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CHAPTER I. INTRODUCTION 

1.1 Hearing in an acoustic environment with multiple sounds 

Animals including humans normally live in a complex acoustic environment that contains 

multiple sounds with different qualities, intensities, timing, and locations. It is of critical 

importance for survival, communication, and many other behavioral needs of animals to analyze 

information from the acoustic environment and find “what” and “where” each sound is. The 

perception of one sound can be affected by another sound in the environment. For instance, the 

sound of one's speech can be difficult to interpret when there are other sounds in the 

environment, a phenomenon termed masking (Bronkhorst 2000). Although the perception of one 

sound being affected by another sound has been examined in human behavioural studies 

(Crocker 1997; Fastl and Zwicker 2007; Litovsky 2005), neurophysiological studies on animal 

models serve to bridge the gap between the observed behaviour and their potential neural 

correlates (Chot et al. 2019; Flammino and Clopton 1975; Palmer and Kuwada 2005; Zhang and 

Kelly 2009). This study seeks to examine how the responses to one sound are affected by another 

sound in the auditory midbrain by varying the frequency, timing, and location of the sounds.   

1.2 Human psychoacoustics 

Psychoacoustics describes the relationship between the physical stimuli of the sound and the 

sensory perception of a sound (Fastl and Zwicker 2007). An example of a psychoacoustic 

procedure in humans is the method of adjustment where subjects may be asked to vary the 

stimulus frequency until they perceive it matches a reference tone (Crocker 1997; Fastl and 

Zwicker 2007; Pulkki and Karjalainen 2015).  
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1.2.1 Perception of spectral, temporal, and directional cues generated by a single sound 

The frequency range of human hearing is between 20 Hz and 20 kHz (Fastl and Zwicker 

2007). The sound pressure level for detecting low-frequency sounds is high and reaches about 40 

dB at 50 Hz (Fastl and Zwicker 2007). Human hearing is most sensitive to sounds between 2 and 

5 kHz reaching threshold levels below 0 dB (Fastl and Zwicker 2007). Sound pressure levels stay 

between 0 and 15 dB for frequencies below 12 kHz and rise rapidly for frequencies beyond this 

point (Fastl and Zwicker 2007).  

Studies have indicated that humans are unable to perceive differences in sound durations 

which are below 200 ms (Fastl and Zwicker 2007). The subjective duration of the sound is 

longer than the physical duration of the sound for sounds shorter than 200 ms long (Fastl and 

Zwicker 2007). In sound paradigms, where tones are presented separated by a pause, subjects are 

unable to distinguish the physical durations of the tone and pauses when the duration of either 

one varies by less than a 100 ms (Burghardt 1973).  

There are three planes of symmetry that can be used to describe the location of the sound: 

the frontal plane, the horizontal plane, and the median plane (Figure 1) (Fastl and Zwicker 2007). 

In the horizontal plane, any non-zero value of φ will result in differences in the time and intensity 

of the sound between the two ears which helps subjects localize the direction of a sound (also 

referred to as interaural time and interaural level differences) (Fastl and Zwicker 2007).  
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Figure 1. The coordinate system used to describe the spatial location of a sound. Adapted from 

Pulkki and Karjalainen 2015.  The φ symbol is showing the angle between the sound in the 

horizontal plane while the δ is showing the angle of the sound in the median plane. 

1.2.2 Masking 

The most important perceptual phenomenon related to this study is masking. This is a 

perceptual phenomenon in which the perception of one sound (test) is affected by the presence of 

another sound (masker) (Crocker 1997). A masker may make the test sound inaudible, decrease 

its loudness, or make it hard to discern (Crocker 1997). For instance, a listener may find it 

difficult to hear a person’s speech (signal) if there is also the sound of an ambulance siren (mask) 

nearby. Masking can be influenced by the temporal, spectral, and spatial aspects (Pulkki and 

Karjalainen 2015).  
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1.2.2.1 Temporal masking 

The three types of temporal masking are forward, simultaneous, and backward masking 

(Fastl and Zwicker 2007). In forward masking, the masker is presented before the test sound and 

its’ effect decreases 5-10 ms after its offset and can last between 100-200 ms (Fastl and Zwicker 

2007). Moreover, the forward masking effect is also dependent on the level and duration of the 

masker (Figure 2) (Pulkki and Karjalainen 2015). As the level of the masker increases, the 

masked threshold (level of the test sound to become audible) of the test sound increases and it 

needs to be presented at higher levels or increase time delays to be perceived (Figure 2A) (Fastl 

and Zwicker 2007). If the duration of the masker is increased from 5 ms to 200 ms, the masked 

threshold of the test tone also increases (Figure 2B) (Fastl and Zwicker 2007).  

 

Figure 2. A conceptual illustration of the forward masking effect. A. A 0.5s long white noise 

(WN) masker was presented at 80, 60, and 40 dB before a test sound at various delays between 

the two sounds, td. The peak level of the test tone is associated with its detection threshold. B. A 
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200 ms and 5 ms masker was presented before a test sound. Adapted from Pulkki and 

Karjalainen (2015). 

 Another temporal condition of masking is simultaneous masking in which the test sound 

is overlapped with the masker sound presentation (Figure 3) (Fastl and Zwicker 2007). The 

effect of masking is dependent on the duration of the test sound, the delay between the onset of 

the masker and test sound, and frequencies of the two sounds (Fastl and Zwicker 2007). At 

shorter delays, Δt, the masked threshold is more elevated than at longer delays. 

 

Figure 3. A conceptual illustration of simultaneous masking. Test sound with a duration of TT is 

presented simultaneously with a masker after a delay of 2 ms and 200 ms from the onset of the 

masker sound. Modified from Fastl and Zwicker (2007).  

  Backward masking is when the masker affects the perception of test sounds presented 

before it. This type of masking is shown to affect sounds only 5-10 ms before the onset of the 

masker and effects low-level sounds (Pulkki and Karjalainen 2015). All three types of temporal 

masking are dependent on spectral characteristics of the sounds involved (Fastl and Zwicker 

2007). 
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1.2.2.2 Spectral masking 

 Spectral masking is when a sound with a certain spectral content makes the detection of 

another sound with a different spectral content difficult (Pulkki and Karjalainen 2015). In 

spectral masking, the masker can be a noise (broadband or narrowband) or pure tone. Broadband 

noise masker is composed of a large number of frequencies and the level of the noise can affect 

the detection threshold of the test sound (Pulkki and Karjalainen 2015). In contrast, pure tone 

masker is composed of a single frequency (Pulkki and Karjalainen 2015). For a narrowband 

noise masker, the threshold of test tone detection increases for tones within the noise band and is 

the highest for the test tone corresponding to the central frequency of the masker  (Figure 4) 

(Pulkki and Karjalainen 2015). Similarly, the masking threshold is the highest for pure tone 

maskers with a frequency closest to that of the test sound (Small 1959). 

 

Figure 4. The masking threshold curve resulting from a narrowband noise masker centered at 

1kHz with different levels (L). Modified from Pulkki & Karjalainen (2015).  
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1.2.2.3 Spatial masking 

A change in direction of a masker source can change the effect it has on the test sound. 

For instance, studies examining the perception of speech in noise first present both the masker 

and test sound from a colocalized position (Figure 5A). Next, the masker is separated from the 

test sound (Figure 5B). The results reported from multiple studies indicate that subjects showed 

an improvement in word identification in the separated condition with monaural or binaural 

masker cues (Figure 5C) (Freyman et al., 1999; Litovsky, 2005; Plomp & Mimpen, 1981).  

 

Figure 5. An experimental setup of a study examining the role of spatial cues in speech 

perception. A. The masker and the test sound are presented from a colocalized position in front 

of the subject. B. The masker is moved to the right ear while the test sound is presented from the 

front. C. A masker is placed in front of both ears while the test is presented from the front of the 

subject. Modified from Litovsky (2012).  
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1.3 Human neurophysiological studies 

To find the neural correlates of psychoacoustic phenomena such as masking, 

neurophysiological studies serve as a gateway. Some studies have examined neural responses in 

human subjects to different sound in the environment (Ahveninen et al. 2014; Bernstein 1999). 

However, the neurophysiological studies conducted in humans have been limited to non-invasive 

procedures such as using electroencephalographic equipment to record event-related potentials 

(ERP) (Alho et al., 1990; Frey et al., 2015; Leppänen et al., 1997). ERP is scalp recording 

electrical potentials that reflect the summed activity of groups of neurons in the brain (Regan 

1972). Some ERP studies in humans have focused on the mismatch negativity component of the 

ERP recording. Mismatch negativity is referred to a negative peak on an ERP recording which 

has shown to be elicited during stimulus irregularities such as changes in loudness (Näätänen et 

al., 1987), pitch (Näätänen et al. 1978; Sams et al. 1985), duration (Jacobsen & Schröger, 2003; 

Kaukoranta et al., 1989), and sound location (Paavilainen et al., 1989; Schröger & Wolff, 1996). 

However, the EEG studies are limited in scope because they lack spatial resolution and it 

becomes difficult to evaluate the contribution by different areas of the brain  (Pulkki and 

Karjalainen 2015).  

1.4 Animal behavioural studies  

Since hearing is considered a behaviour, many behavioural studies have been conducted to 

validate animal models for hearing research (Fay and Popper 1994). Psychoacoustic studies in 

animals serve as a bridge between animal neurophysiology and human hearing (see Fay & 

Popper, 1994 for a review). With the use of classical and operant conditioning, animals can be 

trained to recognize certain tones and elicit a specific behaviour (Cowles and Pennington 1943; 

Gourevitch et al. 1960; Gourevitch and Cole 1963; Hack 1971; Kelly and Masterton 1977; 
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Talwar and Gerstein 1998).  Studies have shown that difference acoustic measures such as 

audiograms, intensity and frequency discrimination thresholds, temporal discriminations, 

auditory filters, gap detections thresholds critical bandwidths, and psychophysical tuning curves 

show a similarity between humans and nonhuman mammals such as chinchilla, cat, various 

primates, mouse and rats (Fay and Popper 1994; Hack 1971; Kelly and Masterton 1977).  

1.4.1 Animal behavioural tests show that the perception of a sound can be affected by another 

sound 

Using operant conditioning, auditory masking has been demonstrated in rats (Gourevitch 

1965). Rats were trained to press a bar for water after a tone (which they had been previously 

trained to recognize) had ended. The tone was then presented simultaneously with different noise 

levels and the rat would press the bar after it could no longer hear the tone due to masking 

(Gourevitch 1965). The major finding of this study was that the masked threshold in rats 

increased linearly with the level of the noise, a finding which reflected in human studies 

(Gourevitch 1965). However, it is unclear whether the rat perceived a qualitatively different 

sound when the noise and test tone were simultaneously played. 

Another study examined the influence of one sound on the perception of another sound in 

rats (Hoeffding and Harrison 1979). The study focused on precedence effect, an acoustic 

phenomenon which aids in the localization of the sound source by suppressing the perception of 

echoes in a reverberant acoustic environment (Pulkki and Karjalainen 2015). The rat was trained 

to press a lever in response to a click emitted by a sound source in the presence of a second click, 

which served as an artificial echo, from a sound source located opposite of the first sound source 

(Hoeffding and Harrison 1979). The time between the first click and the artificial click was 

varied, and the results showed that the majority of the correct responses (rat pressing the lever 
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corresponding to the first sound) were at a higher time delay between the two clicks (Hoeffding 

and Harrison 1979). This study shows that one sound can affect the perception of another sound 

in a time-dependent manner. However, it is unclear whether the rat was responding to the second 

sound rather than the first sound. 

1.4.2 Sound localization in rats 

Rat’s have demonstration spatial acuity in discrimination sound location (Beecher and 

Harrison 1971; Harrison and Beecher 1969). In one study, rats were reinforced if they pressed a 

lever closest to the speaker delivering a 4kHz tone burst (Beecher and Harrison 1971). The 

results showed that the rats rapidly acquired the ability to discriminate between the two speakers 

and press the lever closest to the speaker delivering the sound stimulus within the first session 

(Beecher and Harrison 1971).  

1.4.3 Binaural cues and sound localization in rats 

Binaural cues such as interaural time (difference in the time of sound arrival at the two 

ears) and interaural level differences (difference in the level of sound arriving at the two ears) are 

reflected in the anatomy and physiology of the mammalian auditory pathway (Fay and Popper 

1994). Rat and many other small rodents predominantly use interaural level difference (ILD) in 

sound localization (Inbody and Feng 1981; Kelly et al. 1991; Potash and Kelly 1980). 

Binaural cues, or differences in sound arriving at two ears, play an important role in 

sound localization (Kelly et al. 1987; Potash and Kelly 1980). A study tested the tendency of 

three groups of rat infants to approach a target sound. Group 1 had one ear blocked with an 

earplug, group 2 had both ears blocked, and group 3 had no ear blocked (Potash and Kelly 1980). 

The purpose of the plug was to attenuate the sound by approximately 10dB. The results showed 

that only group 2 and group 3 approached the target sound with above chance levels (Potash and 
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3.6 Effects of CGP35348  

3.6.1 The effect of CGP35348 on response elicited by a single tone 

The effect of CGP35348 on an LFP elicited by a single tone burst was evaluated in five 

cases. As shown by the example in Figure 30, the drug minimally affected the responses. The 

waveforms obtained before, during, and after application of the drug overlapped with each other 

substantially.  

 

Figure 30. An example showing the effect of CGP35348 on the response to a single tone burst 

(serving as a leading sound in a leading-trailing sound pair) at c90° and i90°. The CF of the 

recording site: 10 kHz; the frequency of the tone burst: 10.352 kHz. 

 For the same case, as shown in Figure 30, CGP35348 minimally affected responses to a 

single tone burst over a wide range of stimulus intensity. Thus, an AIF curve based on these 

responses was not affected by the drug (Figure 31). 
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Figure 31. An example showing the effect of CGP35348 on an amplitude-intensity function 

based on the negative peak of an LFP. LFP responses were elicited by a tone burst at the CF of 

the recording site (10 kHz). 

Group results from the 5 cases supported that CGP35348 minimally affected LFP 

responses elicited by a single tone burst. 

3.6.2 Effects of CGP35348 on responses elicited by a pair of leading-trailing sound 

CGP35348 minimally affected LFPs elicited by a leading and a trailing sound in a sound 

pair regardless of the location of the leading sound. There were no significant differences of the 

normalized amplitudes between the pre-drug and CGP conditions both when the leading sound 

was presented at c90° and i90° at specific ISIs. There were no significant differences between 

the latencies of the trailing sound responses obtained before and during application of CGP35348 

regardless of whether the leading sound was at c90° (Friedman’s test, χ2 (17) = 18.848, p = 

0.337) or when it was at i90° (Friedman’s test, χ2 (13) = 14.120, p = 0.365). Thus, the normalized 

amplitude-ISI and latency-ISI curves based on the negative peak of the LFP elicited by a trailing 
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Figure 34. An example showing the effect of strychnine on an amplitude-intensity function 

based on the negative peak of an LFP. LFP responses were elicited by a tone burst at the CF of 

the recording site (13 kHz) presented at c90°. 

3.7.2 Effects of strychnine on responses elicited by a pair of leading-trailing sound 

 As shown by an example in Figure 35, strychnine increased responses to both leading and 

trailing sounds in a pair of sound no matter whether the leading sound was presented from c90° 

or i90° (Figure 35A). The amplitudes of the LFPs elicited by the two sounds were substantially 

increased during the drug injection (Figure 35B top panels). The latencies were slightly increased 

during the strychnine condition (Figure 35B bottom panels). A comparison of the leading sound 

normalized responses shows that there was no increase during the shorter ISIs, however, there 

was an increase during the longer ISIs. The ISI70 value obtained based on responses recorded 

before and during injection of gabazine was 38.93 ms and 19.92 ms when a leading sound was 

presented at c90°. It was 21.60 ms and 17.88 ms, respectively, when a leading sound was 

presented at i90° (Figure 35C). The normalized post-drug response to the leading sound are not 

shown because a baseline response to a leading sound alone at c90 was not collected during the 

post-drug condition. Moreover, the animals condition declined drastically during the i90° post-

drug condition and responses were excluded from the presentation below.  
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Figure 35. An example showing the effects of strychnine on responses to a pair of leading-

trailing sounds. A. Effects of strychnine on waveforms of responses to a pair of leading-trailing 

sounds when a leading sound was presented at c90° and i90°. A trailing sound was at a fixed 

location at c90°. B. Line charts showing the absolute amplitude (top panels) and latency (bottom 

panels) of the negative peak of an LFP elicited by a trailing sound obtained before, during, and 

after application of strychnine. The first two columns show the response to the leading sound 

(left panels) and trailing sound (middle panels) when the sound was colocalized at c90°. The 

third column panels show the response to the trailing sound (located at c90°) when the leading 

sound was at i90°. C. Line charts showing the normalized amplitude of the leading and trailing 

sound responses. The extreme left panel shows the NR of the leading sound responses when it 

was at c90°. The middle panel shows the normalized amplitudes of the trailing sound resposnes 

when the leading sound was at c90°. The extreme left panels shows the normalized amplitudes of 

the trailing sound responses when the leading sound was at i90°. Horizontal dashed lines indicate 

NR value of 100%. The solid lines indicate the NR value of of 70%.  
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 Group results indicated that strychnine did not change NR-ISI and latency-ISI curves that 

were based on responses to a leading sound that was presented at c90° (Friedman’s test, χ2 (17) 

= 19.961, p = 0.276) and (Friedman’s test, χ2 (17) = 15.162, p = 0.584) respectively (Figure 

36A). In contrast, the normalized amplitudes of the trailing sound responses during the 

strychnine condition were significantly different when a leading sound was at the c90° 

(Friedman’s test, χ2 (17) = 105.336, p < 0.001) and when it was at the i90° azimuth (Friedman 

test, χ2 (17) = 70.347, p < 0.001). Wilcoxon-signed rank post-hoc  that when the leading sound 

was at c90°, strychnine significantly increased the NR at ISIs of 16 ms (Z = -2.197, p = 0.028), 

24 ms (Z = -2.366, p = 0.018), 40 ms (Z = -2.197, p = 0.028) and 264 ms (Z = -2.028, p = 0.043). 

When the leading sound was at i90°, strychnine increased the NR at ISIs of 24 ms (Z = -2.201, p 

= 0.028), and 40 ms (Z = -2.366, p = 0.018). Strychnine did not increase the latency of the 

negative peak of an LFP elicited by a trailing sound at specific ISIs when a leading sound was at 

c90° or i90°. The Friedman’s test showed a significant difference in the trailing sound latencies 

when the leading sound was at c90° (χ2 (17) = 33.424, p = 0.010) and i90° (Friedman’s test, χ2 

(17) = 35.837, p = 0.005), however, these differences were across different ISIs between the pre-

drug and strychnine curves or within the same curve but different ISIs based on the post hoc 

analysis. Due to an increase of the median NR values at short ISIs, the ISI70 value was 

significantly decreased from 41.86 ms (SD = 16.90 ms) to 20.46 ms (SD = 2.61 ms) during the 

application of strychnine when a leading sound was at c90° (Wilcoxon signed-rank test, Z  = -

2.366, p = 0.018) (Figure 36B). When a leading sound was at i90°, the value decreased from 

27.34 (SD = 10.27) to 17.02 (SD = 3.76)  (Wilcoxon signed-rank test, Z = -2.197, p = 0.028) 

(Figure 36B). 
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Figure 36. Group results showing the effects of strychnine on responses to leading and trailing 

sounds in a sound pair. A. Line charts showing normalized amplitude (top panels) and latency 

(bottom panels) of the negative peak of an LFP elicited by a leading sound (first column) and a 

trailing sound (second and third columns). The first two columns show responses to a leading 

sound (first column) and a trailing sound (second column) when the two sounds were colocalized 

at the c90°. The third column shows the response to a trailing sound (located at i90°) when a 
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leading sound was at i90°. B. ISI70 values based on responses to a trailing sound obtained before 

and during the application of strychnine. Results were obtained when a leading sound was at 

c90° and i90°, respectively. The error bars show SEM. 
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CHAPTER IV. DISCUSSION 

4.1 Directional dependence of a response in the CIC to a single-tone 

This study showed that an LFP response elicited by a single tone burst in the CIC was 

directionally dependent. Such a response had a reduced amplitude and an increased latency when 

the tone was relocated from the contralateral ear to the ipsilateral ear. This finding is in 

agreement with results from single neurons in the same structure showing that firing of an action 

potential elicited by a single tone burst was stronger when the tone burst was at the contralateral 

rather than the ipsilateral ear (Cant 2005; Flammino and Clopton 1975; Kelly et al. 1991). 

Moreover, studies have shown that the response latencies are shorter for contralateral sound in 

comparison to ipsilateral sound (Flammino and Clopton 1975). The major difference between 

these previous studies and our study is that our study used free-field sound stimulation (sound 

delivered through location changeable speakers) instead of dichotic stimulation (sound delivered 

through earphones). Therefore, our acoustic stimulation better reflects the natural acoustic 

environment. Other studies that have used free-field stimulation to study the directional 

dependence of IC neurons used other animal models instead of the rat such as bats (Fuzessery et 

al. 1990; Fuzessery and Pollak 1985), frogs (Gooler et al. 1996; Xu et al. 1996) and cats (Semple 

et al. 1983).  

The directional dependence of the responses in the CIC could be related to the integration of 

contralateral excitatory inputs and the inhibitory ipsilateral inputs. A large amplitude and a short 

latency of responses to the single sound at the contralateral ear maybe because the CIC receives 

direct excitatory inputs from the contralateral cochlear nucleus, a major source of the excitatory 

inputs to the CIC (Malmierca 2015). The contralateral cochlear nucleus sends frequency-specific 

excitatory signals to the CIC (Coleman and Clerici 1987; Malmierca 2003, 2015). In contrast, a 
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decrease in response amplitudes and a long latency of responses to the single sound at the 

ipsilateral ear maybe be explained by the inhibitory inputs into the CIC by LSO (Glendenning et 

al. 1992; Helfert et al. 1989; Marie et al. 1989; Vater et al. 1992b). LSO receives excitatory 

inputs from the ipsilateral CN and sends inhibitory inputs to the ipsilateral CIC (Cant and 

Benson 2006). Another explanation could be a reduction in the excitatory inputs when the sound 

was presented from the i90° azimuth.  

4.2 The suppressive effect produced by a leading sound in a leading-trailing sound pair 

The amplitude and latency of response to leading sound in a pair of leading-trailing sounds 

that were colocalized at c90° were the same as the response elicited by the leading sound 

presented alone. This indicates that between multiple presentations of leading-trailing sound 

pairs, the trailing sound of one pair did not affect the response to a leading sound of the 

subsequent pair. This ensured that only a leading sound could affect the response to a trailing 

sound over multiple presentations of leading-trailing sound pairs.  

When the trailing sound was colocalized with the leading sound, group results showed that 

the strongest suppression of the trailing sound response was at the lowest ISI of 12 ms. The 

responses recovered by at least 70% at an ISI value of 38.93 ms. A previous study used a 

forward masking paradigm to examine responses to a probe-test (or leading-trailing) sound pair 

under a monaural contralateral condition (Finlayson and Adam 1997). They observed that CIC 

neurons were suppressed by 83.1%  in response to a trailing sound delayed by 8 ms after the 

offset of the leading sound (Finlayson and Adam 1997). Moreover, the trailing sound responses 

recovered by at least 75% when the trailing sound was delayed by 226.9 ms (Finlayson and 

Adam 1997). The general finding of this study agrees with our study because the trailing sound 

was strongly suppressed at shorter delays and gradually recovered at higher delays. However, the 
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recovery time points differ substantially. This is because the previous study used a modified 

form of forward masking paradigm and the sound stimuli used in this study were different from 

our study. For instance, the probe tone (or the leading sound) was 200 ms in duration and the test 

tone (or the trailing sound) was 30 ms in duration and both were delivered through dichotic 

stimulation at the best frequency of the neuron (Finlayson and Adam 1997). In contrast, we 

evaluated LFPs elicited by leading and trailing sounds that were 8 ms long and had frequency 

differences.  

The results showed that the suppressive effect generated by a leading sound on the response 

to a trailing sound at c90° is dependent on the location of the leading sound. This dependence 

was significant when the ISI between two sounds was 16 ms and 24 ms. There was a significant 

increase in the trailing sound response NR when the leading sound was relocated to i45° and i90° 

from the c90° azimuth. There was also a gradual increase in the latency of the trailing sound 

responses as the leading sound was moved away from the c90° azimuth and towards the 

ipsilateral side. However, no significant differences were found. Our findings are in general 

agreement with a previous finding showing that relocation of one of the two sounds that were 

colocalized at c90° to another angle increased the response to the second sound (Chot et al. 

2019). However, the study by Chot et al. 2019 used tones that were 100 ms in duration in 

comparison to the 8 ms duration tones in our study. This study also studied single neuron 

response rather than LFPs.  

The time course of the suppressive effect produced by a leading sound was evaluated when 

the leading sound was at c90° and when it was at i90°. The ISI70 value of the trailing sound 

responses was significantly lower when the leading sound was at i90° compared to c90°. This 

indicates that the suppressive effect of the leading sound on the trailing sound responses lasted 
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longer when both sounds were colocalized at the c90° azimuth compared to when the leading 

sound was separated to the i90° azimuth.  

The suppressive effect of the leading sound on the responses to a trailing sound can be due to 

three mechanisms. One of the mechanisms could be the local adaption of the excitatory response. 

The excitation resulting from the leading sound response may deplete glutamate in CIC neurons 

which prevents the trailing sound from eliciting an equally strong response. Another possible 

mechanism of suppression could be the interaction between the local excitatory/inhibitory 

projections received by the CIC from other structures. Most of the previous studies related to 

binaural inhibition were conducted with the contralateral and ipsilateral stimulation presented 

simultaneously. Zhang and Kelly 2010 indicated that the degree of binaural interaction changes 

throughout the dichotic stimulation. Zhang and Kelly 2009 indicated that an ipsilateral 

stimulation could generate a long lasting inhibitory aftereffect even after the offset of the 

ipsilateral stimulation. These results suggest that a leading sound can generate different effects 

on the response to a trailing sound when the leading sound is presented at different locations. 

Another mechanism responsible for the suppressive effect could be that the inheritance of 

response characteristics by the CIC neurons. Through this mechanism, the binaural responses are 

integrated in lower brainstem nuclei which process binaural inputs such as the SOC or DNLL 

and are then sent through projections to converge on the CIC neurons. The pharmacological 

manipulations in our study asesssed the degree of suppression that was dependent on the 

excitatory/inhibitory projections received by the CIC.  
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4.3 Contributions of local inhibitory interaction in shaping responses to a pair of leading-

trailing sounds  

Gabazine substantially increased the amplitude of the LFP elicited by a single tone burst. The 

median of the increase was 97.87%. Similarly, strychnine increased the amplitude of the LFP 

elicited by a single tone burst by a median of 40.76%. This finding is in agreement with previous 

studies showing that both GABAA receptors and glycine receptors play an inhibitory role in the 

CIC (Brandão et al. 1988; Kelly and Caspary 2005; Milbrandt et al. 1996; Moore et al. 1998; Xu 

et al. 2004).   

CGP35348 minimally affected the response amplitudes. This lack of effect supports results 

from previous studies (Vaughn et al. 1996). This lack of effect could be explained by the low 

abundance of GABAB receptors in the CIC (Jamal et al. 2012). However, within the CIC, the 

GABAB receptors are more abundant in the dorsal regions (Jamal et al. 2012).  The responses to 

trailing sound alone showed a median decrease in absolute amplitudes by 35.03%. Moreover, the 

raw amplitudes failed to recover to pre-drug levels during the post-drug conditions and decreased 

even further. The CGP results were mainly collected at the very end of the long experiments 

(more than 8 hours after the start of the experiment) and they may have been influenced by the 

decline in animals condition. 

4.3.1 Involvement of the GABAA receptor 

The main GABAergic inputs to the CIC are from the ipsilateral SPON and contralateral 

DNLL (Malmierca 2015). The ipsilateral SPON is excited by contralateral sound stimulus and 

sends inhibitory inputs to the ipsilateral CIC neurons (Choy Buentello et al. 2015; Kulesza et al. 

2003). DNLL receives major excitatory inputs from the contralateral dorsal cochlear nucleus and 

sends inhibitory projections to the contralateral CIC (Kelly et al. 2009). Our results indicated that 
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gabazine did not completely eliminate the long-lasting inhibitory effect produced by a leading 

sound. This result seemingly contradicts previous findings because previous studies have 

indicated that SPON is contralaterally driven and neurons in this structure show offset firing (i.e 

they fire after a sound stops) (Behrend et al. 2002; Choy Buentello et al. 2015; Kulesza et al. 

2003; Saldaña et al. 2009). The finding that the trailing sound responses are still suppressed 

when the leading sound is at the i90° suggests there may be other inhibitory inputs responsible 

for the suppression. There was, however, a significant decrease in the ISI70 value of the trailing 

sound responses when the leading-trailing sound pair was colocalized at c90° during the 

gabazine condition. In contrast, there were no significant differences between trailing sound ISI70 

values between the pre-drug and gabazine conditions when the leading sound was presented at 

i90°. This finding suggests that the suppression of the responses when the leading sound was at 

c90° may have been predominantly driven by GABAA receptors.  

4.3.2 Involvement of the GABAB receptor 

Postsynaptic GABAB receptors activate the G protein-coupled inwardly-rectifying potassium 

channel (GIRK) ion channels which leads to the efflux of potassium (Lüscher et al. 1997). 

Antagonizing these channels would result in the excitatory effect (Lüscher et al. 1997). 

Presynaptic GABAB receptors regulate the release of GABA and glutamate neurotransmitters 

(Ma et al. 2002). If the presynaptic terminal releases GABA, the GABAB receptors will act to 

decrease the further release of GABA (Ma et al. 2002). If the presynaptic terminal releases 

glutamate, the GABAB receptors will act to decrease further glutamate release (Ma et al. 2002). 

Antagonizing these receptors will release more GABA or glutamate depending on the 

neurotransmitter released at the presynaptic terminal (Ma et al. 2002). 
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Our results showed that there were no apparent changes in the LFP waveforms after the 

application of CGP 35348. In most cases, the responses were weaker during the CGP condition 

compared to the pre-drug condition. However, the evaluation of the NR curve when the leading 

sound was at c90° showed that the median NRs at ISI 24 ms and 40 ms were higher than the pre-

drug condition, however, there was no statistical significance between the median NRs and 

latencies between the same ISIs of the pre-drug and CGP curve in any condition. Similarly, a 

previous single-unit study which examined the role of GABAB receptors on paired-pulse 

stimulation comprised of two tones, showed that CGP did not significantly reduce the inhibition 

of the second sound separated by an interpulse interval of 200 ms (Vaughn et al. 1996).  

In those cases where CGP results were collected relatively early during the experiment, the 

general lack of effect of CGP can be explained by the lack of relative abundance of these 

receptors in the CIC compared to other inhibitory neurotransmitter receptors (Jamal et al. 2012). 

The antagonizing effect of CGP on presynaptic receptors may have resulted in the increase in 

both glutamate and GABA from presynaptic terminals of the CIC neurons which may have led to 

no net change in the responses.     

4.3.3 Involvement of the glycine receptor 

The CIC receives glycinergic inputs from the ipsilateral ventral nucleus of the lateral 

lemniscus (VNLL) (Choy Buentello et al. 2015; Riquelme et al. 2001; Vater et al. 1997) and the 

ipsilateral LSO (Glendenning et al. 1992; Helfert et al. 1989; Marie et al. 1989; Vater et al. 

1992b). The ipsilateral VNLL is excited by contralateral stimulation (Kelly et al. 2009; Saldaña 

et al. 2009). LSO is excited by ipsilateral stimulation (Shu Hui Wu and Kelly 1992).    

Our results show that there was a significant increase in the trailing sound median NRs 

during the strychnine condition when the leading sound was colocalized at c90°. There was a 
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significant difference at ISIs: 16 ms, 24 ms, 40 ms, and 264 ms between the pre-drug and 

strychnine NRs of the trailing sound response. There was also a significant increase in the 

median NRs of the trailing sound response during the strychnine condition when the leading 

sound was at the i90° azimuth. The ISIs with a significant difference were 24 ms and 40 ms. The 

ISI70 values were significantly lower during the strychnine condition whether the leading sound 

was at c90° and i90°. Thus, it is a possibility that leading sound at c90° may have excited VNLL 

neurons which may have inhibited CIC responses to the subsequent trailing sound through 

glycinergic inhibition. This inhibition may have been antagonized by the strychnine thus 

increasing the NR values of the trailing sound response significantly at lower ISIs and the ISI70 

value when the leading sound was at c90°. When the leading sound was at i90°, it may have 

excited ipsilateral LSO neurons which may then have inhibited CIC responses to the subsequent 

trailing sound. The application of strychnine may have antagonized glycinergic innervations to 

the CIC which may have increased the NR values and the ISI70 value when the leading sound 

was at i90. It should be noted that it is not yet evident whether VNLL and LSO produce long-

lasting inhibitory effects.  

4.4  Technical limitations  

The interpretation of the LFP signals can be difficult due to technical limitations. For 

instance, activity from distant sources may be picked up if the activity of the local source is weak 

(Herreras 2016). Our LFP responses may have been contaminated with activity from the lateral 

nucleus, dorsal nucleus, and the rostral cortex of the inferior colliculus.  

The microiontophoresis method has several pitfalls. For instance, the exact concentration of 

the drugs at the recordings site is indirectly controlled by the ejections current, however, the 

exact concentration cannot be determined (Vater et al. 1992a). Moreover, previous studies have 
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shown that the drug spread can be hundreds of micrometers from the electrode tip which is 

between 10-15 µm in diameter. 

4.5 Implications and future directions 

Future studies should examine single neuron responses in the CIC using dichotic stimulation 

and pharmacological manipulation to evaluate the excitatory-inhibitory binaural interaction in 

the CIC. Studying single neurons will give the temporal resolution of the binaural 

excitatory/inhibitory interactions at an individual neuron level. Pharmacological manipulations 

using the same inhibitory neurotransmitter antagonists as our study should also be done to 

evaluate the changes in excitation and inhibition over different ISI conditions. Additionally, 

using a glutamate agonist can provide insight as to whether local adaptation within the CIC 

neurons contributes to the suppression of the trailing sound in a leading-trailing pair.  

To test whether response characteristics in the CIC neurons are inherited from lower 

brainstem nuclei, pharmacological agents can be applied to these nuclei to see how CIC 

responses are affected. For instance, directly antagonizing SPON and LSO neurons while 

observing CIC responses can give insight as to how much these nuclei contribute to the trailing 

sound response suppression.  
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CHAPTER V. CONCLUSIONS 

Results from the present study indicate that the responses of a population of neurons in the 

CIC to a sound is suppressed by a preceding sound. The suppressive effect is strong when the 

two sounds are colocalized at the ear contralateral to the neurons being studied and separated by 

a small temporal gap. The suppressive effect is reduced when the two sounds are temporally and 

spatially separated. Two inhibitory neurotransmitter receptors, the GABAA receptor, and the 

glycine receptor are partially involved in the generation of the suppressive effect of a leading 

sound. Other mechanisms such as the adaptation of excitatory response or inheritance of 

response characteristics likely play a major role in generating the suppressive effect of the 

leading sound. 
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