-plus-noise stimuli were used as both excitatory and
inhibitory inputs for the model. The neuron model was a conductance-based integrate-
and-fire model (see details in Chapter II). The average discharge rate of the model cell

generally represented the PSTH fluctuation of the input AVCN neuron.

5.3 Results

5.3.1 Responses to sinusoidally amplitude-modulated (SAM) tones

Forty-eight positive-effect (based on pure-tone responses) units were further
tested with SAM-tone stimuli (19 and 30 units for glycine and GABA receptor
antagonists, respectively). Figures 5-1 to 5-3 show changes in the rate (r-MTF) and sync
(s-MTF) modulation-transfer functions after blocking inhibition for different types of
units. Primary-like response types generally showed flat r-MTFs and relatively flat s-
MTFs (Fig. 5-2). Choppers showed low-pass (9 units), high-pass (6 units), band-pass (2
units) shaped or flat (1 unit) r-MTFs. Of course, these shapes can be dependent on the
range of modulation frequency tested with respect to the unit’s individual characteristics
(the choice of the range of modulation frequency was limited by frequency boundary in

the calibration table). Half of the choppers showed band-pass shaped, and the other half
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Fig. 5-1 Rate (odd-numbered columns) and synchrony (even-numbered columns) modulation-transfer function (MTF) for choppers.
For rate MTFs, shaded areas indicate increased average rate after blocking inhibition. For sync MTFs, shaded areas indicate decreased
synchronization to modulation frequency after blocking inhibition. The y-axis of the synchrony plots is from 0 to 1. The y-axis of the
rate plots was from 0 to a value slightly larger than the maximum rate. Gly, blocking glycinergic inhibition. Gab, blocking

GABAergic inhibition.
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showed low-pass shaped s-MTFs (Fig. 5-1), with maximum synchronies higher than
those of primary-likes. The r-MTFs and s-MTFs of unusual/onset response types had
more diverse shapes than the basic shapes described above (Fig. 5-3).

After blocking glycinergic and GABAergic inhibition, 14 out of 20 and 26 out of
31 units showed significantly increased rate (p < 0.05; Figs. 5-1 to 5-3, shaded areas in r-
MTFs). Different degrees of synchrony reduction were observed (Figs. 5-1 to 5-3, shaded
areas in s-MTFs; since it was difficult to test the significance of synchrony reduction,
units were not classified into decreased or unchanged synchrony groups; the amount of
reduction will be presented later). A direct correlation between the amount of rate change
and synchrony change did not exist for all response types: for the 18 choppers, the
correlation coefficient between maximum rate increase and maximum synchrony
decrease was significant (0.70, p < 0.05); for the 19 primary-likes and the 12
unusual/onset response types, the correlation was insignificant (0.16 and 0.27,
respectively). Figure 5-4 shows two examples of SAM-tone responses. The PL (top) had
a rate increase but no change of synchrony. The chopper (bottom) had increased rate and
decreased synchrony. Figure 5-5 shows the population changes of synchrony (decrease)
and rate (increase). The x-axis is the maximum t values across modulation frequencies
(the t values were computed in the same way as Eqn. 4-3 except that the tone level was
replaced by modulation frequency). The vertical line indicates the criterion for t to be
significant (p < 0.05). With similar amounts of rate increase measured by t values,
different units showed various amounts of decrease in synchrony. A general observation
was that blocking GABAergic inhibition (open symbols) had a larger effect on synchrony

than blocking glycinergic inhibition (filled symbols).
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Fig. 5-4 SAM-tone responses of a primary-like (top) and a chopper (bottom) before and after blocking GABAergic inhibition. The
left-most two columns plot -MTF and s-MTF, respectively. The 3™ column plots the phase in degree. Period histograms at different

modulation frequencies are plotted on the right (two identical cycles are shown for each fm to provide a better view). Solid (dotted)

lines are responses before (after) blocking inhibition.
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Figure 5-4 (3rd column) also shows the change in phase to the amplitude
modulation. In general, the largest change in phase occurred at low modulation
frequencies. Figure 5-6A shows the change in phase at fm = 32 Hz, a relatively low
modulation frequency, for all recorded units. Units that showed increased phase after
blocking inhibition (above the dotted line) received inhibition that affected the later part
of the response more than the early part of the response in each cycle for fm = 32 Hz. All
13 choppers showed increased phase after blocking GABAergic inhibition (open circles);
the rest of the units showed mixtures of increased and decreased phase.

For the 14 units that showed early inhibition (Chapter IV, Fig. 4-15), 12 of them
were tested with SAM tones. To examine whether units with early inhibition showed
decreased phase (i.e., whether early inhibition had more effect on the early part of the
response in each cycle), Fig. 5-6B marks the phase changes for units with early inhibition
with filled symbols (glycinergic and GABAergic inhibition were not differentiated here).
Eight out of 12 early-inhibition units showed decreased phase after blocking inhibition.
Thus, for these units, the inhibition generally discharged earlier than the excitation
throughout the response. Four early-inhibition units showed invariant or increased phase.

For these units, the inhibition was mainly early at the onset responses.

5.3.2  Tonic vs. phasic inhibition

Based on the period histograms of the second example in Fig. 5-4, for fm =32 Hz
blocking inhibition changed the shape of the histogram. In other words, within a
modulation cycle, inhibition was stronger at certain stimulus phases. This type of

inhibition is referred to as phasic inhibition. Inhibition that was relatively constant across
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Fig. 5-6 Change of phase vs. change of rate for fm = 32 Hz. The x-axis is the maximum t

values across modulation frequencies. The y-axis is the increase of phase in degree. In A,

filled symbols indicate units with application of glycine antagonists. Open symbols

indicate units with application of GABA antagonists. In B, filled symbols indicate units

with early inhibition (see Fig. 4-15). The vertical line indicates the criterion for t to be

significant (p < 0.05).
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time is referred to as tonic inhibition. Note that tonic inhibition did not necessarily mean
that the inhibitory interneuron discharged constantly all the time. The neuron was likely
to be tuned and phase-locked to modulation frequency, since at low modulation
frequencies (e.g., fm = 32 Hz) approximately 85% units showed change in phase (Fig. 5-
6A); however, after possible filtering effect by the dendrites of the target neuron, the
locking of the inhibitory neuron’s response to the envelope of the modulated stimulus can

be too smooth to observe.

To test whether the inhibition was tonic or phasic, simulated tonic inhibition was
added to the SAM-tone responses recorded after blocking inhibition. Specifically, a
constant value was subtracted from a period histogram so that the remaining number of
spikes was equal to the number of spikes before blocking inhibition for a particular
modulation frequency. Because the increase of rate by blocking inhibition can be
different for different modulation frequencies, the subtracted constant value was varied
with modulation frequency, based on the assumption that the tonic inhibition was tuned
to modulation frequency. Figure 5-7A (top) shows the SAM-tone responses of a primary-
like unit before and after blocking GABAergic inhibition. After subtracting out a
simulated tonic inhibition, the rate difference disappeared, whereas the synchrony
difference remained (Fig. 5-7A, bottom). For this unit, a constant inhibition was not
capable of predicting the observed change in synchrony. On the contrary, in Fig. 5-7B, a
constant inhibition predicted most of the difference in synchrony except at high
modulation frequencies. Of course, this manipulation can also create an increase in
synchrony (8 units), as shown in Fig. 5-7C; the increase in synchrony was also an effect

of phasic inhibition.
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C. Control and blocking glycinergic inhibition
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Figure 5-5 shows the maximum synchrony change for each unit studied with
SAM tones; the maximum change could occur at either low or high modulation
frequencies. As mentioned above, distinct phasic inhibition usually occurred only at low
modulation frequencies. To test tonic vs. phasic inhibition, the maximum synchrony
change can bias the result depending on the corresponding modulation frequency (fm”).
Therefore, changes occurred at all modulation frequencies lower than fm° were
considered. Figure 5-8 shows the effect of adding simulated tonic inhibition on the
average difference of synchrony between control responses and responses after blocking
inhibition. For all but 1 chopper, the difference of synchrony between control and
blocking inhibition can be more or less accounted for by subtracting constant activity,
especially for choppers injected with GABA receptor antagonists (open circles).
Combining the results from Fig 5-8 with Fig. 5-6A, which shows increased phase at fm =
32 Hz for all choppers after blocking GABAergic inhibition, the following conclusion
can be made. The GABAergic inhibition received by choppers were highly smoothed,
and probably delayed*. At very low modulation frequencies, phasic properties can be
observed. At mid and high modulation frequencies, the inhibition appeared to be tonic.
This conclusion agrees with the hypothesis in Chapter IV, which was also consistent with
in vitro studies (Wenthold et al., 1988; Saint Marie et al., 1989) (see Discussion, 4.4.4). It
was unclear about the effect of glycinergic inhibition on choppers, since the sample size

was small (6 units) and the observation varied.

* The “delay” can either be a synaptic delay or a smoothing effect.
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5.3.3 Responses to two tones

Thirty-five positive-effect (based on pure-tone responses) units were further
tested with two-tone stimuli (10 and 26 units for glycine and GABA receptor antagonists,
respectively). The two-tone stimuli were similar to the SAM tones except that they
lacked a carrier frequency at CF. Fig. 5-9 shows the two-tone responses of the two units
for which SAM-tone responses were shown in Fig. 5-4. The changes in rate and
synchrony after blocking GABAergic inhibition were generally similar for responses to
both types of amplitude-modulated stimuli’. A major difference was that the decrease of
synchrony after blocking inhibition was generally smaller for two-tone responses than for
SAM-tone responses. Figure 5-10 compares the effect of inhibition on synchrony for
these two types of amplitude-modulated stimuli for all recorded units. No units showed
decreases in synchrony of more than 0.2 for two-tone stimuli (Fig. 5-10 right), while 5
unusual and 1 chopper unit showed reduction in synchrony of more than 0.2 for SAM-

tone stimuli (Fig. 5-10 left).

5.3.4 Tone-in-noise: average discharge rate

Forty-seven positive-effect (based on pure-tone responses) units were further
tested with tone-in-noise stimuli (20 and 31 units for glycine and GABA receptor

antagonists, respectively). The example shown in Fig. 5-11B represented the observations

> The maximum synchrony to two-tone stimuli was always lower than the maximum synchrony to
SAM-tone stimuli because the two-tone envelope was broader than the SAM-tone envelope

within each modulation cycle.
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Fig. 5-10 Synchrony decrease vs. rate increase for SAM-tone responses (left) and two-tone responses (right) in the same format of Fig.

5-5. Filled symbols indicate units with application of glycine antagonists. Open symbols indicate units with application of GABA

antagonists.
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Fig. 5-11 A and B, Average discharge rates for tones in noise (T+N) and same-duration
tones (T) before and after blocking GABAergic inhibition for two choppers. Small jitters
are added in the tone levels to avoid overlapping of errorbars. C, detection thresholds
based on average rate before and after blocking inhibition for all units. Broken points on
axes mark the boundaries between measurable and un-measurable thresholds. For the
purpose of illustration, small jitters drawn from a Gaussian distribution with standard
deviation of 1 dB SPL were added to each threshold. Filled symbols indicate units with
application of glycine antagonists. Open symbols indicate units with application of

GABA antagonists.
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of most AVCN neurons that the average rate increased by similar amount at different
tone levels when there was a 30-dB-SPL (spectrum level) noise after blocking inhibition
(thick lines). This kind of change was called “parallel change” (Caspary et al., 1993).
Occasionally, the detection threshold based on average rate changed, as shown in Fig. 5-
11A. Detection thresholds based on average rate for all units are plotted in Fig. 5-11C.
Ten out of 53 units showed threshold change®, with 1 unit showing a 10-dB increase and
the other 9 units difficult to quantify since either before or after blocking inhibition the
thresholds were unmeasurable (when the thresholds were measurable, they were at the
highest sound level tested). Specifically, after blocking inhibition, 4 out of 31 primary-
likes or unusual/onset response types showed threshold increases from the highest level
tested to unmeasurable thresholds, 5 out of 22 choppers showed thresholds decrease from
the unmeasurable thresholds to the highest level tested, and 1 out of 22 chopper showed a
threshold increase from 60 to 70 dB SPL. Because of the small sample size of units with
changed thresholds, it was not possible to determine whether the difference in direction

of the response changes for different response types would be generally true.

Figure 5-11 A and B also show the average rate in response to long-duration pure
tones (250 msec; longer than the tones tested in the previous chapter, but same as the
duration of the tone-plus-nose stimuli; thin lines). If an inhibitory interneuron responded
actively to broadband noise but weakly to tones (as expected for D-stellate cells; Rhode
and Greenburg, 1994), blocking inhibition should increase responses to noise more than

to tones. On the contrary, if an inhibitory interneuron responded weakly to broadband

% There was one PL that showed threshold increase from 70 to 75 dB SPL. This was not
considered to be a real threshold increase, since the testing tone levels were mistakenly offset by

5 dB after blocking inhibition.
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noise but actively to tones (as expected for vertical cells, Gibson et al., 1985), blocking
inhibition should increase responses to tones more than to noise. Because tone responses
were recorded at different tone levels, the maximum response was used for comparison to
noise-alone responses. Figure 5-12 shows rate increases to noise-alone vs. to tone-alone
stimuli after blocking glycinergic (filled symbols) or GABAergic inhibition (open
symbols). Given that a 10% (arbitrarily selected) higher rate increase in either noise or
tone responses was used as an indication of a stronger response to one of the two stimuli,
24 units (47%) showed stronger responses to noise (above the diagonal), 5 units (10%)
showed stronger responses to tones (below the diagonal), and the other 22 units (43%)
showed less than 10% rate increase for either stimulus (close to the diagonal). No

obvious difference was observed for different types of antagonists.

5.3.5 Tone-in-noise: temporal measures

a. Synchronization to tone frequency

Synchronization to tone frequency was generally unaffected after blocking
inhibition, as shown by the example in Fig. 5-13. The small decrease of synchronization
after blocking inhibition was presumably due to increased baseline activity. Only 2 (PLs)
out of 53 units showed changes in detection thresholds (a 10-dB decrease) after blocking

inhibition based on synchrony to the tone frequency.

b. PSTH fluctuation
After blocking inhibition, 88% of AVCN units showed more than 10% decrease

of PSTH fluctuation (a significance test was unavailable since no variance was obtained
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for the PSTH fluctuation). Figure 5-14 A and B show two examples, both of which
showed a decrease in PSTH fluctuation (left column) of a relatively constant amount
across tone levels, except at the highest level for the second unit (B). Figure 5-14C shows
the PSTHs of the second unit’s noise-alone responses before (top) and after (bottom)
blocking GABAergic inhibition. There were more spikes after blocking inhibition, and

the fluctuation in the PSTH was also less obvious after blocking inhibition.

As in Chapter II, no detection threshold was defined for the PSTH fluctuation;
instead, detection thresholds were measured with the SFIE model. The average rate of the
model, which decreased with increasing tone level, was similar to the PSTH fluctuation.
However, since no normalization of input rate was included in the model as it was in the
measures of PSTH fluctuation (see Chapter II), the model rate was sometimes affected by
the input rate. For example, the first chopper (Fig. 5-14A) showed an increase in rate
from approximately 20 sp/sec to 80 sp/sec in response to noise alone after blocking
inhibition. Consequently, when these responses were used as inputs to the SFIE model,
the model rate was actually higher after blocking inhibition, even though the PSTH
fluctuation was reduced. Nevertheless, the model still showed a decrease in rate with
increasing tone level.

Detection thresholds based on SFIE model rate are plotted in Fig. 5-14D. After
blocking inhibition, 42% of units showed increased or decreased thresholds (no obvious
difference was observed with different types of antagonists). As described above,
changes in model detection thresholds did not necessarily reflect threshold changes based

purely on changes in PSTH fluctuation, which changed in a parallel manner for tone-in-
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Fig. 5-14 A and B, PSTH fluctuation (left) and SFIE model rate (right) for tones in noise
before and after blocking GABAergic inhibition for two choppers. C, PSTHs of the unit
shown in B in response to noise alone before (top) and after (bottom) blocking inhibition.
Resolution = 1 msec. D, detection thresholds based on SFIE model rate before and after

blocking inhibition for all units, in the same format as Fig. 5-11C.
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noise and noise-alone stimuli. The discharge rate of the SFIE model was also affected by

changes in average rate.

The fluctuation of PSTHs is presumably caused by locking to the envelope of the
“effective stimulus” (Louage et al. 2004; see Chapter II). The finding that inhibition
enhances PSTH fluctuation seemed to agree with the enhancement of synchronization to
amplitude modulation described earlier in this chapter. However, there was no significant
correlation between the amount of reduction in PSTH fluctuation and in modulation
synchronization (the correlation coefficients between the maximum decrease of envelope
slope across tone levels and the maximum decrease of synchrony to SAM tones were
0.02 and 0.40 after blocking glycinergic (16 units) and GABAergic inhibition (28 units),

respectively.

c. Temporal reliability and correlation index

Temporal reliability (Chapter II) and correlation index (Chapter I1I) measured the
consistency of discharges across repetitions of a stimulus, and both metrics decreased
with tone level. Although they generally agreed with each other, predicted detection
thresholds based on the two metrics can be different. Fig. 5-15 shows the change of
temporal reliability (top two) and correlation index’ (bottom) for a primary-like response
type after blocking glycinergic inhibition. The detection threshold based on temporal

reliability decreased from 70 to 60 dB SPL, whereas the detection threshold based on

7 In Chapter 3, two temporal resolutions, 0.2 and 0.6 msec, were used for the correlation index.
Since the detection performance was similar using these two resolutions, in this chapter only 0.6

msec was used.
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Fig. 5-15 Temporal reliability (top panels) and correlation index (CI, bottom) for a
primary-like-with-notch unit before and after blocking glycinergic inhibition. The

temporal resolution used for the correlation index was 0.6 msec.
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C.
Temporal Reliability (single res)
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Fig. 5-16 Detection thresholds before and after blocking inhibition based on temporal reliability (A, C) and correlation index (B) in the
same format as Fig. 5-11C. Detection thresholds plotted in A were obtained with multiple temporal resolutions (0.2, 0.6, 1.6, 4.5 and

13 msec). Detection thresholds plotted in C were obtained with single temporal resolutions (0.6 msec).
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correlation index was always 60 dB SPL. Figure 5-16 A and B compare the change of
detection thresholds after blocking inhibition based on the two metrics for all units. A
higher percentage of units (66%; all response types) showed threshold changes based on
temporal reliability (A) than based on correlation index (B, 51%; all response types).
Threshold changes based on the temporal reliability (the mean of the absolute threshold
change was 20 dB, excluding units with unmeasurable thresholds before or after blocking
inhibition) were larger than those based on the correlation index (the mean of the absolute
threshold change was 10 dB, excluding units with unmeasurable thresholds before or
after blocking inhibition). Since the detection threshold based on temporal reliability was
the minimum threshold across 5 temporal resolutions (Chapter II), while the correlation
index was only tested with one resolution (0.6 msec), the temporal reliability analysis
was repeated with only one resolution, 0.6 msec (Fig. 5-16C). Changes in the detection
thresholds based on temporal reliability for a single temporal resolution were reduced
(Fig. 5-16C; the mean of the absolute threshold change was 13 dB, excluding units with
unmeasurable thresholds before or after blocking inhibition) and became comparable to
the detection thresholds based on correlation index (Fig. 5-16B). No obvious difference

was observed with different types of antagonists.

d. Spike distance

Spike distance measures the dissimilarity between two spike trains in terms of
spike timing with respect to stimulus onset (Victor and Purpura, 1996, 1997). The mutual
information based on the spike distance quantifies the efficiency of spike timing in

coding a set of stimuli at different temporal resolutions (Victor and Purpura, 1996, 1997,
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Chase and Young, 2006). Figure 5-17 shows three examples of how blocking inhibition
affected the spike-timing coding efficiency. Approximately 30% of units (including all
major neuron types) showed the largest change with the average-rate coding (q = 0), as
represented by Fig. 5-17A. The change of mutual information based on average rate did
not necessarily indicate threshold change; rather, it measured the separations between
tone levels based on the mean and variance of rate. The other 70% of units showed
basically no change in the shape of the mutual-information curve, as illustrated by the
example in panel B. Exceptions were 3 units (1 PL, 1 chopper, 1 unusual) that showed
large increases or decreases of mutual information with q # 0 after blocking inhibition,
as illustrated by the example in panel C. In general, information carried by the spike

distance metric was not affected by blocking inhibition.

5.4  Discussion

5.4.1 Synchronization to stimulus envelope

The present study examined the effect of inhibition on the synchronization of
neural discharges to stimulus envelope using two types of stimuli, amplitude-modulated
stimuli and tones in noise. The amplitude-modulated stimuli included commonly used
SAM tones, which had a carrier fixed at CF, and two-tone stimuli. Significantly increased
average rate was observed for more than 70% of the units, and different degrees of
synchrony reduction were also observed after blocking inhibition. These findings agreed
with a previous study in the PVCN and DCN (Backoff et al., 1999). In general,
GABAergic inhibition was found to be more effective in enhancing synchrony than

glycinergic inhibition. This enhancement was not always caused by a cycle-by-cycle
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shaping effect of the inhibition (phasic inhibition), but was also caused by a constant
reduction of activity (tonic inhibition). Although in this study an analysis was used to
separate tonic vs. phasic inhibition, in reality there may not be a clear boundary between
these two inhibitory profiles. In fact, it was hypothesized that most inhibitory
interneurons were synchronized to amplitude modulation, since 85% of AVCN units
showed changes in phase at low modulation frequencies after blocking inhibition.
However, due to the smoothing effect when inhibitory inputs synapsed on the cell
dendrites, the synchrony might be too smoothed to observe, especially at mid and high
modulation frequencies when the smoothing effect was longer than a modulation cycle.
By analyzing changes in phase after blocking inhibition for responses to SAM stimuli
with a low modulation frequency (32 Hz), it was found that the majority of choppers with
positive effects in response to inhibitory receptor blockers showed increased phase after
blocking GABAergic inhibition, which indicated that the inhibition was synchronized to
amplitude modulation and was effectively delayed with respect to excitation (Fig. 5-6).
Interestingly, the enhancement of inhibition for these choppers could be largely predicted
by simulated tonic inhibition (Fig. 5-8). This result suggested that most choppers received
GABAergic inhibition on their dendrites that acted as a source of slowly varying
hyperpolarization, consistent with the conclusions of the previous chapter and of
anatomical studies (Wenthold et al., 1988; Saint Marie et al., 1989).

The observations of SAM-tone and two-tone responses generally agreed with
each other, except that some units that showed large changes of synchrony after blocking
inhibitory receptors with SAM tones showed much smaller changes in synchrony with

two tones. In addition, although the general decrease of PSTH fluctuation in response to
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tones in noise after blocking inhibition agreed with the decrease of AM synchrony, no
correlation was found between the amounts of the reduction across units. In other words,
although a general role of inhibition was to enhance the synchronization to the stimulus
envelope, the enhancement was not maintained universally; rather, the observed
enhancement was outcomes of the interaction between excitation and inhibition, which
was dependent on their own responses to different stimuli.

The PSTH fluctuation was presumably caused by locking to the effective stimulus
envelope (Louage et al. 2004; Chapter II). However, other factors may determine the
fluctuation too, such as the regularity and smoothness of inhibition. In addition, when
given the possibility that the frequency tuning (bandwidth and CF) of the inhibition may
differ from that of the excitation, it is hard to define the “effective” stimulus. Therefore, it
may not be accurate to state that the inhibition enhanced the locking to the envelope of

the effective stimulus, because the inhibition may alter the locking property.

5.4.2 Effect of inhibition on tone-in-noise responses

When comparing responses to noise-alone and tone-alone stimuli, the majority of
AVCN units showed larger rate changes in response to noise than in response to tones
(Fig. 5-12). Therefore, inhibition seemed to have a stronger effect on noise responses
than on tone responses. However, this differential effect was not strong enough to
facilitate the detection of tones in noise, because the majority of units showed increases
in rate of a similar size for noise alone and noise-plus-tones at different tone levels. Only
5 out of 53 units showed lower detection thresholds in the presence of inhibition

compared to the thresholds after blocking inhibition. It should be noted that the present
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study used relatively high-level noise and the tone levels were close to psychophysical
thresholds. Different conclusions might be drawn with lower-level noise. For example,
Ebert and Ostwald (1995a) find that inhibition has a strong suppressive effect on low-
level background-noise activity, but a minimal effect on responses to a tone added to the
noise.

A similar phenomenon was observed for PSTH fluctuations. Eighty-eight percent
units showed more than 10% decrease in the PSTH fluctuation after blocking inhibition,
but the change was parallel for responses to noise-alone and tone-in-noise stimuli. There
were 42% units that showed changed detection thresholds based on the SFIE model rate.
However, it was unclear whether the change in threshold was only due to changes in
PSTH fluctuation or a mixture of fluctuation changes and rate changes. Forty-seven and
51% of the units showed changed thresholds based on temporal reliability and correlation
index using single temporal resolution, respectively. When different temporal resolutions
were used for the temporal reliability, 66% of units showed threshold change and the
change was larger. No significant effect of blocking inhibition was found on
synchronization to tone frequency or spike-distance metric.

In summary, the presence of inhibition at the level of the AVCN did not greatly
affect the detectability of a tone in noise. Although for each metric there were units with
changed thresholds, the changes were not consistent in direction, which made it difficult
to confirm a general role of the inhibition in terms of detection. We cannot exclude the
possibility that information contained in a small group of neurons was critical for the
detection task. In that situation, the presence of inhibition might be important for

detection, if this group of neurons all showed large threshold changes in the same
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direction. It is also possible that the tone-level resolution used here was too low (10 — 15
dB step) to observe small changes in detection threshold caused by blocking inhibition.
Although inhibition was not found to consistently affect detection thresholds, this
study showed that inhibition can significantly affect certain response features (e.g., PSTH
fluctuation) and not other features (e.g., synchronization to tone frequency). These

findings may be important for other auditory tasks that involve similar temporal features.

5.4.3 Possible inhibitory neurons

By comparing the effect of inhibition on broadband-noise and pure-tone
responses, this study was trying to provide useful information about the identity of the
inhibitory neurons that projected to single AVCN neurons. As mentioned before, 47% of
units showed stronger responses to noise after blocking inhibition, while only 10% of
units showed stronger responses to tones. When glycinergic inhibition was concerned,
there were possibly fewer vertical neurons (which responded stronger to tones) than D-
stellate neurons (which responded stronger to noise) that projected to the recorded AVCN
neurons. However, for the 43% of units that showed similar rate increase for noise-alone
and tone-alone stimuli, it was likely that a mixture of inputs from D-stellate and vertical
neurons compromised the effect from each other. This could be a challenge for modeling

of AVCN neurons.
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Chapter VI

General Discussion and Summary

6.1  The importance of temporal responses

An important message of this study was that the temporal responses of AVCN
neurons can be important for certain auditory tasks. At first glance, it might seem
surprising to try all kinds of analytical approaches on responses at such a low level of the
auditory system. However, if information is gradually processed along the ascending
auditory pathway, and decisions for certain tasks are made at high levels, it will be
appropriate to apply more complex analyses to low levels, and look at more direct or
simpler cues at high levels. For example, a group of neurons in the auditory cortex are
found to be selective for particular pitches based on their firing rates, even after the
fundamental frequency is removed from the stimulus (Bendor and Wang, 2005). No such
neurons have been found at lower levels; however, the information has to be present at
lower levels, and likely is in some form of temporal features.

Analyzing the change in temporal responses by blocking inhibition was also
found to provide more information about the functions and characteristics of the
inhibitory inputs than simply studying changes in average rates at or off CF. For neurons
in the DCN or the IC, by studying the frequency response area and analyzing the distinct
excitatory and inhibitory bands, certain connections between different types of neurons
can be inferred (for review, see Davis, 2005). However, this approach is less useful for

the study of AVCN neurons, which do not have distinct inhibitory bands in their response
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areas. Even with the iontophoresis technique, which shows clearly the inhibitory
frequency tuning, the tuning property can be consistent with more than one candidate
neurons and is still not clear enough to link to certain types of inhibitory interneurons.

By analyzing changes in temporal responses of AVCN neurons, certain
speculations concerning the temporal properties of the inhibitory interneurons can be
made. However, further identification of the type of inhibitory neurons will require
knowledge of the response characteristics of the candidates. For example, D-stellate cells
are known to have different PSTHs compared to vertical cells in response to CF tones,
but both of them have low spontaneous activity. The present study and previous studies
(Caspary et al., 1979; Ebert and Ostwald, 1995a) found that the spontaneous activity was
affected by inhibition more than the sound-evoked activity was, when the variance of
spontaneous activity was not considered. However, the present study found that the
change in spontaneous activity was in fact insignificant once the variance taken into
account. The present study also found units with early inhibition. The mean first-spike
latency of these units could decrease by more than 0.8 msec after blocking glycinergic or
GABAergic inhibition. It is puzzling that descending inputs can affect the onset response
of excitatory inputs from auditory nerve fibers. To solve the puzzle, a better
understanding of the sound-evoked responses of the neurons in the SOC that project back
to the AVCN is required.

After knowing the temporal responses of all candidates for the inhibitory neurons,
modeling simulations may also be necessary to predict the observed change by blocking
inhibition with a certain candidate. For example, it was hypothesized that inhibitory

neurons with high spontaneous activity had a strong suppressive effect on the
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spontaneous activity of the target neuron (see Chapter 4). Whether this was true for both

primary-likes and choppers needs to be confirmed with corresponding model simulations.

6.2 Mechanisms for detection of tones in noise

Although monaural detection of a pure tone in broadband noise is a basic auditory
task, knowledge about how humans or other mammals perform this task is quite limited.
For example, whether sound energy or temporal features are used as cues for detection is
still unclear. Physiologically, it is unknown what types of neurons, what auditory levels,
and what detection cues are responsible for monaural detection of tones in noise. If these
“critical” neurons could be identified, further analysis of what sound features are
captured by these neurons would also help to understand what perceptual cues are used
by humans or other animals for detection. Presently, since no “critical” neurons have
been identified, this study chose to analyze information contained in the AVCN, which
sends major projections to many higher levels of the auditory pathway. If neural
responses based on particular stimulus features provide useful and reliable information
for detection of tones in noise, it is very likely that higher-level neurons will continue to
rely on this type of information.

An interesting finding of this study was that temporal features that were not
anchored in time seemed to provide more useful information for detection than did
absolute spike times. This finding was certain for primary-likes; it was not as certain for
choppers and other types of neurons since detection thresholds based on the spike-
distance metric cannot be directly compared with those of other metrics. This finding did

not indicate that the absolute spike times are unimportant; rather, the message here was



212

that for the purpose of detecting a tone in noise, the decision can be made based on sound
features that are not anchored in time. For example, similar to the PSTH fluctuation
applied to neural responses, the envelope slope (Richards, 1992) measures the fluctuation
of the sound envelope. Davidson et al. (2006) show that the envelope slope can predict a
significant amount of variance observed for human listeners in monaural detection of
tones in reproducible noise.

Another focus of this study was the exploration of physiological mechanisms to
extract each type of temporal information. This study showed that combinations of
excitation and delayed inhibition can represent the PSTH fluctuation, but this study was
unable to find neural mechanisms to extract other types of information without using
internal clocks to mark the beginning of each tone cycle (Joris et al. 2005; Louage et al.
2004). However, we cannot totally rule out the possibility of internal clocks, since
neurons with certain intrinsic timing properties have been observed (for review, see
DeWeese et al., 2005). Moreover, it is possible that single types of information are not
extracted in reality, but play their roles by means of affecting more complex response

patterns.

6.3 Role of inhibition at the level of the AVCN

Contradictory to the lateral inhibition commonly observed in the visual or
somatosensory system, the inhibition received by AVCN neurons mainly affects the
responses to tones at CF or maximum responses of target neurons (Caspary et al, 1993,
1994). If the role of inhibition is not to improve frequency contrast, what does it do for

other aspects of the response? And more interestingly, what is the benefit of receiving
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inhibitory inputs? Improvement of the dynamic range of discharge rate was not observed
for either pure tones or for tones in noise. In fact, Kopp-Scheinpflug et al. (2002) found
that the rate-level functions of some primary-likes with large prepotentials become non-
monotonic by receiving inhibition. Improvement of temporal contrast is proposed by
Ebert and Ostwald (1995a), since they find that inhibition has a larger suppressive effect
on spontaneous and low-level background-noise activity than on tone-evoked activity
when a tone is presented alone or added to an ongoing background noise. Using high-
level noise, the present study found that for a larger percentage of neurons, responses to
noise-alone stimuli were suppressed by inhibition more than responses to tone-alone
stimuli; however, when the tone was added to the noise, responses to noise-alone and
tone-plus-noise stimuli were suppressed by similar amounts. In other words, the
improvement of temporal contrast was only true for tones in quiet or tones in low-level
noise (when the tone dominates the response), but not for tones in high-level noise (when
the noise dominates the response). In general, the presence of inhibition did not facilitate
the detection of tones in noise based on discharge rate or any other temporal metrics. For
responses to tones in quiet, findings of this study agreed with previous studies (Caspary
et al., 1979; Ebert and Ostwald, 1995a) in that inhibition had a stronger suppressive effect
on spontaneous activity than on tone-evoked activity if the variance of spontaneous rate
was not considered. The change in spontaneous activity was in fact less significant
compared to the change in tone-evoked activity once the variance was included in the
measurement.

The enhancement of the synchrony to amplitude modulation or the fluctuation of

the PSTH can be thought of as another type of temporal-contrast improvement by
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inhibition. For responses to amplitude-modulated stimuli, tonic inhibition enhanced the
synchrony since the suppression of a constant response had a larger effect on response
valleys than on response peaks; phasic inhibition enhanced the synchrony by suppressing
activity at some phases more than at others. It should be noted that neither the
enhancement of synchrony nor the enhancement of PSTH fluctuation suggested that
information contained in the peaks was more important than information contained in the
valleys. It was the dynamic transition between peaks and valleys that provided
information, at least for PSTH fluctuation.

Note that both glycinergic and GABAergic inhibition can come from descending
inputs, and direct pathways have been found from the IC to the CN via the SOC by
inhibitory projections (Schofield and Cant, 1999). Some of the observations by blocking

inhibition can reflect possible feedback mechanisms that exist at the level of the AVCN.

6.4  The diversity of AVCN neurons beyond the known categories

AVCN neurons can be categorized based on cellular morphologies (e.g., bushy
vs. stellate cells), membrane properties (e.g., type Il vs. type I cells), or sound-evoked
properties (e.g., primary-likes, primary-like-with-notches, choppers) (Oertel, 1983; Wu
and Oertel, 1984; Blackburn and Sachs, 1989; Feng et al., 1994). The present study
showed that even within the finest sub-categories proposed to date, such as slowly
adapting choppers or transient choppers (Blackburn and Sachs, 1989), neurons within a
category can still be quite different from each other. For example, within each sub-
category, there were some units with flat rate-level functions and some units with

monotonic rate-level functions in response to tones in noise. Within each sub-category,
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there were units that showed positive effect and units that showed negative effect after
blocking inhibition. Even for units that showed positive effect within a certain category,
the change in first-spike latency or frequency response could differ.

The present study concluded that inhibition generally did not affect the
detectability of tones in noise based on average rate or any temporal metric. In fact, for
each metric, there were a number of units that showed changes in detection threshold.
However, since both decreased and increased thresholds were observed after blocking
inhibition, and units that did or did not show changes in threshold did not differ in terms
of category, it was hard to specify a clear role of inhibition for detection of tones in noise.
If further categorization can identify some unique response properties for units that
showed changed or unchanged thresholds, the effect of inhibition would be more

convincing.

6.5 Implications for AVCN models

Caspary et al. (1993, 1994) provide information about the frequency tuning of
inhibitory inputs, which should be taken into account when constructing AVCN models.
The present study provided other useful information for modeling of AVCN neurons as
stated below.

For simulations of choppers, inhibitory inputs are likely to terminate on the
dendrites of the target neurons to provide relatively smoothed hyperpolarizations.
Chapter 4 shows that the regularity change of choppers was consistent with a delaying
process of temporal summation across a large number of excitatory inputs by smoothed

inhibitory inputs. Moreover, for simulations of transient choppers, excitatory inputs are
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responsible for creating the transient patterns, since blocking inhibition only affected the
transient properties by a small amount. Exceptions were 1 transient chopper that became
as regular as a sustained chopper after blocking inhibition, which indicated that inhibitory
inputs had the ability to create transient properties alone in some cases. In contrast, for
primary-like units that showed phase locking to tone frequency, since no phase change
was observed after blocking inhibition, the amount of temporal summation should be
minimal®.

The traditional view of low-spontaneous and delayed inhibition was not always
correct. Since most units (approximately 72%) showed decreased first-spike latency after
blocking inhibition, inhibition that can affect the onset of excitatory responses must be
considered.

It can be a challenge for AVCN models that more than one source of inhibitory
interneuron may project to a single target neuron, as indicated by units that showed
comparable changes for noise and for tones after blocking glycinergic inhibition (the two
major glycinergic neurons, D-stellate and vertical neurons, respond differently to noise
and tones. Correspondingly, other response properties of the mixed inhibitory inputs,

such as temporal response patterns, can also be complicated to simulate.

6.6  General summary

Average discharge rate and several temporal metrics were applied to tone-in-noise

responses of AVCN neurons. Detection thresholds based on average discharge rates of

¥ Here the temporal summation refers to the situation that a post-synaptic spike is generated only

when more than two EPSPs overlap in time to reach the discharge threshold.
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AVCN neurons were generally higher than the psychophysical detection threshold.
Temporal approach based on either stimulus fine structure or envelope was then tested.
Detection thresholds based on synchronization to tone frequency for some neurons can
predict the psychophysical threshold at low and mid frequencies. It was difficult to find a
physiological mechanism to extract the information. Detection thresholds based on the
SFIE model, which measured the fluctuation of PSTH (presumably caused by
fluctuations of stimulus envelope), for some neurons can predict the psychophysical
threshold at all frequencies. The SFIE model can be easily realized with physiological
mechanisms.

Spike-timing consistency has not been used as a detection cue in previous studies.
Detection thresholds based on the temporal reliability and correlation index for some
neurons can predict the psychophysical threshold at all frequencies. Although both
metrics measured the consistency of spike timing in response to the same stimulus
presentation, the two metrics did not always agree on detection thresholds of individual
neurons. It was difficult to find a physiological mechanism to extract the information.

Last, detection information based on the absolute spike timing as measured by the
spike-distance metric was tested, and found to be less useful for detection of tones in
noise compared to other temporal features that were not anchored in time, especially for
primary-likes.

Changes in neural responses to pure tones and complex stimuli by blocking
inhibition provided some knowledge about the function and properties of inhibitory
inputs received by AVCN neurons. For tone-in-quiet responses, most AVCN neurons

showed on-CF (or broad) inhibition rather than off-CF inhibition. In response to CF
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tones, the shape of rate-level functions was generally invariant, although the average rate
increased. Spontaneous activity was more affected by blocking inhibition than tone-
evoked activity in terms of percentage of change. However, the larger variance in
spontaneous activity made the change insignificant.

Changes in the temporal responses by blocking inhibition were diverse across
neuron types. After blocking inhibition, choppers generally showed more chopping
cycles at the later part of the response (higher regularity), and the chopping frequency
increased. Some slowly adapting choppers and 1 transient chopper became sustained
choppers after blocking inhibition. All but one transient choppers only showed slight
increase of regularity at the early part of the response. The mean first-spike latency
decreased for the majority of AVCN neurons. For a group of primary-likes and unusual
neurons, the decrease of latency can be large.

Decreased synchrony to amplitude-modulated stimuli after blocking inhibition
was observed for most neurons. Both tonic and phasic inhibition were likely to cause the
enhancement of envelope locking. Choppers were more likely to receive tonic inhibition
except for very low modulation frequencies. For tone-in-noise responses, no systematic
change of detection threshold based on average rates or any temporal metric was
observed after blocking inhibition. The synchronization to tone frequency and the spike-
distance metric were found to be generally unaffected by inhibition. The average rate
increased and the PSTH fluctuation decreased after blocking inhibition, but by similar
amounts for noise alone and tone plus noise. Detection thresholds based on the temporal
reliability or the correlation index were found to be affected by inhibition most, yet both

decreased and increased thresholds were observed, which made it difficult to speculate
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the general role of inhibition for detection of tones in noise. However, the effect of
inhibition on the measured temporal properties might be useful for studies of other

auditory tasks involving these temporal properties.
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