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Abstract
The ability to detect novel sounds in a natural environment has behavioral significance. For
instance, novel sounds are important for predation, predator avoidance as well as inter- and
intraspecific communications. One of the methods used to study novelty detection is to record
neural responses to oddball paradigm. An oddball paradigm is a train of acoustic stimuli in which
an oddball sound (Odd) is occasional and randomly interleaved in an otherwise repetitively
presented qualitatively different standard sound (Std). Neurons sensitive to novel sounds exist in
auditory structures including the auditory midbrain. This study investigated whether neurons in
the auditory midbrain use directional cues in the detection of novel sounds. Two free-field
speakers were used to present an oddball paradigm. Meanwhile, action potential discharges were
recorded from single neurons in the rat’s auditory midbrain. In reference to the frontal midline of
an animal, the two sounds were either co-localized in front of the ear contralateral to the
recording site, or spatially separated such that one sound was presented at the contralateral ear
while the other sound was presented at a different location in the frontal azimuth. It was found
that many IC neurons generated stronger responses to Odd than Std. Neurons with transient
firing patterns increased their responses to Odd presented at the contralateral ear when Std in the
same sequence of an oddball paradigm was presented at a location that was ipsilateral to the side
of recording. In contrast, neurons with sustained firing typically did not change their response to
the Odd sound at the contralateral ear regardless of the position of Std in the frontal azimuth.
These findings suggest that transient neurons use directional cues to detect novel sounds under
natural hearing conditions. The results provide insights into neuronal mechanisms underlying

both auditory novelty detection and spatial hearing.
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1. Introduction

A natural acoustic environment consists of sounds that differ in frequency, temporal
characteristics, and spatial location. While some sounds occur occasionally, others are repetitive.
Repetitive sounds provide an acoustic background (Clifford et al., 2007) that can be used as a
reference in the detection of changes in existing acoustic stimuli (Escera and Malmierca, 2014;
Jaaskeldinen et al., 2007; Malmierca et al., 2014; Nelken, 2014) as well as prediction of the
occurrence of subsequent acoustic events (Henry and Herrmann, 2014). Sounds that occur
occassinally (i.e., novel sounds) are crucially important for predation, predator avoidance, inter-
and intraspecific communications, and many other behavioural needs of animals (Casseday and
Covey, 1996; Malmierca, 2003). Thus, the ability to detect the occurrence of a novel sound is an
important function of the auditory system.

1.1. The Auditory System Overview

The sense of hearing is dependent on the auditory system. A sound as a form of mechanical
vibration is the sensory modality that activates the auditory pathway. In mammals, hearing is
dependent on both the peripheral and the central auditory systems.

In the peripheral auditory system, sound waves are transmitted from the outer to the middle
ear then to the inner ear for sensory transduction (Figure 1). The cochlear is the sensory organ in
the inner ear that transduces sounds into electrical neural signals. Hair cells are the receptor cells
responsible for the auditory sensory transduction. Electrical signals generated by hair cells are
transmitted to the central auditory nervous system via the cochlear nerve (also known as auditory
nerve) (Figure 1).

Electrical neural signals received by the central nervous system are processed by a number of

neural structures. The cochlear nucleus (CN), superior olivary complex (SOC), nucleus of the



lateral lemniscus (NLL), inferior colliculus (IC), medial geniculate nucleus (MGN), and auditory
cortex (AC) are the most important structures for auditory signal processing. These auditory

structures are connected with each other to form ascending and descending central auditory

pathways.
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Figure 1. A diagram showing the peripheral auditory system. Grey shade: outer ear; green shade:

middle ear; yellow shade: inner ear. Adapted from Chittka and Brockmann (2005).



1.1.1. Ascending Central Auditory Pathway

Ascending central auditory pathways transmit acoustic information obtained from the
peripheral auditory system to forebrain auditory structures including the AC (Figure 2). Within
these pathways, many neurons are driven by signals originating from both ears. These neurons
are said to be binaurally driven or simply binaural. Conversely, other neurons are driven by

signals originating from a single ear. These are said to be monaural.
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Figure 2. The ascending auditory pathway. Top panel: rodent brain showing major auditory
structures (Adapted from Mueller, 2012). Bottom panel: neural connections at each level of

auditory processing (adapted from Malmierca, 2015).



1.1.1.1.The Cochlear Nucleus (CN)

The CN is a monoaural brainstem structure and is the target of inputs from the inner ear on
the ipsilateral side (i.e., the same side as the CN) (Ryugo and Parks, 2003; Figure 2). The CN
and the hair cells in the inner ear are connected by the auditory nerve fibers. The CN is the first
auditory processing nucleus in the CNS and consists of two major subdivisions, that is, the
ventral cochlear nucleus (VCN) and dorsal cochlear nucleus (DCN) (Figure 2; Harrison and
Feldman, 1969; Malmierca, 2015).

The VCN has a number of different types of cells including octopus, globular bushy,
spherical bushy, small, and multipolar neurons (Brawer et al., 1974; Merchan et al., 1988; Osen,
1969; Saldafia et al., 1987). These cells are important for encoding and processing temporal
information (Young and Davis, 2002; Young et al., 1988) and pitch (Oertel, 1999) of sounds.
They are also important for processing frequency contents of behaviorally relevant complex
sounds (Malmierca, 2015). Furthermore, they are important for the acoustic startle reflex (Sinex
et al., 2001). Neurons in the VCN exhibit tonotopy (Friauf and Ostwald, 1988), that is, they are
topographically arranged based on their responses to different sound frequencies. For instance,
neurons that respond preferably to low frequency sounds are located in the ventral region of the
VCN while neurons that respond preferably to high frequency sounds are located in dorsal region
of VCN (Friauf, 1992).

The DCN is composed of pyramidal neurons, giant projecting neurons, and glycinergic
interneurons (Rubio, 2004). Like the VCN, the DCN is tonotopically organized with the
tonotopic axis running from ventral to dorsal for low and high frequencies respectively (Friauf,

1992). The DCN is mainly involved in coordination of head and/or ears orientation with sound



localization cues (Malmierca, 2015; Young and Davis, 2002). This feature is essential for precise
localization of sounds emanating from different sources or moving sounds.
1.1.1.2.The Superior Olivary Complex (SOC)

The SOC is a brainstem structure, which comprises of lateral superior olive (LSO), medial
superior olive (MSO), medial nucleus of the trapezoid body (MNTB), superior paraolivary
nucleus (SPO), and periolivary nuclei (PO) (Figure 2).

The LSO consists of principal cells as well as other less abundant types of neurons (Rietzel
and Friauf, 1998). Neurons in the LSO are tonotopically organized, with those sensitive to high
frequencies and low frequencies being located in medial and lateral regions, respectively (Friauf,
1992). Neurons in the LSO are binaural. They receive excitatory inputs from ipsilateral CN and
inhibitory inputs from the contralateral CN (Wu and Kelly, 1991; Wu and Kelly, 1992; Wu and
Kelly, 1992). This pattern of neural innervation enables neurons in the SOC to encode interaural
intensity difference (i.e., the difference in sound intensity between the two ears), which is critical
for the localization of high-frequency sounds (Malmierca, 2015; Tollin, 2003; Wu and Kelly,
1992).

The MNTB is located in the most medial region of SOC. It consists of principal and non-
principal neurons. While principal neurons resemble the globular busy cells of the CN in
morphology and physiological characteristics (Banks and Smith, 1992; Sommer et al., 1993),
non-principal cells are elongated and multipolar in shape (Banks and Smith, 1992; Morest,
1998). The MNTB is a primary target of monaural excitatory inputs from contralateral VCN
(Brodal, 1981; Paxinos, 2014). Neurons in this structure are also topographically organized
(Banks and Smith, 1992; Friauf, 1992; Tolnai et al., 2008). A wealth of experimental evidence

about the neurochemistry and neurophysiology of MNTB suggests that the structure is involved



in encoding sound duration (Tolnai et al., 2008) and allows neurons in the LSO to localize high
frequency sounds using interaural intensity difference (Banks and Smith 1992; Kopp-
Scheinpflug et al., 2008; Sommer et al., 1993).

The MSO sits lateral to the MNTB and medial to the LSO. MSO neurons include principal
and non-principal cells. All the cells in the MSO respond only to low frequency sounds (Guinan
et al., 1972; Smith, 1995). Principal cells are tonotopically organized with those sensitive to the
lowest frequencies of sounds located in the dorsal region and those sensitive to relatively high
frequencies located in ventral regions (Golberg and Brown, 1969; Guinan et al., 1972). The MSO
receives excitatory inputs from both the ipsilateral and the contralateral CN (Malmierca, 2003;
Friauf and Ostwald, 1988). Integration of these inputs enables neurons in this structure to process
information related to the interaural-time/phase difference (i.e., the time/phase difference
between the two ears generated by a sound) and to localize sounds with low frequencies (Joris et
al., 1998; Malmierca, 2015). In addition to excitatory inputs, the MSO also receives inhibitory
inputs from MNTB (Smith, 1995).

The SPO is a prominent SOC nucleus, especially in rodents (Schofield, 1995; Schofield and
Cant, 1991). It is composed of multipolar neuron population (Kulesza and Berrebi, 2000). These
neurons use the gamma-aminobutyric acid (GABA) as a neurotransmitter in their synaptic
interaction with other neurons. In many species, the SPO receives inputs from both contralateral
and ipsilateral VCN (Friauf and Ostwald, 1988; Saldafia et al., 2009; Schofield, 1995) as well as
inhibitory inputs from MNTB (Banks and Smith, 1992; Sommer et al., 1993). In rats, however,
SPO neurons are only excited by stimulation of the contralateral ear (Behrend et al., 2002). The
SPO encodes temporal features of complex sounds as well as stimulus features across wide

frequency ranges (Dehmel et al., 2002; Felix et al., 2011; Kulesza et al., 2003).



The PO is the region surrounding the SOC. It is comprised of morphologically and
physiologically diverse types of cells (Adams, 1983; Faye-Lund, 1986; Osen et al., 1984). The
PO receives excitatory inputs from both contralateral and ipsilateral VCN (Warr, 1969) as well
as inhibitory inputs from ipsilateral MNTB (Spangler et al., 1985; Thompson and Schofield,
2000). Until now, the precise role of PO in hearing is still unclear. Available evidence from
neuroanatomical (Kulesza, 2008; Schofield and Cant, 1991) and neurochemical (Helfert et al.,
1989; Osen and Roth, 1969; Vetter et al., 1991) studies suggest that this structure has multiple
complex functions in auditory processing.
1.1.1.3.Nuclei of Lateral Lemniscus (NLL)

The NLL represents the highest brainstem auditory processing center in mammals. The
nucleus has two unique subdivisions with distinct neurochemical and physiological
characteristics (Covey and Casseday, 1991; Malmierca et al., 1998). These subdivisions are the
dorsal nucleus of lateral lemniscus (DNLL) and the ventral nucleus of lateral lemniscus (VNLL).

The DNLL comprises of at least four types of neurons (Bajo et al., 1993; Wu and Kelly,
1995) with similar physiological properties (Wu and Kelly, 1995; Wu and Kelly, 1996).
Although neuroanatomical studies suggest that neurons in the DNLL are tonotopically organized
(Friauf, 1992; Kelly et al., 2009), electrophysiological recordings have been unable to find
evidence supporting such a suggestion (Bajo et al., 1998; Kelly et al., 1998). The DNLL is a
binaural nucleus, which receives inputs from various structures including the contralateral VCN,
contralateral DNLL, ipsilateral MSO, ipsilateral SPO, ipsilateral VNLL, and both ipsilateral and
contralateral LSO (Malmierca, 2003). The convergence of binaural inputs suggests that this
structure is imporant for processing acoustic cues important for sound localization (Ito et al.,

1996; Kelly et al., 1996; Malmierca, 2003).



The VNLL is located between SOC and DNLL, and consists of various types of neurons
(Malmierca et al., 1998; Merchan and Berbel, 1996; Zhao and Wu, 2001). There is no clear
evidence showing the existence of a tonotopic organization in the structure (Nayagam et al.,
2006). The VNLL was previously thought to be monoaural with majority of its afferent inputs
driven by contralateral VCN and ipsilateral MNTB (Friauf and Ostwald, 1988; Kelly et al.,
2009). However, recent neurophysiological data suggest that the VNLL also analyzes binaural
acoustic cues (Nayagam et al., 2005, 2006; Zhang and Kelly, 2006). Characteristics of
physiological responses of VNLL neurons indicate that these neurons are well suited for
processing temporal features of a sound (Nayagam et al., 2005, 2006). The VNLL is also
sensitive to biologically meaningful components of a sound such as amplitude and/or frequency
modulation. These characteristics make the structure ideal for encoding vocalizations and
speech-like communications (Merchan et al., 1997).
1.1.1.4.The Inferior colliculus (IC)

The IC is a midbrain auditory structure. It integrates information from auditory brainstem and
relays it to medial geniculate nucleus, and subsequently to the auditory cortex via ascending
projections (Figure 2; Malmierca et al., 2003; Winer and Schreiner, 2005). Its strategic position
makes it ideal for processing complex acoustic stimuli (Aguillon et al., 2013; Aitkin, 1986;
Casseday and Covey, 1996). The IC is subdivided into three regions with distinct anatomical and
physiological features. These subdivisions include central nucleus (CNIC), external cortex
(ECIC), and dorsal cortex (DCIC) (Figure 3) (Faye-Lund and Osen, 1985; Loftus et al., 2008;
Malmierca et al., 2011; Malmierca et al., 1993; Malmierca et al., 1995; Willard and Martin,

1983; Willard and Ryugo, 1983).



The rat CNIC is mainly composed of two cell types: the flat and the less flat neurons
(Malmierca et al., 1993; Malmierca et al., 1995). These neurons are arranged in layers, leading to
a laminar organization of the collicular subdivision (Faye-Lund and Osen, 1985; Loftus et al.,
2008; Malmierca et al., 1991; Malmierca et al., 1995). Results from electrophysiological
recordings have shown that this laminar organization serves as a structural basis of tonotopy in

the CNIC (Hernandez et al., 2005; Izquierdo et al., 2008; Malmierca et al., 2008).

Figure 3. Subdivisions of the inferior colliculus. CNIC, central nucleus of the inferior colliculus;
DCIC, dorsal cortex of the inferior colliculus; ECIC, external cortex of the inferior colliculus.

Adapted from Ouda and Syka, 2012.
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In the CNIC, neurons sensitive to low-frequencies are located in dorsolateral regions
while those sensitive to high-frequencies are located in ventromedial regions (Kelly et al., 1991,
Pierson and Snyder-Keller, 1994; Ryan et al., 1988). CNIC neurons typically display high
frequency specificity as indicated by their narrow frequency tuning curves. Most of these
neurons are excited by stimuli presented at the contralateral ear and inhibited by stimuli
presented at the ipsilateral ear (Aitkin et al., 1975; Kelly et al., 1991).

The major inhibitory neurotransmitters in the CNIC are GABA and glycine as evident in the
expression of their receptors (Burianova et al., 2009; Choy et al., 2015; Fredrich et al., 2009;
Merchan et al., 2005; Ouda and Syka, 2012). The CNIC also express glutamate receptors
(Altschuler et al., 2008; Ito et al., 2011), suggesting that glutamate is the major excitatory
neurotransmitter. Intracellular current injections into the CNIC have revealed different firing
patterns including onset, sustained-regular, pause-build, rebound-regular, rebound-adapting, and
rebound transient (Peruzzi et al., 2000; Sivaramakrishnan and Oliver, 2001).

Major ascending inputs to the CNIC originate primarily from brainstem structures (Faye-
Lund and Osen, 1985; Malmierca et al., 1993; Malmierca et al., 1995). It also receives excitatory
descending projections from the auditory cortex (Saldana et al., 1996). The CNIC is thought to
be important for processing essential characteristics (i.e. spectro-temporal) of a sound (Aitkin et
al., 1994; Malmierca and Merchan, 2004; Jenkins and Masterson, 1982; Li et al., 1998).

The ECIC covers lateral, rostral, and ventral regions of the CNIC (Malmierca, 1991). The
ECIC is composed of diverse types of cells including bitufted, pyramidal-like, chandelier
(Malmierca, 1991; Malmierca et al., 2011) just to name a few. Unlike CNIC, ECIC does not
exhibit a tonotopic organization. Neurons in the ECIC have very broad frequency tuning curves

with poorly defined characteristic frequency (Aitkin et al., 1975; Binns et al., 1992). The ECIC
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uses glutamate (Ohishi et al., 1993) and GABA as major neurotransmitters (Jamal et al., 2012).
ECIC neurons respond typically to binaural stimulation (Aitkin et al., 1975) with various firing
patterns including onset, pause, sustained, and adapting (Ahuja and Wu, 2007; Palombi and
Caspary, 1996) The ECIC integrates information from multiple sensory inputs (Winer and
Schreiner, 2005). For instance, it receives inputs from auditory cortex (Faye-Lund, 1985; Herbert
et al., 1991; Huffman and Henson, 1990; Saldana et al., 1996) as well as non-auditory structures
including substantia nigra (Coleman and Clerici, 1987; Olazbal and Moore, 1989). It is believed
that the ECIC is involved in conspecific vocal recognition (Aitkin et al., 1994).

The DCIC occupies the caudal and dorso-medial regions of the CNIC (Malmierca and
Merchan, 2004). Neurons in this colliculuar subdivision are diverse and share some features with
those CNIC and ECIC neurons bordering the DCIC (Malmierca et al., 2011). A distinct
characteristic of DCIC neurons is the expression of nitric oxide synthase (Druga and Syka, 1993;
Herbert et al., 1991), suggesting these neurons use nitric oxide as a neurotransmitter receptor.
The majority of neurons in the DCIC typically have broad frequency tuning curves (Aitkin et al.,
1994; Aitkin et al., 1975). Although its function is poorly understood, some studies suggest that
the DCIC might be involved in re-directing attention to an acoustic source (Caird, 1991; Jane et
al., 1965; Pérez Gonzalez et al., 2005).

The IC also has commissural and intrinsic connections. While commissural projections
connect the right and left IC, intrinsic connections link subdivisions within the IC on each side.
Although the morphology of these fibers is yet to be described in details, studies have suggested
that they might be axons of neurons projecting to other structures or axons of IC internerneurons
sending inputs to the opposite IC (Gonzalez-Hernandez, 1991; Malmierca et al., 2009b; Saldana

and Merchan, 2005). Commissural inputs can be either excitatory or inhibitory (Malmierca et al.,
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2003, 2005; Li et al., 1998, 1999), with GABA (Hernandez et al., 2006) and glutamate (Saint-
Marie, 1996) as major neurotransmitters. Findings from Malmierca et al. (2003, 2005) suggest
that commissural connections might serve to modulate spectro-temporal as well as binaural
properties of IC neurons.

The IC is a common nexus for ascending inputs from brainstem structures and descending
inputs from forebrain structures (Casseday et al., 2002; Pollak, 2012; Winer et al., 1995). These
inputs can be excitatory and/or inhibitory, and are monoaurally or binaurally driven. Monoaural
inputs to the IC originate primarily from the CN, the VNLL, and the MGN. CN efferent
projections to the IC are mostly excitatory with stronger inputs to the contralateral IC
(Malmierca, 2015; Pollak, 2012). The IC also receives inhibitory projections from ipsilateral
VNLL (Riquelme et al., 2001). Inputs from MGN to the IC are primarily excitatory and
ipsilateral (Ito et al., 2016; Malmierca, 2015).

Inputs from binaural auditory structures to the IC are from the LSO, MSO, SPO, PO, DNLL,
MGN, and AC. Projections from the LSO to the IC are both excitatory and inhibitory (Pollak et
al., 2002; Pollak, 2012). While excitatory inputs are driven by the contralateral ear, inhibitory
inputs are mostly driven by the ipsilateral ear (Brodal, 1981; Kopp-Scheinpflug et al., 2008;
Malmierca, 2015). Inputs from the MSO to the IC are mainly excitatory and ipsilateral
(Malmierca, 2015). Projections from SPO project to the ipsilateral IC and are inhibitory
(Malmierca, 2015; Pollak, 2012; Schofield, 1995). The DNLL sends inhibitory projections to
both contralateral and ipsilateral IC (Grothe et al., 2010; Malmierca, 2015; Pollak et al., 2002;
Pollak, 2012). Finally, the AC sends both ipsilateral and contralateral excitatory projections to
the IC (Feliciano and Potashner, 1995; Malmierca, 2015). The IC also receives commissural

projections (Saldafia and Merchan, 2005) from the opposite IC via the commissure of the IC.
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1.1.1.5.The Medial Geniculate Nucleus (MGN)

The MGN represents the thalamic auditory processing center, which relays acoustic
information from the auditory midbrain to the auditory cortex. It is subdivided into three
subnuclei including ventral (MGV), dorsal (MGD), and medial (MGM) parts of the medial
geniculate nucleus (Clerici and Coleman, 1990; Clerici et al., 1990; Winer et al., 1999a). The
MGN receives afferent inputs predominantly from the ipsilateral IC (Winer, 1992; Winer et al.,
1992). Compared with other 5 major auditory structures along the ascending auditory pathway,
the MGN has the least number of GABAergic neurons (Winer and Larue, 1988).

The MGV mainly consists of tufted neurons (Bartlett and Smith, 1999; Clerici et al., 1990;
Olucha-Bordonau et al., 2004; Winer et al., 1999a). It also has a small population of GABAergic
interneurons (Clerici et al., 1990; Winer et al., 1999a; Winer and Larue, 1996). Tufted neurons
have characteristic depolarizing sag potential (Hu, 1995) and exhibit narrow frequency tuning
curves (Malmierca, 2015). Main afferent inputs to the MGV originate from ipsilateral IC (Ito et
al., 2009, 2011; Ito and Oliver, 2010, 2012) with both inhibitory and excitatory effects (Peruzzi
et al., 1997; Ito and Oliver 2012). The tufted neurons along with afferent fibres from the IC form
fibrodendritic laminae (Clerici et al., 1990; Winer et al., 1999a), which serve as a structural basis
of a tonotopic organization (Bordi and LeDoux, 1994). The laminae are characteristically
arranged in a curved dorsovental axis inclined at 40° from vertical plane (Winer et al., 1999a).
Evidence suggests that the MGV likely encode both interaural time and intensity differences
(Malmierca, 2015). Moreover, it is involved in selective attention (Arcelli et al., 1997).

The MGD can be further divided into five subnuclei (Clerici et al., 1990; Clerici and
Coleman, 1990; Winer et al., 1999a). The MGD receives inhibitory and excitatory ascending

inputs from the ipsilateral IC (Bartlett and Smith, 1999) as well as nonauditory areas (Jones,
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2012). Auditory functions of these subnuclei are less understood. These nuclei consist of two
types of neurons including tufted and stellate neurons (Clerici et al., 1990; Bartlett and Smith,
1999; Winer et al., 1999a). Unlike the MGV, the MGD neurons are broadly tuned and respond to
wide range of acoustic stimuli (Malmierca, 2015). Moreover, the MGD does not exhibit
tonotopic organization (Storace et al., 2010). MGD neurons prefer complex acoustic stimuli to
pure tones (Bordi and LeDoux, 1994) suggesting that they might be involved in discrimination of
behaviourally relevant sounds.

The MGM s the smallest nucleus of the MGN (Malmierca, 2015), but has diverse types of
neurons (Clerici et al., 1990; Winer et al., 1999b). Ascending inputs to this subdivision originate
mainly from CN, SOC, VLL, and IC (Malmierca, 2002; Bajo et al., 1993; Vinuela et al., 2011).
Besides auditory stimuli, MGM neuros also respond to somatosensory inputs and provide
projections to the amygdala (Bordi and LeDoux, 1994; LeDoux et al., 1990). Thus, MGM is
thought to process emotional significance of acoustic stimuli (LeDoux et al., 1984, 1986).
1.1.1.6.The Auditory Cortex (AC)

The AC is the highest processing center in the ascending auditory pathway. It is located in
the temporal lobe of the cerebral cortex. In the rat, the AC is divided into core area (equivalanet
to the primary auditory cortex or Al in other species) and the surrounding belt area (equivalent
to secondary and association auditory cortex in other species) (Paxinos and Watson, 2014).

The core area of the AC consists of six distinct layers based on cell types and density (Hefti
and Smith, 2000; Malmierca and Ryugi, 2011; Storace et al., 2010, 2011; Winer et al., 1992).
These are referred to as Layers I, I, 111, IV, V, and VI (Games and Winer, 1988). While Layer |
has very few neurons, Layer Il is densely packed. Layer Il is characterized by the presence of

both pyramidal and non-pyramidal neurons with heterogeneous orientation of their dendritic
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arbors. Layer IV has abundance of small stellate neurons and the density of neurons is slightly
higher than that in Layer Ill. Layer V is the thickest layer and populated mainly by pyramidal
cells especially in the upper regions. Layer VI has both non-pyramidal and pyramidal neurons.
Neurons in the Al have narrow frequency tuning curves and exhibit a tonotopic organization.
Neurons sensitive to high and low frequency are at the dorsolateral and ventrocaudal regions,
respectively (Doron et al., 2002; Polley et al., 2007; Pandya et al., 2007; Kilgard and Merzenich,
1998, 1999; Malmierca and Hackett, 2010). While pyramidal neurons in Al are primarily
gutamatergic, the presence of GABA receptors has been attributed to non-pyramidal neurons
(Winer and Larue, 1989; Winer, 1992). The Al receives inputs mainly from ipsilateral MGV
(Clerici and Coleman, 1990; Winer et al., 1999b, Kimura et al., 2003; Storace et al., 2010, 2011,
2012; Jones, 2012; Winer and Lee, 2007).

The belt area is made up of anterior auditory fields (AAF), posterior auditory fields (PAF),
ventral auditory fields (VAF), and suprarhinal auditory fields (SRAF) (Polley et al., 2007;
Storace et al., 2010, 2011, 2012). Neurons in the belt area of the AC typically have broad
frequency tuning curves and longer latencies of responses (Clerici and Coleman, 1990; Winer et
al., 1999c, Kamura et al., 2003; Storace et al., 2010, 2011, 2012; Jones, 2012; Winer and Lee,
2007). Moreover, these neurons adapt slowly to tones and noise, and show no selectivity to
direction of sound as well as rate of sound presentation (Pandya et al., 2008). Neurons in this
area receive afferent inputs mainly from MGM and MGD (Arnault and Roger, 1990; Clerici and
Coleman, 1990; Smith et al., 2010, 2012; Storace et al., 2010, 2011, 2012; Jones, 2007; 1990;
Winer et al., 1999c, Kamura et al., 2003; Storace et al., 2010, 2011, 2012; Jones, 2012; Winer

and Lee, 2007). Evidence obtained from human subjects with damaged AC (Cavinato et al.,

16



2012) and experimental animals with lesions (Heffner and Heffner, 1986) suggest that AC is the
ultimate site of perception for auditory sensation.
1.1.2. Descending Auditory Pathway

Within the central auditory system, neurons in higher structures regulate neural processing in
lower structures using descending pathways (Figure 4). Major descending projections include
those from the AC (corticofugal pathway), the IC (colliculofugal pathway), and the superior
olivary complex (olivocochlear pathway).

Descending projections from the primary AC terminate heavily in the MGV and MGD
(Bartlett et al., 2000; Llano and Sherman, 2009) while most projections from the belt area or the
secondary AC terminate predominantly in MGM (Arnault and Roger, 1990). The majority of
these projections are excitatory (Bartlett et al., 2000; Potashner et al., 1988) although inhibitory
projections are also found (Bartlett et al., 2000).

Projections from the AC to the CNIC originate primarily from the primary cortex (Saldafia
et al., 1996) while projections to DCIC and ECIC originate primarily from secondary auditory
cortex (Herbert et al., 1991). Efferent fibres from the AC to the IC are predominantly excitatory,
although inhibitory projections are also found (Anderson and Malmierca, 2013; Games and
Winer, 1988; Nwabueze-Ogbo et al., 2002; Saldafia et al., 1996). It is not completely understood
whether these projections serve to modulate the activity of neurons in the IC or provide a major
drive to excite these neurons. In addition to MGN and IC, the AC also sends direct projections to
the SOC and CN in the auditory brainstem (Doucet et al., 2002; Saldafia et al., 1996; Weedman
and Ryugo, 1996a, 1996b).

The colliculofugal pathway represents descending fibers that originate from the IC and

terminate in brainstem auditory structures. Some of the descending fibres from the IC innervate
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Figure 4. A diagram showing neural connections in the descending auditory pathway (See list of

Abbreviations for names). Adapted and modified from Malmierca (2015).
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the NLL (Malmierca and Ryugo, 2012). These fibers originate primarily from ECIC and CNIC
(Brodal, 1981). Other fibers from the IC, especially those originate from the DCIC and ECIC,
innervating those neurons in the PO that project to the cochlear (Caicedo and Herbert, 1993;
Faye-Lund, 1986; Saldana, 1993; Vetter et al., 1993). Findings from electrophysiological studies
(Dolan and Nuttall, 1988; Rajan, 1990) suggest that these fibers modulate cochlear activity.
There are also fibres from the ECIC and CNIC that project to the CN (Caicedo and Herbert,
1993; Faye-Lund, 1986; Saldand, 1993; Vetter et al., 1993). The function of these projections is
less understood.

The olivocochlear pathway consists of efferent fibres originating from the SOC that
innervates the Organ of Corti in the cochlear (Rasmusen, 1946). These fibres innervate both
outer and inner hair cells. Olivocochlear fibers innervating the outer hair cells originate
bilaterally from medial region of the SOC (Horvath et al., 2000; Robertson et al., 1989; Warr et
al., 1997; White and Warr, 1983) and are cholinergic (Osen et al., 1984; Vetter et al., 1991).
Olivocochlear fibers that project to inner hair cells originate primarily from lateral SOC on the
ipsilateral side (Horvath et al., 2000; Robertson et la., 1989; Warr et al., 1997; White and Warr,
1983). These projecting neurons in the lateral SOC are either GABAergic or cholinergic (Vetter
etal., 1991).

Existing knowledge suggest that descending pathways plays an important role in the
processing of behaviorally significant sounds.

1.2. The IC as a Major Auditory Integration Center
The IC is a target of convergent inputs from multiple brain areas (Ono and Ito, 2015). The

convergence of inputs from different sources creates heterogeneity of neuronal ensembles that
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can integrate information from different spectro-temporal domains (Pollak et al., 2002; Xie et al.,
2005, 2007).

In the spectral domain, the IC is tonotopically organized into distinct frequency-response
areas (Winer and Schreiner, 2005) especially in its CNIC (Kelly et al., 1991; Pierson and Snyder-
Keller, 1994; Ryan et al., 1988). While majority of neurons in cortical regions of the IC process a
wide range of frequencies (Aitkin et al., 1994, 1975; Binns et al., 1992), neurons in the CNIC
typically respond to a relatively narrow range of frequencies (Aitkin et al., 1975). Studies with
mustached bats (Mittmann and Wenstrup, 1995; Portfors and Wenstrup, 2002) and mice
(Portfors and Felix, 2005) showed the existence of neurons in the IC that are tuned to multiple
frequency bands. While majority of these neurons show facilitatory responses to combination of
multiple frequencies (Mittmann and Wenstrup, 1995; Portfors and Felix, 2005; Portfors and
Wenstrup, 2002), others are inhibited by the presence of a second sound (Mittmann and
Wenstrup, 1995; Portfors and Felix, 2005).

The existence of neurons sensitive to timing of acoustic stimulus (Koch and Grothe, 2003;
Pollak, 2012) has been demonstrated in the IC. For instance, Zhang and Kelly (2009) found that
a preceding ipsilateral sound presented a few milliseconds earlier can enhance or suppress an IC
neuron’s response to a contralaterally presented trailing sound. Similarly, a contralaterally
presented preceding sound can enable an IC neuron to respond to a trailing ipsilaterally presented
sound it was initially unresponsive to when presented alone (Burger and Pollak, 2001).

The convergence of inputs in the IC also creates neuronal populations that are sensitive to
directional cues (Pollak, 2012). In the IC, majority of neurons are inhibited by ipsilateral
stimulation and excited by contralateral stimulation (Pollak, 2012). The balance between

excitatory and inhibitory inputs is a critical feature for signal processing in the central nervous
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system (Burger and Pollak, 2001; Wehr and Zador, 2003; Sun et al., 2010), including the IC
(Sivaramakrishnan et al., 2004; Xiong et al., 2013). In fact, sound localization, one of the IC’s
important functions (Kuwada et al., 1997) is in part attributed to the interaction of excitation and
inhibition (Lauer et al., 2011; Li et al., 2010; Li and Pollak, 2013).

Put together, these findings suggest that IC neurons are capable of extracting spatiotemporal
cues of an acoustic stimulus in the environment (Aitkin and Martin, 1987; Grothe et al., 1996).
1.3. Auditory Novelty Detection and Neural Sensitivity to Novel Sounds in the IC
1.3.1. Novel Sounds in the Acoustic Environment

Animals have the ability to effectively detect an occasionally occurring new acoustic
stimulus rather than constant or regularly occurring stimuli. As occasionally occurring sounds
are of crucial importance for behavioural needs of animals (Casseday and Covey, 1996;
Malmierca, 2003), finding neural mechanisms responsible for the detection of such sounds are
important for understand hearing.

1.3.2. Studying Auditory Neural Sensitivities in a Laboratory Setting

In the laboratory, neural processing of novel sounds is typically studied using oddball
paradigms (Figure 5). An oddball paradigm is a train of acoustic stimuli constructed using two
qualitatively different sounds. In the train of stimuli, the two sounds are presented in a random
sequence, with one sound presented at a high probability (standard sound, or Std) and the other
one presented at a low probability (oddball sound, or Odd).

Neural correlates of auditory novelty detection were studied in humans by recording cortical
response to oddball paradigms. Compared with the response elicited by a standard sound, the
response elicited by a novel sound has a mid to long latency component. This component is

termed as mismatch negativity (MMN; Na&atanen et al., 1978; Naatanen et al., 2007) and is
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believed to reflect neural sensitivity to a novel sound (N&atanen et al., 2007; Naatanen and Alho,
1995). Recent studies suggest that multiple auditory structures contribute MMN (Escera and
Malmierca, 2014; Grimm and Escera, 2012; Winkler et al., 2013). These structures include the
AC, (Recasens et al., 2012), MGN (Cacciaglia et al., 2015; Grimm et al, 2011; Slabu et al.,

2010), and IC (Cacciaglia et al., 2015; Slabu et al., 2012; Slabu et al., 2010).
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Figure 5. Figure of an oddball paradigm. A. TL (Blue) Odd, TH (red) Std; B. TL (Blue) Std, TH
(red) Odd; C. TL (blue) equal probability, TH (red) equal probability.

Electrophysiological recordings from animal models have provided insights into neural
correlates and mechanisms of auditory novelty detection at the level of single neurons. In these
studies, the sensitivity of single neurons to a novel sound was termed as stimulus-specific
adaptation (SSA) (Jaaskelédinen et al., 2007; Ulanovsky et al., 2003). It has been found that
auditory neurons reduce their responses to repetitive sound stimulation but restore their
responses upon the presentation of a qualitatively different sound. Thus, the adaptation over
repetitive presentation of a sound is specific for this specific sound but not generalized to other
sounds in the environment. SSA resembles habituation and dishabituation of a behavioral
response (Thompson and Spencer, 1966). It is believed that the SSA plays a significant role in

filtering out sounds of less behavioral significance in the auditory scene while enhancing the
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salience of sounds of behavioural significance in the scene (Nelken and Ulanovsky, 2007;
Ulanovsky et al., 2004).

SSA has been widely studied in auditory structures including the AC (Antunes et al., 2010;
Farley et al., 2010; Nieto-Diego and Malmierca, 2016; Szymanski et al., 2009; Taaseh et al.,
2011; Ulanovsky et al., 2003; Von Der Behrens et al., 2009), MGN (Anderson et al., 2009;
Antunes et al., 2010; Antunes and Malmierca, 2014; Duque et al., 2014), and IC (Anderson and
Malmierca, 2013; Ayala and Malmierca, 2013, 2015; Ayala et al., 2012; Duque et al., 2012,
2016; Malmierca et al., 2009; Pérez-Gonzalez et al., 2012; Zhao et al., 2011). It seems that SSA
does not exist in lower brainstem structures such as the CN (Ayala et al., 2012; Nelken, 2014).
Existing findings suggest that IC is the structure in the auditory pathway where SSA first
emerges (Malmierca et al., 2009; Nelken, 2014). In the IC, SSA tended to be stronger in ECIC
and DCIC (Dugue et al., 2012; Malmierca et al., 2009) than in CNIC (Duque et al., 2012;
Malmierca et al., 2009).

Previous studies on SSA were conducted by using oddball paradigms presented under a
closed-field condition (i.e., from earphones) (e.g., Anderson et al., 2009; Antunes et al., 2010;
Farley et al., 2010; Malmierca et al., 2009; Pérez-Gonzélez et al., 2012; Ulanovsky et al., 2003;
Von Der Behrens et al., 2009; Zhao et al., 2011). However, a natural acoustic environment
presents a challenge to many animals as sounds can emanate from an array of sources. This can
pose severe constraint to detection and perception of signals for receivers (Bronkhorst, 2000;
Brumm and Slabbekoorn, 2005; Wiley, 2006, 2013). It is therefore important to study SSA in the
presence of spatial cues.

A previous study investigated whether neurons displayed SSA for oddball paradigms

containing spatial cues such as interaural time and intensity differences in barn owl. In this study,
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a spatial cue was created using dichotic stimuli, that is, sounds presented from a pair of
earphones that carry “virtual” spatial cues (Reches and Gutfreund, 2008). It found SSA in brain
regions higher than the IC in hierarchy, but not in the IC. Although this study contributes to our
understanding of the effect of spatial cues, it presents practical limits (Hartmann and Macaulay,
2014) in that it only artificially represents natural hearing conditions.

The co-existence of neurons sensitive to binaural cues, temporal sequence of sounds (Burger
and Pollak, 2001; Zhang and Kelly, 2009), and novelty of sounds (Anderson and Malmierca,
2013; Ayala and Malmierca, 2013, 2015; Ayala et al., 2012; Duque et al., 2012, 2016;
Malmierca et al., 2009; Pérez-Gonzalez et al., 2012; Zhao et al., 2011) in the IC suggest that
spatial cues can be used by IC neurons to detect a novel sound in an oddball paradigm. To verify
this possibility, a recent study (Patel and Zhang, 2016) was conducted by presenting oddball
paradigms from free-field speakers located in the azimuthal plane in front of the animal.
Standard and oddball sounds of an oddball paradigm were either presented from one single
speaker located directly in front of the animal (denoted as 0° azimuth) or with one sound from 0°
azimuth and the other sound from another azimuthal location. Results indicated that spatial
separation between oddball and standard sounds affects responses of IC neurons to both sounds.
This study has provided important information about how the sensitivity of an IC neuron to a
novel sound is dependent on the spatial relationship between standard and novel sounds.
However, only limited speaker spatial arrangements were used in the study. A generalized
conclusion about how neural detection of a novel sound is dependent on the spatial relationship
between the novel sound and a regularly presented standard sound can be made only if more
speaker arrangements are used in the research. From mechanistic point of view, it is important to

find how neural detection of novel sounds is dependent on the excitatory-inhibitory interaction in
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the midbrain auditory neurons. Previous studies have shown that an acoustic stimulus presented
in the contralateral ear excites most neurons in the 1C while ipsilateral stimulation inhibits them
(Pollak et al., 2002; Pollak, 2012). Moreover, responses to a contralateral sound can be
modulated by an ipsilateral sound (Zhang and Kelly, 2009). It is therefore important to examine
whether a sound presented at the ear that exerts an inhibitory effect on an IC neuron (i.e., the
ipsilateral ear) can affect the responses elicited by the stimulation of the ear that exerts an
excitatory effect on an IC neuron (i.e., the contralateral ear). The present study was designed to
address the above questions.

1.4. Objectives

The main objective of this study was to investigate whether spatial cues affect 1C responses
to the two sounds of an oddball paradigm. Specifically, | examined whether:

I.  The position of one sound, presented at various locations in the frontal azimuth, affects
single unit responses to the second sound presented at the contralateral ear.
Il.  The sound fixed at the contralateral ear affects responses to the second sound presented
at various locations in the frontal azimuth.
1.  And, to understand possible mechanisms underlying detection of novel sounds in a
natural acoustic environment.

It was hypothesized that the effect of spatial cues on acoustic novelty detection (for instance,
Patel and Zhang, 2016) is in part due to altered balance of excitation and inhibition between the
two ears.

2. Materials and Methods

2.1. Subjects
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Wistar albino rats (Rattus norvegicus) were used in the present study. Adult male rats
weighing between 250-500g were obtained from Charles River Laboratories Inc. (St. Constant,
Quebec, Canada) and housed in the University of Windsor Animal Care Facility for at least a
week before experiment were conducted. The housing conditions were maintained at 25°C
temperature, 40-60% humidity, and 55-60 dB SPL noise level with normal 12hr day/light cycle.
The rodent food and water were available ad libitum. All procedures were approved by the
University of Windsor Animal Care Committee, and carried out pursuant to the guidelines of the
Canadian Council on Animal Care.

2.2. Surgical procedures

Surgical anesthesia was induced by a combined intramuscular injection of ketamine
hydrochloride (60 mg/kg) and xylazine hydrochloride (10 mg/kg). The anesthesia was
maintained throughout a surgery and subsequent neurophysiological recording session with
supplemental injections of ketamine hydroxide (20 mg/kg) and xylazine hydrochloride (3.3
mg/kg) at an interval of 30-45 minutes or as necessary.

Once the animal was fully anesthetised, the fur was clipped from the head to expose the skin.
A mid-sagittal incision was made in the scalp, followed by lateral retraction of periosteum to
expose the cranium. Three bone screws were drilled into the cranium about the mid-sagittal
suture just anterior to Bregma. A stainless steel headbar was cemented onto the cranium and the
bone screws with dental acrylic. The headbar was used to keep the animal’s head stably in a
natural position.

A small craniotomy was made on the right side of the skull around the lambda suture just
over the parietal and temporal lobes. The dura matter was removed to permit the placement of a

recording electrode into the IC.
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After surgery, the animal was transferred into a single-walled sound booth (Eckel Industries,
Morrisburg, Ontario) for recording. Inside the booth, the head-bar was attached to a stereotaxic
instrument (Kopf Instruments, Tujunga, California). The stereotaxic instrument and the
micromanipulator used for holding a recording electrode were modified to minimize obstruction
and reflection of acoustic stimuli. The body temperature of the animal was maintained at 37°C
with a heating pad of a homeothermic system (Harvard Apparatus) throughout the experiment.
The control unit of the homeothermic system was placed outside the recording booth to reduce
electric and acoustic interferences.

2.3. Recording electrodes

A single-barrel glass micropipette with a tip diameter of 1.5-2.0um was pulled using P-97
micropipette puller (Sutter Instruments) and ws used to record action potential discharges from
single neurons. The micropipette recording-electrode was filled with either 2M NaCl, or 0.50 M
CH3COONa (sodium acetate) in 3% Chicago Sky Blue with the impedance ranging from 10 to
80 MQ.

2.4. Acoustic stimulation

Sound waveforms were generated digitally and converted to analog signals using a
System 3 signal processing system controlled by a desktop computer running OpenEx software
(Tuck-Davis Technologies). The signals were amplified and fed into a pair of CF1 free-field
speakers (each speaker 50 cm from the midpoint of the interaural line of the animal (See Figure
6). Each speaker was calibrated over 100 and 65,000 Hz at five azimuths locations using a model
4135 microphone and a model 2608 measuring amplifier (Briel & Kjaer, Dorval, QC). The
azimuths included the midline of the frontal field (denoted by 0°) and 45° and 90° on the ipsi-

and contralateral of the recording site (denoted by i45°, 190°, ¢45°, and ¢90°) (Figure 6).

27



Figure 6. A diagram showing various spatial locations tested in the study in reference to the rat’s

head.

2.5. Search and characterization of neurons

A recording electrode was advanced into the IC using a model 2660 micropositioner (Kopf,
Tujunga, California). In reference to the lambda, the electrode was placed at 0.00-0.40 mm
rostral, 3.20-4.00 mm lateral, and 2.30-6.00 mm deep. The electrode was at an angle of 30° in
reference to the midsagittal plane. While evoked action potentials were monitored audio-
visually, Gaussian noise bursts at 60 dB SPL were presented at 4 /s from a loudspeaker at c90°
azimuth to search for an auditory neuron. Evoked action potentials were amplified using a
2400A preamplifier (Dagan, Minneapolis, Minnesota). Action potentials generated by a single
neuron were identified as spikes with identical waveforms (including amplitude) over the
duration of an acoustic stimulus or, in rare instances (offset neurons), at the offset of an acoustic
stimulus. Once a single neuron is isolated, a frequency-tuning curve was obtained by evaluating
the threshold of sound-driven responses over a wide range of frequencies. The neuron’s
characteristic frequency (CF) was determined as the frequency at which the neuron displayed the
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minimum threshold in response to tone-burst stimulation. The threshold at each frequency was
defined as the first stimulus intensity at which a tone burst elicits sound-evoked action potentials.
All tone bursts used in the search of a neuron had a fixed duration of 100ms (5ms rise/fall time,
90 plateau) and presented at the rate of 4/s. Once the CF of a neuron and the frequency-tuning
curve of the neuron were determined, rate-level functions (RLFs) were obtained at the CF and
two other frequencies (T, and Tw; see Section 2.6.). An RLF represented the strength of firing of
a neuron in response to a tone burst over a wide range of stimulus levels (typically seven levels).
The aximum level did not exceed 90 dB SPL. For obtaining an RLF, a tone burst was presented
20 times at each intensity. Tone bursts at different levels (e.g., 7 levels) were randomized and
presented at a rate of 4 /s.
2.6. Recording of neural responses to oddball paradigms

After a neuron is characterized, responses of the neuron to oddball paradigms were recorded.
An oddball paradigm was a train of acoustic stimuli created by using two-tone bursts with their
frequency determined based on the CF of the neuron. The duration of each tone burst was 100
milliseconds. The frequencies of the two tone burst (named as T, and T, respectively) were at f.
and fu. The centre frequency of f_ and fu ((fL x fu) ) was at the CF and the difference between
the two frequencies (Af = (f - fL)/(fL x fu ¥2) was at 0.10. Thus, the two frequencies, fi and fu,
were at 0.951CF and 1.051CF, respectively. The train contained a total of 200 stimuli (i.e.,
presentations of T. or Tw), with T and Tw presented at a random order but specific probabilities.
The probabilities of T, and Tw were either 90%-10% (oddball paradigm), 10%-90% (oddball
paradigm), or 50%-50% (equal probability two-tone sequence) Figure 5. The sound presented at

a high probability (90%) served as a standard sound (Std) and the sound presented at a low
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probability (10%) served as a oddball sound (Odd). Within each train, tone bursts were presented
at a fixed level at 10-20 dB SPL above the threshold at CF and at a constant rate of 4 /s.

In order to understand how two tone-bursts in an oddball paradigm affected each other in
generating neural responses, two trains of stimuli were created by omitting one tone-burst (either
TL or Tw) from an oddball paradigm (Figure 7). A total of 6 such single tone-burst sequences,
namely T_ as Std alone, T as Odd alone, Tw as Std alone, Tw as Odd alone, T at 50%, and Ty at

50% were generated.
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Figure 7. An oddball paradigm with one sound omitted (open trapezia). A. Odd omitted; B. Std
omitted; C. equal probability sound omitted.

Responses to two oddball paradigms and an equal probability two-tone sequence were
recorded when the two sounds of a train were presented from a single speaker located in front of
the ear contralateral to the site of recording (c90°, Figure 8). In one of the oddball paradigms, TH
was presented as Std and T, was presented as Odd (Figure 8A). In the other oddball paradigm, T,
was presented as Std and Tn was presented as Odd (Figure 8B). In the equal probability two-tone
sequence, both T and TH were presented at a 50% probability (Figure 8C). Responses to 6 single

tone-burst sequences were also recoded when these sequences were presented at c90°.
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TL, Std
TH, Odd

Figure 8. Oddball paradigm when two sounds are co-localized at the contralateral ear (c90°.). A:
TL Odd, T Std; B: TL Std, Tw Odd; C: T 50%, TH 50%.

To test how a spatial separation between T. and Tn in an oddball paradigm affected the
responses to the two sounds, the two sounds were presented from two speakers. One of the two
speakers was located at a fixed location at c90°, while the other speaker was located at either
c45°, 0°, i45°, or i90° (Figure 9). Four oddball paradigms and two equal probability two-tone
sequences were presented at each angle of separation between the two speakers. In these 6 trains
of stimuli, for instance, the sound at c90° was T as Std (Figure 9A), T as Odd (Figure 9B), T, at
50% probability (Figure 9C). Similare trains were presented for Th. Responses to 6 single tone-
burst sequences were recorded when these sequences were presented at each of the non-c90°
azimuths. Responses to oddball paradigms with T and T spatially separated were compared
with responses to oddball paradigms with T. and Tn colocalized to evaluate how a spatial

separation affected response to an oddball paradigms. Furthermore, these responses were also
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compared with responses to equal probability tone-tone sequences as well as responses to single
tone-burst sequences to evaluate how two spatially separated tone bursts in an oddball paradigm

interact with each other in generate responses.

TL, Odd

Figure 9. Example Oddball paradigm containing spatial cues when one sound was at the
contralateral ear while the other sound was directly in front of the animal. Dotted rectangles

represent sound at a location other than contralateral ear.
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3. Data analysis

Action potentials elicited by a tone burst (either presented alone or in an oddball paradigm)
were plotted in a dot-raster histogram and a peri-stimulus histogram (PSTH). The temporal
pattern of firing of a neuron was evaluated by using these histograms.

In response to a single tone burst, neurons recorded in the present study displayed onset, fast
adapting, pauser, primary-like, and offset/on-off patterns of firing, respectively. An onset pattern
was defined as action potential discharges over a period shorter than 20 ms at the onset of a tone
burst, while a fast adapting pattern was defined as discharges at the onset of a sound that last
longer than 20 ms but shorter than the duration of the sound. A primary-like pattern had strong
firing at the onset of the sound followed by reduced firing over the rest of the tone burst without
an interruption, while a pauser pattern had the two parts of firing separated by a brief pause. A
build-up/late pattern had firing initiated after a long silent period and ended at the offset of the
sound. An offset pattern was characterized by transient action potential discharges at the offset of
a tone burst, while an on-off pattern was classified as bursts of spiking at both the onset and
offset of a sound. Neurons with sustained firing component in their firing patterns such as
primary-like, pauser, build-up etc were grouped as sustained neurons. Other types such as onset,
offset, fast adapting etc were grouped as transient neurons. Except for neurons showing
offset/on-off firing patterns, the mean number of action potentials elicited by a tone burst was
calculated over a period of 130 ms starting from the onset of stimulation.

The sensitivity of a neuron to Odd vs. Std was evaluated when T, and Tw were colocalized at
c90°. Two frequency-specific SSA indices, Issa(TL) and Issa(Tw), and one general SSA index,
glssa, were calculated for this purpose (Duque et al., 2016; Malmierca et al., 2009; Ulanovsky et

al., 2003, 2004):
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Ti(0da) = Tr(su.)

Issa(T1.) =
(1) Ti(oda.) + Ti(sw.)
Issi(Ti) = TH(0da.) = Tti(sta.)
TH(0da) + Tri(sia.)

_ Ti(0daa) + Tr(oaa.) = Ti(sa) = Tr(sia.)
Ti(oda.) + Th(oaa.) + Te(swa.) + Tt (s1a)

glssa

where Rodd (TL), Rstd (TL), Rodd (TH), and Rstd (TH) are strengths of responses (as measured by the
number of spikes per sound presentation) to T as Odd, T as Std, Ty as Odd, and Tn as Std,
respectively, when T and Tw were colocalized at ¢90°. The values of Issa(TL), Issa(Tw), and glssa
range from -1 to +1 with positive indicating stronger sensitivity to Odd, and negative indicating
stronger sensitivity to Std. To asses whether special separation affects deviant and standard

sounds differently, we calculated NdRs separately for deviant and standard responses:

NdRoda. = Ri(0da.) = Ra(oda.)
Ra(0aa) + Re(oas)

NdRsa = [e(54) = Ra(su)
Ra(Std) + Rb(Std)

where R,(Odd) and Rp(Std) represents sums of oddball and standard responses to co-localized
condition and separated conditions respectively. Similar NdRs were also calculated using co-
localized sound and a sound presented at a different location to assess how a sound at the
contralateral ear affects responses to sound presented at another location in the azimuth. All
statistical tests were significant at a fixed p < 0.05 unless otherwise stated.
4. Results

Sound driven responses were recorded from 88 well-isolated single units in the IC. From 66

neurons (75%), data was obtained for all the five spatial locations tested. For the other 22
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neurons (25%), only three spatial locations (c90°, 0°, and c45°) were tested with all the acoustic
paradigms used in this study (See Methods).
4.1. Classification of 1C neurons based on single tone bursts presented at c90°.

Basic features of neurons were studied by presenting CF, fu and fy singly at 7 different
intensities that included the intensity at which the oddball paradigm was presented (or oddball
intensity). The order of intensities at each frequency was completely random. Presentation of one
tone burst (that is frequency at a given intensity) was repeated 20 times, making a total of 140
stimuli at each frequency-intensity combination.

Peristimulus histogram (PSTH) of responses at oddball intensity was used to classify the
neuron’s firing pattern. Based on this approach, five major neuronal firing patterns were
identified. This included onset, primary like, pauser, fast adapting, and offset neurons (Figure
10A). The frequency tuning curves and the rate level functions of these example neurons are
presented in figure 10B and figure 10C respectively. These neurons were grouped into transient

and sustained neurons (See Methods) for further analysis.
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Figure 10. Classification of IC neurons. A. PSTHSs of six single units showing different patterns.
B. Frequency tuning curves of single units. The two red dots indicate the position of fL and fH
with respect to CF (lowest data point). C. Rate level functions at CF (filled circles), fL (open
circles), and fH (Triangles).
4.2. Directional dependence of IC responses to single tone bursts

The same stimulus condition used to classify neurons (See section 4.1.) was also presented
at off-c90 locations (c45°, 0°, i45° and i90°) in order to study how responses of IC neurons
depend on spatial location. Responses associated with f_ and fu were collected at each spatial
location and used to create directional response curves. Figure 11A shows an example IC neuron
that responded strongly to a contralateral sound but reduce the strength of responses when the
same sound was presented at an ipsilateral position. A near complete or complete suppression of
ipsilateral responses was commonly observed in transient neurons (Figure 11B). Conversely,
sustained neurons typically showed ipsilateral reduction in response but rarely exhibited

complete suppression (Figure 11C).
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Figure 11. Directional dependence of responses in the IC. A. PSTHs showing strength of

responses to single tone bursts at each spatial loction in the frontal azimuth. B and C represents

PSTHs (top panels) and responses to tone bursts at variouns spatial locations (bottom panel) for
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a transient and a sustained single unit respectively. Thick lines: responses to TL. Dashed lines:
responses to TH. Horizontal bars indicate stimulus duration

Next, NdRs were computed for responses at each spatial location using responses at the
contralateral ear. Population analysis of these results revealed that IC neurons generally reduced
their responses to an off-c90 sound especially at ipsilateral locations (Figure 12). Transient
neurons (Figure 12A) showed significantly stronger reduction in responses at i45° (Mann-
Witney test, U = 758.0, p = 0.004) and i90° (Mann-Witney test, U = 742.0, p = 0.007) than

sustained neurons (Figure 12B).
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Figure 12. Distribution of directional dependent responses in the IC. A. Responses of transient
neurons to single tone bursts. B. Responses of sustained neurons to single tone bursts. Thick

boxes: responses to TL; Dashed boxes: responses to TH. Horizontal lines: population medians.
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4.3. Responses to oddball paradigms with two composing tone bursts co-localized at c90°
Responses to oddball paradigms were first recorded when the two sounds of an oddball

paradigm were presented from a free-field speaker located in front of the contralateral (c90°) ear.

Figure 13 illustrates a typical IC single unit that showed significantly stronger responses to

oddball than to standard sound regardless of the tone frequency.
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Figure 13. An IC single unit showing stronger responses to Odd than Std sound. A. Dot raster
plots indicating action potentials. B. PSTHs showing the rate of firing. Vertical bars: number of
action potentials per sweep. Horizontal lines: duration of stimulation. Red: responses to Odd,;

blue: responses to Std.
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SSA indices were computed for each individual neuron as described in Methods section.
Figure 14 shows distributions of SSA indices of all the 88 IC single-units based on responses to
oddball paradigms when the two composing tone bursts of a paradigm were co-localized at c90°.
There were more neurons showing positive than negative SSA indices as evaluated by responses

to To (i.e., Issa(TL)), responses to Tw (i.e., Issa(TH)), and both responses to T and Tw (i.e., glssa).
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Figure 14. Distribution of SSA indices obtained from oddball paradigm colocalized at c90°.
Dashed line represents zero SSA index. Numbers represent neurons showing positive or negative
SSA indices.

Direct comparisons were made between T, and Tw to assess whether their responses were
dependent on spectral attribute of the sound. It was found that there was no significant difference
in response to the two tones when presented either as Odd (Mann-Witney test, U = 3714.5, p =
0.641) or as Std (Mann-Witney test, U = 3841.0, p = 0.927) (Figure 15). Similarly, comparison
between Issa(Te) and Issa(TH) showed that there was no dignificant difference between the two
indices (Mann-Witney test, U = 3632.5, p = 0.0.479) (Figure 15).These results indicated that

responses elicited by T and Tw were similar to each other as long as they were presetned at the
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same probability. For this reason, results based on responses elicited by T, and Tw when
presetend at the same probability (i.e Odd or Std), and under similar conditions (e.g. same spatial
location), were grouped together throughout the rest of the thesis. Due to the same reason, a
general stimulus-specific adaptation index (glssa) rather than the two frequency-specific
stimulus-specific indices (i.e., Issa(TL) and Issa(TH)) was used to evaluate the degree of stimulus-

specific adaptation.
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Figure 15. Scatter plots comparing population responses to TL and TH. A. Responses to Odd. B.
Responses to TH. C. Stimulus-specific indices.
4.4. Responses to equal probability two tone-burst sequences with two composing tone
bursts co-localized at c90°
In order to ascertain whether the strength neuronal responses to T, and Tx were dependent
on probability, the two tone bursts were presented at equal probability (or equiprobable) in a
sequence. Figure 16 illustrates and example IC single unit’s responses to Ti and T relative to
Odd and Std responses. Responses to an equiprobable sound were intermediate in comparison to

neuronal responses to Odd and Std (Figure 16A and 16B)
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Figure 16. An example single unit showing responses to odball paradigms with equiprobable
tone bursts (black) alongside responses to Odd (red) and Std (blue). A. Responses to TL. B.
Responses to TH. Lines: PSTHs showing the rate of firing. Vertical bars: number of action

potentials per sweep. Horizontal line: stimulus duration.

Figure 17 shows direct comparison of responses to equiprobable T, and Tw. There was no

difference in neuronal responses to the two tone bursts (Mann-Witney test, U = 3811.5, p =

0.858).

42



20 J
s
#
s
15 - ’
% #
D L] P
Z ‘.
7)) * ™
g 10- o«
% r
= . 7
5 - )
*
.e ,.f"
.
o W
0 5 10 15 20
TH SPiRESJFSWEEp

Figure 17. Scatter plot comparing population responses to equiprobable TL and TH.

4.5. Responses to an oddball paradigm with two composing tone bursts spatially separated:

The response elicited by the tone burst at a fixed location at c90°

After studying responses to oddball paradigms co-localized at c90°, it was important to
investigate dependence of responses on other natural acoustic contexts. Spatial cues provide an
important control in studying how the strength of responses depends on probability. In order to
address this, oddball paradigms were presented with one tone burst at c90° while the other tone
burst was spatially separated. First, Odd tone bursts were presented at c90° with corresponding
Std tone bursts at a different location. Figure 18 provides example responses of an IC single unit
to Odd tone bursts. The neuron’s response to Odd was enhanced when Std was spatially

separated (Figure 18A and 18B).
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Figure 18. Single unit responses to Odd tone burst presented at a fixed c90° location when the
position of Std in the same sequence was varied. A. Responses to TL. B. Responses to TH. Line
plots: firing rate; Vertical bars: number of spikes per sweep; horizontal lines: stimulus duration.
In the reverse sequence, Std tone bursts were presented at c90° while corresponding Odd
tone burst were presented at another location. Responses of the same neuron (in Figure 18) to Std
are provided in figure 19. The neuron showed no apparent alteration in its response to Std

regardless of the spatial location of Odd tone bursts (Figure 19A and 19B).
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Figure 19. Single unit responses to Std tone burst presented at a fixed c90° location when the
position of Odd in the same sequence was varied. A. Responses to TL. B. Responses to TH. Line
plots: firing rate; Vertical bars: number of spikes per sweep; horizontal lines: stimulus duration.
An NdR value (see “Methods”) was used to quantitatively evaluate a change of response
to the sound at c90° caused by a spatial separation such that NdR at c90° was always zero. Since
this data violates the two way ANOVA assumptions of normal distribution and homogeneity of
variance, one sample Wilcoxon Signed rank test was used to evaluate if the median of NdRs at

each angle of spatial location was different from zero.
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Figure 20. Distribution of Odd NdRs when the Std spatial position was varied. A. Population
NdRs. B. NdRs of transient neurons. C. NdRs of sustained neurons. ** Indicates significant
median NdRs (p = 0.0001, Wilcoxon Signed rank test).

Population of 66 neurons revealed that responses to Odd were enhanced when Std was
relocated from c90° to an ipsilateral location (Figure 20A). The median of NdR values was

significantly positive when standard sound was at i45° (p = 0.001) and i90° (p = 0.004). Further
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analysis was conducted for the two groups of neurons with transient and sustained firing
patterns. The effect of spatial separation on the response to Odd at c90° was dependent on the
pattern of firing of neurons. For neurons with transient firing (n =40), median of Odd NdRs was
enhanced when Std was at i45° (p = 0.0001) and i90° (p = 0.0001) (Figure 20B). For neurons
with sustained firing (n =25), medians of Odd NdRs were not different from zero regardless of

the position of standard in the azimuth (Figure 20C).
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Figure 21. Distribution of Std NdRs when the Odd spatial position was varied. A. Population
NdRs. B. NdRs of transient neurons. C. NdRs of sustained neurons.

Responses to Std at c90° were not affected by spatial position of Odd tone bursts in the
azimuth (Figure 21). At any given angle of separation, the median of Std NdR values was not
different from zero for the entire population of 66 neurons (Figure 21A). Similar findings were

observed in neurons showing transient firing (Figure 21B) and sustained firing (Figure 21C).
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Figure 22. Comparison between distributions of glssas containing spatial cues and those without
(c90°). A. Population distribution. B. Transient neurons. C. Sustained neurons. Horizontal lines
in box plots: group medians. **Significant glssa medians relative to glssa at ¢90° (p = 0.0001,
Wilcoxon Signed rank test.

In agreement with the fact that a spatial separation between two sounds of an oddball
paradigm increased strengths of responses to Odd presented at ¢c90° but not responses to Std, it
was hypothesized that spatial-dependent changes in response to Odd or Std can directly enhance
the resulting glssa. In order to link the two, glssa values computed from co-localized sounds
(without spatial cues) were compared with glssa values obtained from sounds that contained
spatial cues. A non-parametric Friedman test showed that there was a significant difference
among glssa values at various spatial locations, and from different types of neurons (x> (14) =
55.692, p = 0001). Post hoc analysis was performed using Wilcoxon Signed rank tests with
Bonferroni correction such that the new significant level was at p < 0.003. The results are
summarised in figure 22. The population glssa median was significantly greater when spatial
separation was at i45° (Z = -3.561, p = 0.0001) and i90° (Figure 22A; Z = -3.517, p = 0.0001)

than median of glssa values obtained from sounds co-localized at ¢90°. Transient neurons also
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showed significantly higher glssa median at i45° (Z = -4.309, p =0.0001), and i190° (Figure 22B;
Z = -4.348, p = 0.0001). Although sustained neurons showed more positive glssa means (Figure
22C) as the angle of separation shifted to the ipsilateral side, the median value was not different
from glssa median at co-localized location.

The contribution of Odd and Std sounds in enhancing glssa in spatial context was further
explored by directly comparing on-c90° glssa values with oddball and standard NdRs at on-c90°
in scatter plots. Figure 23A revealed that majority of population Odd NdRs fell with the top right
quadrant as the spatial separation became more ipsilateral. However, this change was less

apparent for Std NdRs (Figure 23B).
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Figure 23. Scatter plots illustrating population dependence of glssa on Odd and Std responses
containing spatial cues. A. relationship between Odd NdRs and glssa. B. Relationship between
Std NdRs and glssa. Shaded quadrants represent the region of correspondence between positive

NdRs and positive glssa values.
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Statistical examination using Pearson correlation was conducted to further study the
relationship between Odd, Std, and glssa for the two populations of neurons. Results revealed
that Odd NdRs for transient neurons had strong positive correlation with glssa at c45° (r = 0.497,
p = 0.001), 0° (r = 0.579, p = 0.0001), i45° (r = 0.593, p = 0.0001), and i90°(r = 0.641, p =
0.0001) (Figure 24A). Sustained neurons showed similar patterns 0° (r = 0.505, p = 0.01) and

i90° (r = 0.620, p = 0.0001) (Figure 24B).
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Figure 24. Scatter plots illustrating dependence of glssa on Odd responses containing spatial
cues. A. Transient neurons. B. Sustained neurons. Shaded quadrants represent the region of

correspondence between positive NdRs and positive glssa values.
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There was no significant relationship between glssa and Std NdRs for the two groups of neurons

at any given spatial separation (Figure 25A and 25B).
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Figure 25. Scatter plots illustrating dependence of glssa on Std responses containing spatial cues.
A. Transient neurons. B. Sustained neurons. Shaded quadrants represent the region of
correspondence between positive NdRs and positive glssa values.
4.6. Responses to an oddball paradigm with two composing tone bursts spatially separated:
The response elicited by the tone burst at an off-c90° azimuth
As the present results showed, IC neurons as a population reduced responses to off-c90
sound but not a complete suppression. It is therefore important to ask if the sound at c90° affects
responses of the other sound presented at a different location in the same sequence of oddball
paradigm. Figure 26 shows responses of an IC single unit to Odd and Std tone bursts presented at
various locations in the azimuth when their corresponding Std and Odd was tone bursts were

presented at c90°.
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Figure 26. PSTHs showing responses of a single unit to an off-c90° tone bursts when the second

sound in the oddball sequence was presented at c90° location. Red: responses to Odd; blue:

responses to Std. Horizontal lines represent stimulus duration.

Most IC neurons reduced their responses to Odd tone bursts presented at off-c90° location

when Std was fixed at c90° (Figure 27A). This reduction was significantly stronger in transient

neurons (Figure 27B) at i45° (Mann-Witney test, U = 697.0, p = 0.008) and i90° (Mann-Witney

test, U = 687.5, p = 0.011) than in sustained neurons (Figure 27C).

A
1
0.5
kK
.0_5,
-1
c45 0 i45 i90 c45 0 i45 i90 c45 0 i45 i90

Location of Odd

Location of Odd

Location of Odd

51




Figure 27. Distribution of Odd NdRs at off-c90° locations. A. Population NdRs. B. Transient
neurons. C. Sustained neurons. Horizontal lines in the box plots represent the group median
NdR. **Significantly stronger reduction in transient compared to sustained neurons (Mann-
Witney test)

Similarly, most neurons showed off-c90° reduction in response to Std tone bursts when
corresponding Odd tone bursts in the sequence were fixed at ¢90° (Figure 28A). Transient
neurons (Figure 28B) showed significantly stronger reduction in response to off-c90° Std than
sustained neurons (Figure 28C) at ipsilateral locations, i45° (Mann-Witney test, U = 762.0, p =
0.0001) and i190° (Mann-Witney test, U = 722.5, p = 0.003). It is important to note that reduction

was stronger when the off-c90° sound was Std rather than Odd.
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Figure 28. Distribution of Std NdRs at off-c90° locations. A. Population NdRs. B. Transient
neurons. C. Sustained neurons. Horizontal lines in the box plots represent the group median
NdR. **Significantly stronger reduction in transients compared to sustained neurons (Mann-

Witney test)
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Figure 29 represents population distribution of glssa values obtained from off-c90°
responses in comparison to glssa values obtained from sounds co-localized at c90°. Most IC
neurons generally showed lower glssa values at off-c90° than at c90° (Figure 29A). Consistent
with neuronal responses to Odd and Std, reduction in off-c90° glssa values was more apparent in
transient neurons (Figure 27B) than in sustained neurons (27C) especially at ipsilateral locations.

For this reason, there was needless to run statistical tests for the difference in reduction.
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Figure 29. Box plots comparing distribution of off-c90° glssa values to glssa values obtained
from sounds colocalized at c90°. A. Population distribution. B. Transient neurons. C. Sustained
neurons. Horizontal lines in box plots indicate the group median glssa.
4.7. Responses to an equal probability two-tone-burst sequence when they were spatially
separated.
It has been demonstrated so far that spatial context affects neuronal sensitivity to oddball

and standard sounds in the IC.
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Figure 30. Responses of a transient and a sustained single unit to 50% sound presented at a
fixed c90° location when the second sound in the sequence was varied at different spatial
locations. PSTHs represent the neuron’s firing rate. Vertical bars indicate number of action
potentials per sweep. Thick plots: responses to TL; Dotted plots: responses to TH. Dotted
horizontal line estimates relative magnitude of change in responses. Thick horizontal line

indicates stimulus duration.
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However, these findings do not isolate the effect of probability from effect of spatial cues. In
order to eliminate the probability effects, the oddball paradigms used in the previous sections
was presented with the same spatial cues but with T, and T occurring at 50% probability each.
Figure 30 is an example of responses of a transient neuron and a sustained neuron to 50% sounds
presented at c90° when the second sound in the sequence was presented at another location.

NdRs were computed for responses to a ¢90° 50% sound when the second sound in the
same sequence was either co-localized c90° or presented at a different location in the frontal
azimuth (See “Methods”). This approach resulted in zero NdRs when both sounds were co-
localized at ¢90°. Due to this reason, one sample Wilcoxon Signed rank test to evaluate if the
median of NdRs obtained from sounds containing spatial cues was different from zero i.e.
median of NdRs without spatial cues. Populations analysis (n = 65) revealed that medians of
NdRs containing spatial cues was significantly greater than zero when spatial separation was at
i45° (Z = 1499.0, p = 0.005) and i90° (Z = 1423.0, p = 0.010) (Figure 31A). Transient neurons (n
= 40) also showed enhanced values when spatial location was at i45° (Z = 630.0, p = 0.003) and
190° (Z = 664.0, p = 0.0001, Wilcoxon Signed rank test) (Figure 31B). For sustained neurons (n
= 25), the location-dependent change in NdR values was not significantly different from zero

regardless of the spatial position of the second sound (Figure 31C).
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Figure 31. Distribution of 50% sound NdRs when the two composing sounds were presented at
c90° while the corresponding second sounds in the sequence were presented at off-c90°
locations. A. Population NdRs. B. Transient neurons. C. Sustained neurons. Horizontal line in
box plots indicates the group median. **Significant median NdRs based on Wilcoxon Signed
rank test.

Next, NdRs obtained from responses to 50% sound presented at off-c90° location when the
second sound in the sequence occurred at c90° were examined. Figure 30 provides a summary of
these findings. Most IC neurons showed NdR values lower than zero as the spatial location
shifted toward the ipsilateral side (Figure 32A). Transient neurons (Figure 32B) showed stronger
reduction in response at i45° (Mann-Witney test, U = 237.0, p = 0.001) and i90° (Mann-Witney

test, U = 232.5, p = 0.001) than sustained neurons (Figure 32C).
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Figure 32. Distribution of 50% sound NdRs when the two composing sounds were presented at

off-c90° locations while the corresponding second sounds in the sequence were fixed at c90°. A.

Population NdRs. B. Transient neurons. C. Sustained neurons. Horizontal line in box plots

indicates the group median. **Significantly stronger reduction in transients compared to

sustained neurons (Mann-Witney test)

4.8. Responses to an oddball paradigm with only one sound presented in the sequence: c90°
location.

In order to understand how the two composing sounds of an oddball paradigm interact
with each other in generating auditory responses, responses to one sound were studied when the
other sound was omitted from the oddball paradigm. Figure 33 compares responses of a single
unit to the same sound of an oddball paradigm when the second sound in in the same sequence

was omitted and when it was present at a fixed c90° location.
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Figure 33. Responses of a single unit to the same sound when it was persented with another
sound (thick plots) or when it was presented alone (Dotted plots). A. Responses to Odd. B.
Responses to Std. C. respones to 50% probability. Vertical bars represent number of action
potentials per sweep. Horizontal line indicates stimulus duration.

The two sets of responses were used to obtain NdRs such that NdRs for a sound
presented in the presence of the second sound in the sequence had fixed zero values. Population
analysis was conducted using Wilcoxon Signed rank test for 66 neurons. These findings are
summarized in figure 34. Median of NdR values for the entire population was significantly larger
than zero (Z = 1842.0, p = 0.0001) when Odd was presented in the absence of Std. The same
findings were seen in two subgroups of neurons showing transient firing (Z = 759.0, p = 0.0001)

and sustained firing Z = 240.0, p = 0.037).
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Figure 34. Box plots showing distribution of Odd NdRs when Std was omitted from the
sequence. Horizontal line indicates group NdR median. **Significant NdR median at 0.005 p-
value; * Significant NdR median at 0.05 p-value Significant NdR median at 0.005 p-value,
Wilcoxon Signed rank test.

In contrast to responses obtained when Odd was presented alone at ¢90°, medians of
NdRs obtained from responses to Std alone (Figure 35; when Odd in an oddball paradigm was
omitted) were not significantly different from zero. This was true for the entire population of

neurons as well as the two subgroups of neurons with different firing patterns (Figure 35).
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Figure 35. Box plots showing distribution of Std NdRs when Odd was omitted from the
sequence. Horizontal line indicates group NdR median.

When 50% sound was presented alone, the results similar to when Odd was presented
alone (Figure 33B and 33) were observed. As shown in figure 36, the population medians of
NdRs in response to equiprobable sound presented alone were significantly greater than zero (Z
=1690.0, p = 0.0001). Similarly, NdRs median of transient neurons was also greater than zero (Z
= 719.0, p = 0.001). Sustained neurons, however, showed completely contrasting findings (Z =

197.0, p = 0.179).
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Figure 36. Box plots showing distribution of Odd NdRs when Std was omitted from the
sequence. Horizontal line indicates group NdR median. **Significant NdR median based on
Wilcoxon Signed rank test.
4.9. Responses to an oddball paradigm with only one sound presented in the sequence: Off-
c90° locations.
Finally, it was important to study how the two tone bursts in an oddball paradigm interact to
generate responses at off-c90° locations in the frontal azimuth. The same paradigm used in the
previous section (when one sound was omitted) was presented at each off c90° location (c45°,

0°, i145°, and i90°). Figure 37 compares responses of a single unit to the same tone burst when it
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was presented alone or with another sound in the sequence at various spatial locations, and at
different probabilities. The neuron reduced the strength of responses to a sound presented with
another sound at off-c90°. This reduction was alleviated when the same sound was presented
alone as Odd or equiprobable, but not when it was alone as Std.

€90 c45 0 i45 i90

300 - _ - . -

200 ; ] ] i

300 4 q . - -

FAAS A
ERRFEP—

Spikes/s

200 R g . §

Spikes/s

100 : 1 |

300 4 R . - -

200 1. | ] |

R

%

0 50 100150200250 0 50 100150200250 0 50 100150200250 0 50 100150200250 0 50 100150200250
Time (ms) Time (ms) Time (ms) Time (ms) Time (ms)
I

Spikes/s

Figure 37. PSTHs showing responses of a single unit to the same sound presented at various
spatial locations either alone (dashed lines) or with another sound (thick lines). Top panel: Odd
responses; middle panel: Std responses; bottom panel: 50% sound responses. Horizontal line

indicates stimulus duration.
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In a group of 26 neurons, NdRs were calculated for responses to a single sound as a function
of response to a sound co-localized at c90° with another sound. This approach resulted in a non-
zero NdR at ¢90°. Wilcoxon Signed rank tests were used to compare medians of single sound
NdRs and medians of co-localized sound NdRs (i.e. zero NdRs). Due to the small sample,
statistical tests were conducted only for population results. When Odd was presented alone, the
population median NdR of all the 26 neurons was only significantly less than zero at i45° (Figure
38A; Z =59, p =0.003) and i90° (Z = 59, p = 0.003). Both transients (Figure 38B; n = 6) and
sustained neurons (Figure 38C; n = 17) also exhibited reduction only at the two ipsilateral

locations. The reduction looked stronger in transient neurons than sustained.
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Figure 38. Distribution of Odd NdRs obtained from single sound presented at various spatial
locations. A. Population NdRs. B. Transtient neurons. C. Sustained neurons. Horizontal lines
indicate group median. No statistical tests were conducted for B and C.

Contrary to the above findings, the population Std NdRs were not different from zero at c90°
and c¢45° but significantly plummeted below zero at 0° (Z =55, p = 0.002), i45° (Z =1, p =

0.0001) and i90° (Z = 0, p = 0.0001) (Figure 39A). Similar trend was observed for transient and
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sustained neurons (Figure 39C and 39C) except that the reduction was more pronounced in
transient neurons.
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Figure 39. Distribution of Std NdRs obtained from single sound presented at various spatial
locations. A. Population NdRs. B. Transtient neurons. C. Sustained neurons. Horizontal lines
indicate group median. Note: No statistical tests were conducted for B and C.

When 50% sound was presented alone, the population results were similar to when Odd
was presented alone. That is, the NdRs began to fall significantly below zero at i45° (Figure
40A; Z =29, p = 0.0001) and i90° (Z = 37, p = 0.0001). Transient and sustained neurons showed
similar trends (Figure 40B and 40C). However, the medians of NdRs at ipsilateral locations

were much lower in transient neurons.
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Figure 40. Distribution of 50% sound NdRs obtained from single sounds presented at various
spatial locations. A. Population NdRs. B. Transtient neurons. C. Sustained neurons. Horizontal
lines indicate group median. **Significant median NdRs (Wilcoxon Signed rank test). Note: No
statistical tests were conducted for B and C.

In order to obtain a clear idea about how a sound at c90° affects neuronal responses to
off-c90°, population median NdRs for responses to off-c90° sound when the corresponding
sound in the sequence was omitted and when it was present at c90° were plotted for comparison.
Median NdR values were lowest at ipsilateral locations when the second sound was presented at

c90° in all categories compared (Odd, Std, and Equal probability) (Figure 41).
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Figure 41. Line plots comparing median NdRs obtained when a sound was presented at off-c90°
alone (dashed lines), and when it was presented at off-c90° while the second sound was

presented at a fixed c90° location (think lines). Red; Odd, blue; Std, black; 50% sound.
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5. Discussion

This study demonstrates that majority of IC neurons showed SSA under free-field conditions.
Transient neurons, but not sustained neurons, enhanced responses to Odd presented at the
contralateral ear especially when Std was presented at an ipsilateral location. In both types of
neurons, the position of Odd in the frontal azimuth did not affect neuronal responses to Std
presented at the contralateral ear. In the contrary, a sound presented at the contralateral ear
reduced neuronal responses to a sound presented at another location in the frontal azimuth
regardless of whether it was Odd or Std. This reduction was typically stronger for responses to
Std and in transient neurons.

SSA has been studied in IC neurons using oddball paradigm presented through earphones
(Anderson et al., 2009; Antunes et al., 2010; Farley et al., 2010; Malmierca et al., 2009; Pérez-
Gonzalez et al., 2012; Ulanovsky et al., 2003; VVon Der Behrens et al., 2009; Zhao et al., 2011).
The present study replicates these findings. Most IC neurons responded more strongly to Odd
than Std in an oddball paradigm presented through a free-field speaker located at c90° in front of
the contralateral ear. This was regardless of whether the tone was T, or Th.

5.1. SSA derived from sounds spatially separated sounds vs SSA derived from co-localized
sounds

The SSA obtained from spatially separated sounds is stronger than SSA obtained from co-
localized sounds. Previous studies have hardly investigated SSA under ecologically relevant
listening conditions. A study in the barn owl used interaural time difference (ITD) and level
difference (ILD) to investigate SSA (Reches and Gutfreund, 2008). This study differs
substantially from the present findings. Apart from being conducted in a different species and

under artificial stimulus conditions, it did not find spatially related SSA in the inferior colliculus.
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A recent study investigated IC responses to sounds of an oddball paradigm that was
presented through free-field speakers (Patel and Zhang, 2016). It was found that collicular
neurons had better sensitivity to both Odd and Std when co-localized in front of the animal than
when they are spatially separated. This study differs from the present study in both design (See
“Methods) and findings. For instance, SSA in the present study was strongest for responses to
sounds at the contralateral ear when the corresponding sounds of the oddball paradigms were
presented at an ipsilateral location. This finding was unique to neurons with transiently firing
patterns. Moreover the spatial-dependent increase in SSA in this neurons was directly
attributable to enhanced responses to Odd rather than Std. These findings suggest that transient
neurons are capable of processing acoustic stimuli containing complex cues such as spatial cues,
and might be best suited for detecting novel stimuli in a natural environment. Sustained neurons,
on the other hand, did not showed spatial-dependent increase or decrease in SSA and might serve
to process basic acoustic features such as intensity and frequency.

5.2. Enhanced responses to Odd presented at the contralateral ear when Std is at an
ipsilateral location.

Responses to Odd were strongly augmented when Std was relocated to an ipsilateral
location in transient neurons. The same was not true for sustained neurons. In both populations,
the position of Odd in the frontal azimuth did not alter responses to Std presented at the
contralateral ear. It is thus important to account for the disparity in spatial-dependent sensitivity
to Odd between the two neuronal populations.

A recent model proposed that adaptation of excitatory inputs in neurons with narrow
frequency range shapes responses to Odd and Std in an oddball paradigm (Taaseh et al., 2011).

Thus, replacing Std with silent gaps in an oddball paradigm sequence would reduce adaptation
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and effectively enhance responses to Odd (Duque et al., 2016; Hershenhoren et al., 2014; Taaseh
et al., 2011). The present results agree in part with previous findings. Omitting Std in an oddball
paradigm sequence enhanced responses to Odd alone in both transient and sustained neurons. It
is noteworthy that this enhancement was stronger in transient than sustained neurons. The
adaptation model can explain why transient neurons enhanced responses to Odd upon the
relocation of Std to an ipsilateral location. Nonetheless, it fails to address why sustained neurons
did not alter responses to Odd regardless of the Std position in the azimuth. These findings
suggest that a separate and/or complementary mechanism exists in the IC that might be
responsible for disparity in responses to Odd between transients and sustained neurons. It was
therefore important to examine differences between the two groups.

The most apparent difference between transient and sustained neurons in this study is
their responses to directional stimuli. Most transient neurons exhibit stronger reduction in
response to ipsilateral stimulation than transient neurons, suggesting that sustained neurons
receive at least weak excitatory ipsilateral inputs. Thus it is plausible to speculate the balance of
binaural excitation an inhibition could be one of the possible mechanisms responsible for the
difference in sensitivity to Odd. A population of rebound neurons has been described previously
in the rat IC (Sivaramakrishnan and Oliver, 2001). These neurons respond strongly to low
threshold excitatory currents, which they would normally not respond to, only if it is preceded by
prolonged inhibitory hyperpolarizing current. This phenomenon has been described as post-
inhibitory rebound. This phenomenon is likely responsible for location-dependent sensitivity to
Odd in transient neurons. For a neuron inhibited by ipsilateral location, Std sound would provide
sufficient prolonged inhibition. Odd sound presented at the contralateral ear under such

conditions would elicit rebound firing. Conversely, Odd presented at an ipsilateral location
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would not provide prolonged inhibition sufficient enough to cause rebound in firing. Thus,

responses to Std presented at the contralateral ear would undergo adaption. This model is

consistent with enhanced responses to Odd in transient neurons, and no alteration in responses to

Std in both populations.

5.3. Enhanced responses to equal probability sound presented at the contralateral ear when
the second sound is at an ipsilateral location.

In order to isolate probability effects on responses to an oddball paradigm from effect of
spatial separation, it is important to study the same composing sounds when presented at equal
probability. This present results indicate that transient neurons enhanced responses to equal-
probability sound at the contralateral ear when the other sound was either presented at an
ipsilateral location or when it was omitted. Sustained neurons did not alter their responses
regardless. These findings suggest that the enhancement observed in transient neurons in
response to Odd is attributable to the spatial separation between the two sounds. Enhanced
response to equal probability sound in transient neurons can be explained by rebound in firing.
That is, equal probability sound at an ipsilateral location is likely sufficient enough to cause
rebound firing in response to sound at the contralateral ear. The absence of change in response in
sustained can be due to adaptation. This is likely due to alternating activation of both weak
excitatory inputs at the ipsilateral location, and strong excitatory inputs at the contralateral ear.
The fact that sustained neurons did not alter their responses when one sound was omitted
supports the hypothesis that these neurons might be poorly tuned to subtle cues in a complex
acoustic stimulus.

5.4. A sound of an oddball paradigm presented at the contralateral ear reduces neuronal

responses to another sound presented at a different location in the azimuth.
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A sound presented at the contralateral ear reduced neuronal responses to a second sound
in the same sequence that was presented at a different location. Both IC neuronal populations
generally reduced their responses to an off-c90° sound regardless of whether it was Odd, Std, or
equal probability. This reduction was always greatest at ipsilateral locations. This is consistent
with the fact that most IC neurons are inhibited by ipsilateral stimulation (Pollak et al., 2002;
Pollak, 2012). However, the reduction was alleviated when one sound in the paradigm was
omitted, suggesting that the contralaterally presented sound had an inhibitory effect. The amount
of reduction was predictably dependent on neuron types. That is, transient neurons showed
stronger ipsilateral reduction in response to Odd sound when Std was presented at the
contralateral ear than sustained neurons. Similar pattern was observed for responses to Std when
Odd was at the contralateral ear. Ipsilateral reduction in response was stronger for responses to
Std rather than Odd in both neuronal types. The stronger reduction in response to ipsilateral Std
can be explained by adaptation model especially in sustained neurons.

6. Conclusions and Future Directions

Collicular neurons use spatial cues to detect novel sounds in ecologically relevant acoustic
scenes. Neurons with transient firing patterns are likely capable of extracting complex acoustic
cues and, thus, are better tuned to novelty sensitivity. Spatial-dependent sensitivity to novel
sounds, or lack thereof, can be accounted for by adaptation model and/or balance between
binaural excitation and inhibition. This study not only provides insights into novelty detection,
but also mechanisms underlying binaural hearing in natural acoustic environments.

Neurons used in this study were grouped according to whether the firing rate lasts the
duration of stimulus. As a result, single units with distinct firing patterns were clumped in one

group (See Methods). Moreover, rare neurons such as onset neurons were not included in the
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analysis. In order to obtain a better idea about spatial processing, future studies should focus on

collecting sufficient data on each individual single unit types.

72



References

Adams, J. C. (1983). Cytology of periolivary cells and the organization of their projections in the
cat. Journal of Comparative Neurology, 215(3), 275-289.

Aguilar Ayala, Y., & Malmierca, M. S. (2013). Stimulus-specific adaptation and deviance
detection in the inferior colliculus. Frontiers in neural circuits, 6, 89.

Aguillon, B. E. N., Nieto, J., Escera, C., & Malmierca, M. S. (2013, February). Response to
complex patterns of regularity in the inferior colliculus of the anesthetized rat. In Abst ARO
meeting (Vol. 663, No. 36, pp. 321-322).

Ahuja, T. K, & Wu, S. H. (2007). Intrinsic membrane properties and synaptic response
characteristics of neurons in the rat’s external cortex of the inferior
colliculus. Neuroscience, 145(3), 851-865.

Aitkin, L. (1986). The auditory midbrain: structure and function in the central auditory pathway.
Springer Science & Business Media.

Aitkin, L. M., Webster, W. R., Veale, J. L., & Crosby, D. C. (1975). Inferior colliculus. I.
Comparison of response properties of neurons in central, pericentral, and external nuclei of
adult cat. Journal of neurophysiology, 38(5), 1196-1207.

Aitkin, L., Tran, L., & Syka, J. (1994). The responses of neurons in subdivisions of the inferior
colliculus of cats to tonal, noise and vocal stimuli. Experimental Brain Research, 98(1), 53-
64.

Altschuler, R. A, Tong, L., Holt, A. G., & Oliver, D. L. (2008). Immunolocalization of vesicular

glutamate transporters 1 and 2 in the rat inferior colliculus. Neuroscience, 154(1), 226-232.

73



Anderson, L. A., & Malmierca, M. S. (2013). The effect of auditory cortex deactivation on
stimulus-specific adaptation in the inferior colliculus of the rat. European Journal of
Neuroscience, 37(1), 52-62.

Anderson, L. A., Christianson, G. B., & Linden, J. F. (2009). Stimulus-specific adaptation occurs
in the auditory thalamus. Journal of Neuroscience, 29(22), 7359-7363.

Antunes, F. M., & Malmierca, M. S. (2014). An overview of stimulus-specific adaptation in the
auditory thalamus. Brain topography, 27(4), 480-499.

Antunes, F. M., Nelken, 1., Covey, E., & Malmierca, M. S. (2010). Stimulus-specific adaptation
in the auditory thalamus of the anesthetized rat. PLoS One, 5(11), e14071.

Arcelli, P., Frassoni, C., Regondi, M. C., De Biasi, S., & Spreafico, R. (1997). GABAergic
neurons in mammalian thalamus: a marker of thalamic complexity?. Brain research
bulletin, 42(1), 27-37.

Arnault, P., & Roger, M. (1990). Ventral temporal cortex in the rat: connections of secondary
auditory areas Te2 and Te3. Journal of Comparative Neurology, 302(1), 110-123.

Ayala, Y. A, & Malmierca, M. S. (2015). Cholinergic modulation of stimulus-specific
adaptation in the inferior colliculus. Journal of Neuroscience, 35(35), 12261-12272.

Ayala, Y. A., Pérez-Gonzélez, D., Duque, D., Nelken, I., & Malmierca, M. S. (2013). Frequency
discrimination and stimulus deviance in the inferior colliculus and cochlear
nucleus. Frontiers in neural circuits, 6, 119.

Bajo, V. M., Merchan, M. A., Lépez, D. E., & Rouiller, E. M. (1993). Neuronal morphology and
efferent projections of the dorsal nucleus of the lateral lemniscus in the rat. Journal of

Comparative Neurology, 334(2), 241-262.

74



Bajo, V. M., Villa, A. E., de Ribaupierre, F., & Rouiller, E. M. (1998). Discharge properties of
single neurons in the dorsal nucleus of the lateral lemniscus of the rat. Brain research
bulletin, 47(6), 595-610.

Banks, M. ., & Smith, P. H. (1992). Intracellular recordings from neurobiotin-labeled cells in
brain slices of the rat medial nucleus of the trapezoid body. Journal of
Neuroscience, 12(7), 2819-2837.

Bartlett, E. L., & Smith, P. H. (1999). Anatomic, intrinsic, and synaptic properties of dorsal and

ventral division neurons in rat medial geniculate body. Journal of neurophysiology, 81(5).

Bartlett, E. L., Stark, J. M., Guillery, R. W., & Smith, P. H. (2000). Comparison of the fine
structure of cortical and collicular terminals in the rat medial geniculate
body. Neuroscience, 100(4), 811-828.

Behrend, O., Brand, A., Kapfer, C., & Grothe, B. (2002). Auditory response properties in the
superior paraolivary nucleus of the gerbil. Journal of neurophysiology, 87(6), 2915-2928.

Binns, K. E., Grant, S., Withington, D. J., & Keating, M. J. (1992). A topographic representation
of auditory space in the external nucleus of the inferior colliculus of the guinea-pig. Brain
research, 589(2), 231-242.

Bordi, F., & LeDoux, J. E. (1994). Response properties of single units in areas of rat auditory
thalamus that project to the amygdala. Experimental Brain Research, 98(2), 261-274.
Brawer, J. R., Morest, D. K., & Kane, E. C. (1974). The neuronal architecture of the cochlear

nucleus of the cat. Journal of Comparative Neurology, 155(3), 251-299.
Bregman, Albert S. Auditory scene analysis: The perceptual organization of sound. MIT press,

1994,

75



Brodal, A. (1981). Neurological anatomy in relation to clinical medicine. Oxford University
Press, USA.

Bronkhorst, A. W. (2000). The cocktail party phenomenon: A review of research on speech
intelligibility in multiple-talker conditions. Acta Acustica united with Acustica, 86(1), 117-
128.

Brumm, H., & Slabbekoorn, H. (2005). Acoustic communication in noise. Advances in the Study
of Behavior, 35, 151-209.

Burger, R. M., & Pollak, G. D. (2001). Reversible inactivation of the dorsal nucleus of the lateral
lemniscus reveals its role in the processing of multiple sound sources in the inferior
colliculus of bats. Journal of Neuroscience, 21(13), 4830-4843.

Burianova, J., Ouda, L., Profant, O., & Syka, J. (2009). Age-related changes in GAD levels in
the central auditory system of the rat. Experimental gerontology, 44(3), 161-169.

Caicedo, A., & Herbert, H. (1993). Topography of descending projections from the inferior
colliculus to auditory brainstem nuclei in the rat. Journal of Comparative
Neurology, 328(3), 377-392.

Casseday, J. H., & Covey, E. (1996). A Neuroethological Theory of the Operation of the Inferior
Colliculus; pp. 323-336. Brain, behavior and evolution, 47(6), 323-336.

Casseday, J. H., Fremouw, T., & Covey, E. (2002). The inferior colliculus: a hub for the central
auditory system. In Integrative functions in the mammalian auditory pathway (pp. 238-
318). Springer New York.

Cavinato, M., Rigon, J., Volpato, C., Semenza, C., & Piccione, F. (2012). Preservation of

auditory P300-like potentials in cortical deafness. PloS one, 7(1), €29909.

76



Chittka, L., & Brockmann, A. (2005). Perception space—the final frontier. PLoS biology, 3(4),
el37.

Choy Buentello, D., Bishop, D. C., & Oliver, D. L. (2015). Differential distribution of GABA
and glycine terminals in the inferior colliculus of rat and mouse. Journal of Comparative
Neurology, 523(18), 2683-2697.

Clerici, W. J., & Coleman, J. R. (1990). Anatomy of the rat medial geniculate body: I.
Cytoarchitecture, myeloarchitecture, and neocortical connectivity. Journal of Comparative
Neurology, 297(1), 14-31.

Clerici, W. J., McDonald, A. J., Thompson, R., & Coleman, J. R. (1990). Anatomy of the rat
medial geniculate body: Il. Dendritic morphology. Journal of Comparative
Neurology, 297(1), 32-54.

Clifford, C. W., Webster, M. A., Stanley, G. B., Stocker, A. A., Kohn, A., Sharpee, T. O., &
Schwartz, O. (2007). Visual adaptation: Neural, psychological and computational aspects.
Vision research, 47(25), 3125-3131.

Coleman, J. R., & Clerici, W. J. (1987). Sources of projections to subdivisions of the inferior
colliculus in the rat. Journal of Comparative Neurology, 262(2), 215-226.

Covey, E., & Casseday, J. H. (1991). The monaural nuclei of the lateral lemniscus in an
echolocating bat: parallel pathways for analyzing temporal features of sound. Journal of
Neuroscience, 11(11), 3456-3470.

Dehmel, S., Kopp-Scheinpflug, C., Dorrscheidt, G. J., & Rilbsamen, R. (2002).
Electrophysiological characterization of the superior paraolivary nucleus in the Mongolian

gerbil. Hearing research, 172(1), 18-36.

77



Dolan, D. F., & Nuttall, A. L. (1988). Masked cochlear whole-nerve response intensity functions
altered by electrical stimulation of the crossed olivocochlear bundle. The Journal of the
Acoustical Society of America, 83(3), 1081-1086.

Doron, N. N., Ledoux, J. E., & Semple, M. N. (2002). Redefining the tonotopic core of rat
auditory cortex: physiological evidence for a posterior field. Journal of Comparative
Neurology, 453(4), 345-360.

Doucet, J. R., Rosg, L., & Ryugo, D. K. (2002). The cellular origin of corticofugal projections to
the superior olivary complex in the rat. Brain research, 925(1), 28-41.

Druga, R., & Syka, J. (1993). NADPH-diaphorase activity in the central auditory structures of
the rat. Neuroreport, 4(8), 999-1002.

Duque, D., Malmierca, M. S., & Caspary, D. M. (2014). Modulation of stimulus-specific
adaptation by GABAA receptor activation or blockade in the medial geniculate body of the
anaesthetized rat. The Journal of physiology, 592(4), 729-743.

Duque, D., Pérez-Gonzalez, D., Ayala, Y. A., Palmer, A. R., & Malmierca, M. S. (2012).
Topographic distribution, frequency, and intensity dependence of stimulus-specific
adaptation in the inferior colliculus of the rat. Journal of Neuroscience, 32(49), 17762-
17774.

Duque, D., Wang, X., Nieto-Diego, J., Krumbholz, K., & Malmierca, M. S. (2016). Neurons in
the inferior colliculus of the rat show stimulus-specific adaptation for frequency, but not for
intensity. Scientific reports, 6.

Escera, C., & Malmierca, M. S. (2014). The auditory novelty system: an attempt to integrate

human and animal research. Psychophysiology, 51(2), 111-123.

78



Farley, B. J., Quirk, M. C., Doherty, J. J., & Christian, E. P. (2010). Stimulus-specific adaptation
in auditory cortex is an NMDA-independent process distinct from the sensory novelty
encoded by the mismatch negativity. Journal of Neuroscience, 30(49), 16475-16484.

Faye-Lund, H. (1986). Projection from the inferior colliculus to the superior olivary complex in
the albino rat. Anatomy and embryology, 175(1), 35-52.

Feliciano, M., & Potashner, S. J. (1995). Evidence for a glutamatergic pathway from the guinea
pig auditory cortex to the inferior colliculus. Journal of neurochemistry, 65(3), 1348-1357.

Felix, R. A., Fridberger, A., Leijon, S., Berrebi, A. S., & Magnusson, A. K. (2011). Sound
rhythms are encoded by postinhibitory rebound spiking in the superior paraolivary
nucleus. Journal of Neuroscience, 31(35), 12566-12578.

Fredrich, M., Reisch, A., & llling, R. B. (2009). Neuronal subtype identity in the rat auditory
brainstem as defined by molecular profile and axonal projection. Experimental brain
research, 195(2), 241-260.

Friauf, E. (1992). Tonotopic Order in the Adult and Developing Auditory System of the Rat as
Shown by c-fos Immunocytochemistry. European journal of Neuroscience, 4(9), 798-812.

Friauf, E., & Ostwald, J. (1988). Divergent projections of physiologically characterized rat
ventral cochlear nucleus neurons as shown by intra-axonal injection of horseradish
peroxidase. Experimental brain research, 73(2), 263-284.Guinan, J. J., Norris, B. E., &
Guinan, S. S. (1972). Single auditory units in the superior olivary complex: 1l: locations of
unit categories and tonotopic organization. International Journal of Neuroscience, 4(4),
147-166.

Games, K. D., & Winer, J. A. (1988). Layer V in rat auditory cortex: projections to the inferior

colliculus and contralateral cortex. Hearing research, 34(1), 1-25.

79



Goldberg, J. M., & Brown, P. B. (1969). Response of binaural neurons of dog.J
Neurophysiol, 32, 613-636.

Gonzalez-Hernandez, T. H., Galindo-Mireles, D., Castafieyra-Perdomo, A., & Ferres-Torres, R.
(1991). Divergent projections of projecting neurons of the inferior colliculus to the medial
geniculate body and the contralateral inferior colliculus in the rat. Hearing research, 52(1),
17-21.

Grothe, B., Pecka, M., & McAlpine, D. (2010). Mechanisms of sound localization in
mammals. Physiological reviews, 90(3), 983-1012.

Harrison, J. M., & Feldman, M. L. (1969). Anatomical aspects of the cochlear nucleus and
superior olivary complex. Contributions to sensory physiology, 4, 95-142.

Heffner, H. E., & Heffner, R. S. (1986). Hearing loss in Japanese macaques following bilateral
auditory cortex lesions. Journal of neurophysiology, 55(2), 256-271.

Hefti, B. J., & Smith, P. H. (2000). Anatomy, physiology, and synaptic responses of rat layer V
auditory cortical cells and effects of intracellular GABA A blockade. Journal of
Neurophysiology, 83(5), 2626-2638.

Helfert, R. H., Bonneau, J. M., Wenthold, R. J., & Altschuler, R. A. (1989). GABA and glycine
immunoreactivity in the guinea pig superior olivary complex. Brain research, 501(2), 269-
286.

Henry, M. J., & Herrmann, B. (2014). Low-frequency neural oscillations support dynamic
attending in temporal context. Timing & Time Perception, 2(1), 62-86.

Herbert, H., Aschoff, A., & Ostwald, J. (1991). Topography of projections from the auditory
cortex to the inferior colliculus in the rat. Journal of Comparative Neurology, 304(1), 103-

122.

80



Hernandez, O., Espinosa, N., Pérez-Gonzalez, D., & Malmierca, M. S. (2005). The inferior
colliculus of the rat: a quantitative analysis of monaural frequency response
areas. Neuroscience, 132(1), 203-217.

Hernandez, O., Rees, A., & Malmierca, M. S. (2006). A GABAergic component in the
commissure of the inferior colliculus in rat. Neuroreport, 17(15), 1611-1614.

Horvath, M., Kraus, K. S., & llling, R. B. (2000). Olivocochlear neurons sending axon
collaterals into the ventral cochlear nucleus of the rat. Journal of Comparative
Neurology, 422(1), 95-105.

Ito, M., van Adel, B., & Kelly, J. B. (1996). Sound localization after transection of the
commissure of Probst in the albino rat. Journal of neurophysiology, 76(5), 3493-3502.

Ito, T., & Oliver, D. L. (2010). Origins of glutamatergic terminals in the inferior colliculus
identified by retrograde transport and expression of VGLUT1 and VGLUT2
genes. Frontiers in neuroanatomy, 4.

Ito, T., & Oliver, D. L. (2012). The basic circuit of the IC: tectothalamic neurons with different
patterns of synaptic organization send different messages to the thalamus. Frontiers in
neural circuits, 6.

Ito, T., Bishop, D. C., & Oliver, D. L. (2009). Two classes of GABAergic neurons in the inferior
colliculus. Journal of Neuroscience, 29(44), 13860-138609.

Ito, T., Bishop, D. C., & Oliver, D. L. (2011). Expression of glutamate and inhibitory amino acid
vesicular transporters in the rodent auditory brainstem. Journal of Comparative

Neurology, 519(2), 316-340.

81



Ito, T., Bishop, D. C., & Oliver, D. L. (2011). Expression of glutamate and inhibitory amino acid
vesicular transporters in the rodent auditory brainstem. Journal of Comparative
Neurology, 519(2), 316-340.

Ito, T., Bishop, D. C., & Oliver, D. L. (2016). Functional organization of the local circuit in the
inferior colliculus. Anatomical science international, 91(1), 22-34.

Izquierdo, M. A., Gutierrez-Conde, P. M., Merchan, M. A., & Malmierca, M. S. (2008). Non-
plastic reorganization of frequency coding in the inferior colliculus of the rat following
noise-induced hearing loss. Neuroscience, 154(1), 355-369.

Jaaskeldinen, 1. P., Ahveninen, J., Belliveau, J. W., Raij, T., & Sams, M. (2007). Short-term
plasticity in auditory cognition. Trends in neurosciences, 30(12), 653-661.

Jamal, L., Khan, A. N., Butt, S., Patel, C. R., & Zhang, H. (2012). The level and distribution of
the GABABR1 and GABABR?2 receptor subunits in the rat's inferior colliculus. Frontiers
in neural circuits, 6, 92.

Jones, E. G. (2012). The thalamus. Springer Science & Business Media.

Joris, P. X., Smith, P. H., & Yin, T. C. (1998). Coincidence detection in the auditory system: 50
years after Jeffress. Neuron, 21(6), 1235-1238.

Kelly, J. B., Buckthought, A. D., & Kidd, S. A. (1998). Monaural and binaural response
properties of single neurons in the rat's dorsal nucleus of the lateral lemniscus. Hearing
research, 122(1), 25-40.

Kelly, J. B., Glenn, S. L., & Beaver, C. J. (1991). Sound frequency and binaural response

properties of single neurons in rat inferior colliculus. Hearing research, 56(1-2), 273-280.

82



Kelly, J. B., Li, L., & van Adel, B. (1996). Sound localizations after kainic acid lesions of the
dorsal nucleus of the lateral lemniscus in the albino rat. Behavioral neuroscience, 110(6),
1445.

Kelly, J. B., Van Adel, B. A., & Ito, M. (2009). Anatomical projections of the nuclei of the
lateral lemniscus in the albino rat (Rattus norvegicus). Journal of Comparative
Neurology, 512(4), 573-593.

Kilgard, M. P., & Merzenich, M. M. (1998). Plasticity of temporal information processing in the
primary auditory cortex. Nature neuroscience, 1(8), 727.

Kilgard, M. P., & Merzenich, M. M. (1999). Distributed representation of spectral and temporal
information in rat primary auditory cortex. Hearing research, 134(1), 16-28.

Kimura, A., Donishi, T., Sakoda, T., Hazama, M., & Tamai, Y. (2003). Auditory thalamic nuclei
projections to the temporal cortex in the rat. Neuroscience, 117(4), 1003-1016.

Koch, U., & Grothe, B. (2003). Hyperpolarization-activated current (I h) in the inferior
colliculus: distribution and contribution to temporal processing. Journal of
neurophysiology, 90(6), 3679-3687.

Kopp-Scheinpflug, C., Tolnai, S., Malmierca, M. S., & Rlbsamen, R. (2008). The medial
nucleus of the trapezoid body: comparative physiology. Neuroscience, 154(1), 160-170.
Kulesza, R. J. (2008). Cytoarchitecture of the human superior olivary complex: nuclei of the

trapezoid body and posterior tier. Hearing research, 241(1), 52-63.

Kulesza, R. J., & Berrebi, A. S. (2000). The superior paraolivary nucleus of the rat is a

GABAergic  nucleus. JARO-Journal of the Association for Research in

Otolaryngology, 1(4), 255-269.

83



Kulesza, R. J., Spirou, G. A., & Berrebi, A. S. (2003). Physiological response properties of
neurons in the superior paraolivary nucleus of the rat. Journal of neurophysiology, 89(4),
2299-2312.

Kuwada, S., Batra, R., Yin, T. C., Oliver, D. L., Haberly, L. B., & Stanford, T. R. (1997).
Intracellular recordings in response to monaural and binaural stimulation of neurons in the
inferior colliculus of the cat. Journal of Neuroscience, 17(19), 7565-7581.

Lauer, A. M., Slee, S. J., & May, B. J. (2011). Acoustic basis of directional acuity in laboratory
mice. Journal of the Association for Research in Otolaryngology, 12(5), 633-645.

LeDoux, J. E., lwata, J., Pearl, D., & Reis, D. J. (1986). Disruption of auditory but not visual
learning by destruction of intrinsic neurons in the rat medial geniculate body. Brain
research, 371(2), 395-399.

LeDoux, J. E., Sakaguchi, A. K. I. R. A., & Reis, D. J. (1984). Subcortical efferent projections of
the medial geniculate nucleus mediate emotional responses conditioned to acoustic
stimuli. Journal of Neuroscience, 4(3), 683-698.

LeDoux, Joseph E., Claudia Farb, and David A. Ruggiero. "Topographic organization of neurons
in the acoustic thalamus that project to the amygdala."” Journal of Neuroscience 10.4
(1990): 1043-1054.

Li, N., & Pollak, G. D. (2013). Circuits that innervate excitatory-inhibitory cells in the inferior
colliculus obtained with in vivo whole cell recordings. Journal of Neuroscience, 33(15),
6367-6379.

Li, N., Gittelman, J. X., & Pollak, G. D. (2010). Intracellular recordings reveal novel features of
neurons that code interaural intensity disparities in the inferior colliculus. Journal of

Neuroscience, 30(43), 14573-14584.

84



Li, Y., Evans, M. S., & Faingold, C. L. (1998). In vitro electrophysiology of neurons in
subnuclei of rat inferior colliculus. Hearing research, 121(1-2), 1-10.

Li, Y., Evans, M. S., & Faingold, C. L. (1999). Synaptic response patterns of neurons in the
cortex of rat inferior colliculus. Hearing research, 137(1-2), 15-28.

Llano, D. A., & Sherman, S. M. (2009). Differences in intrinsic properties and local network
connectivity of identified layer 5 and layer 6 adult mouse auditory corticothalamic neurons
support a dual corticothalamic projection hypothesis. Cerebral cortex, 19(12), 2810-2826.

Loftus, W. C., Malmierca, M. S., Bishop, D. C., & Oliver, D. L. (2008). The cytoarchitecture of
the inferior colliculus revisited: a common organization of the lateral cortex in rat and
cat. Neuroscience, 154(1), 196-205.

Malmierca MS, Ryugo DK (2012) Auditory system. In: Watson C, Paxinos G, Puelles L (eds)
The mouse nervous system. Academic, Amsterdam, pp 607-645

Malmierca, M. S. (1991). Computer-assisted 3-D reconstructions of Golgi impregnated cells in
the rat inferior colliculus. Vol. PhD: Salamanca and Oslo.

Malmierca, M. S. (2003). The structure and physiology of the rat auditory system: an
overview. International review of neurobiology, 56, 147-211.

Malmierca, M. S. (2015). Anatomy and Physiology of the Mammalian Auditory System.
In Encyclopedia of Computational Neuroscience (pp. 155-186). Springer New York.

Malmierca, M. S., & Hackett, T. A. (2010). Structural organization of the ascending auditory
pathway. The Auditory Brain, 9-41.

Malmierca, M. S., Blackstad, T. W., & Osen, K. K. (2011). Computer-assisted 3-D
reconstructions of Golgi-impregnated neurons in the cortical regions of the inferior

colliculus of rat. Hearing research, 274(1-2), 13-26.

85



Malmierca, M. S., Cristaudo, S., Pérez-Gonzélez, D., & Covey, E. (2009a). Stimulus-specific
adaptation in the inferior colliculus of the anesthetized rat. The Journal of Neuroscience,
29(17), 5483-5493.

Malmierca, M. S., Herndndez, O., & Rees, A. (2005). Intercollicular commissural projections
modulate neuronal responses in the inferior colliculus. European Journal of
Neuroscience, 21(10), 2701-2710.

Malmierca, M. S., Hernandez, O., Antunes, F. M., & Rees, A. (2009b). Divergent and point-to-
point connections in the commissural pathway between the inferior colliculi. Journal of
Comparative Neurology, 514(3), 226-239.

Malmierca, M. S., Hernandez, O., Falconi, A., Lopez-Poveda, E. A., Merchan, M., & Rees, A.
(2003). The commissure of the inferior colliculus shapes frequency response areas in rat:
an in vivo study using reversible blockade with microinjection of kynurenic
acid. Experimental brain research, 153(4), 522-529.

Malmierca, M. S., Leergaard, T. B., Bajo, V. M., Bjaalie, J. G., & Merchan, M. A. (1998).
Anatomic evidence of a three-dimensional mosaic pattern of tonotopic organization in the
ventral complex of the lateral lemniscus in cat. Journal of Neuroscience, 18(24), 10603-
10618.

Malmierca, M. S., Merchan, M. A., Henkel, C. K., & Oliver, D. L. (2002). Direct projections
from cochlear nuclear complex to auditory thalamus in the rat. Journal of
Neuroscience, 22(24), 10891-10897.

Malmierca, M. S., Sanchez-Vives, M. V., Escera, C., & Bendixen, A. (2014). Neuronal
adaptation, novelty detection and regularity encoding in audition. Frontiers in systems

neuroscience, 8, 111.

86



Merchan, M. A., & Berbel, P. (1996). Anatomy of the ventral nucleus of the lateral lemniscus in
rats: a nucleus with a concentric laminar organization. Journal of Comparative
Neurology, 372(2), 245-263.

Merchan, M. A., Collia, F., Lopez, D. E., & Saldana, E. (1988). Morphology of cochlear root
neurons in the rat. Journal of neurocytology, 17(5), 711-725.

Merchan, M. A., Malmierca, M. S., Bajo, V. M., & Bjaalie, J. G. (1997). Old Views and New
Perspectives. Acoustical signal processing in the central auditory system, 211.

Merchan, M., Aguilar, L. A., Lopez-Poveda, E. A., & Malmierca, M. S. (2005). The inferior
colliculus of the rat: quantitative immunocytochemical study of GABA and
glycine. Neuroscience, 136(3), 907-925.

Mittmann, D. H., & Wenstrup, J. J. (1995). Combination-sensitive neurons in the inferior
colliculus. Hearing research, 90(1-2), 185-191.

Morest, D. K. (1968). The collateral system of the medial nucleus of the trapezoid body of the
cat, its neuronal architecture and relation to the olivo-cochlear bundle. Brain
research, 9(2), 288-311.

Mueller, T. (2012). What is the thalamus in zebrafish?. Frontiers in neuroscience, 6, 64.

Nayagam, D. A., Clarey, J. C., & Paolini, A. G. (2005). Powerful, onset inhibition in the ventral
nucleus of the lateral lemniscus. Journal of neurophysiology, 94(2), 1651-1654.

Nayagam, D. A., Clarey, J. C., & Paolini, A. G. (2006). Intracellular responses and morphology
of rat ventral complex of the lateral lemniscus neurons in vivo. Journal of Comparative
Neurology, 498(2), 295-315.

Nelken, 1. (2014). Stimulus-specific adaptation and deviance detection in the auditory system:

experiments and models. Biological cybernetics, 108(5), 655-663.

87



Nelken, I., & Ulanovsky, N. (2007). Mismatch negativity and stimulus-specific adaptation in
animal models. Journal of Psychophysiology, 21(3-4), 214-223.

Nieto-Diego, J., & Malmierca, M. S. (2016). Topographic distribution of stimulus-specific
adaptation across auditory cortical fields in the anesthetized rat. PLoS biology, 14(3),
€1002397.

Nwabueze-Ogbo, F. C., Popelar, J., & Syka, J. (2002). Changes in the acoustically evoked
activity in the inferior colliculus of the rat after functional ablation of the auditory
cortex. Physiological research, 51, S95-S104.

Oertel, D. (1999). The role of timing in the brain stem auditory nuclei of vertebrates. Annual
review of physiology, 61(1), 497-519.

Ohishi, H., Shigemoto, R., Nakanishi, S., & Mizuno, N. (1993). Distribution of the messenger
RNA for a metabotropic glutamate receptor, mGIuR2, in the central nervous system of the
rat. Neuroscience, 53(4), 1009-1018.

Olazbal, U. E., & Moore, J. K. (1989). Nigrotectal projection to the inferior colliculus:
horseradish peroxidase transport and tyrosine hydroxylase immunohistochemical studies in
rats, cats, and bats. Journal of Comparative Neurology, 282(1), 98-118.

Olucha-Bordonau, F. E., Pérez-Villalba, A., Teruel-Marti, V., & Ruiz-Torner, A. (2004).
Chemical divisions in the medial geniculate body and surrounding paralaminar nuclei of
the rat: quantitative comparison of cell density, NADPH diaphorase, acetyl cholin esterase
and basal expression of c-fos. Journal of chemical neuroanatomy, 28(3), 147-162.

Osen, K. K., & Roth, K. (1969). Histochemical localization of cholinesterases in the cochlear
nuclei of the cat, with notes on the origin of acetylcholinesterase-positive afferents and the

superior olive. Brain research, 16(1), 165-185.

88



Osen, K. K., Mugnaini, E., Dahl, A. L., & Christiansen, A. H. (1984). Histochemical localization
of acetylcholinesterase in the cochlear and superior olivary nuclei. A reappraisal with
emphasis on the cochlear granule cell system. Archives italiennes de biologie, 122(3), 169-
212.

Pandya, P. K., Rathbun, D. L., Moucha, R., Engineer, N. D., & Kilgard, M. P. (2007). Spectral
and temporal processing in rat posterior auditory cortex. Cerebral Cortex, 18(2), 301-314.

Patel, C. R., Redhead, C., Cervi, A. L., & Zhang, H. (2012). Neural sensitivity to novel sounds in
the rat's dorsal cortex of the inferior colliculus as revealed by evoked local field potentials.
Hearing research, 286(1), 41-54.

Paxinos, G. (Ed.). (2014). The rat nervous system. Academic press.

Pérez-Gonzélez, D., Hernandez, O., Covey, E., & Malmierca, M. S. (2012). GABAA-mediated

inhibition modulates stimulus-specific adaptation in the inferior colliculus. PLoS
One, 7(3), €34297.

Peruzzi, D., Bartlett, E., Smith, P. H., & Oliver, D. L. (1997). A monosynaptic GABAergic input
from the inferior colliculus to the medial geniculate body in rat. Journal of
Neuroscience, 17(10), 3766-3777.

Pierson, M., & Snyder-Keller, A. (1994). Development of frequency-selective domains in
inferior colliculus of normal and neonatally noise-exposed rats. Brain research, 636(1), 55-
67.

Pollak, G. D. (2012). Circuits for processing dynamic interaural intensity disparities in the

inferior colliculus. Hearing research, 288(1), 47-57.

89



Pollak, G. D., Burger, R. M., Park, T. J., Klug, A., & Bauer, E. E. (2002). Roles of inhibition for
transforming binaural properties in the brainstem auditory system. Hearing research,
168(1), 60-78.

Polley, D. B., Read, H. L., Storace, D. A., & Merzenich, M. M. (2007). Multiparametric auditory
receptive field organization across five cortical fields in the albino rat. Journal of
neurophysiology, 97(5), 3621-3638.

Portfors, C. V., & Felix Il, R. A. (2005). Spectral integration in the inferior colliculus of the
CBA/Cal mouse. Neuroscience, 136(4), 1159-1170.

Portfors, C. V., & Wenstrup, J. J. (2002). Excitatory and facilitatory frequency response areas in
the inferior colliculus of the mustached bat. Hearing research, 168(1-2), 131-138.

Potashner, S. J., Dymczyk, L., & Deangelis, M. M. (1988). D-Aspartate Uptake and Release in
the Guinea Pig Spinal Cord After Partial Ablation of the Cerebral Cortex. Journal of
neurochemistry, 50(1), 103-111.

Rajan, R. (1990). Electrical stimulation of the inferior colliculus at low rates protects the cochlea
from auditory desensitization. Brain research, 506(2), 192-204.

Rasmussen, G. L. (1946). The olivary peduncle and other fiber projections of the superior olivary
complex. Journal of Comparative Neurology, 84(2), 141-219.

Reches, A., & Gutfreund, Y. (2008). Stimulus-specific adaptations in the gaze control system of
the barn owl. Journal of Neuroscience, 28(6), 1523-1533.

Rietzel, H. J., & Friauf, E. (1998). Neuron types in the rat lateral superior olive and
developmental changes in the complexity of their dendritic arbors. The Journal of

comparative neurology, 390(1), 20-40.

90



Riquelme, R., Saldafa, E., Osen, K. K., Ottersen, O. P., & Merchan, M. A. (2001).
Colocalization of GABA and glycine in the ventral nucleus of the lateral lemniscus in rat:
an in situ hybridization and semiquantitative immunocytochemical study. Journal of
Comparative Neurology, 432(4), 409-424.

Robertson, D., Harvey, A. R., & Cole, K. S. (1989). Postnatal development of the efferent
innervation of the rat cochlea. Developmental Brain Research, 47(2), 197-207.

Rubio, M. E. (2004). Differential distribution of synaptic endings containing glutamate, glycine,
and GABA in the rat dorsal cochlear nucleus. Journal of Comparative Neurology, 477(3),
253-272.

Ryan, A. F., Furlow, Z., Woolf, N. K., & Keithley, E. M. (1988). The spatial representation of
frequency in the rat dorsal cochlear nucleus and inferior colliculus. Hearing
research, 36(2-3), 181-189.

Ryugo, D. K., & Parks, T. N. (2003). Primary innervation of the avian and mammalian cochlear
nucleus. Brain research bulletin, 60(5), 435-456.

Saint Marie, R. L. (1996). Glutamatergic connections of the auditory midbrain: Selective uptake
and axonal transport of D-[3H] aspartate. Journal of Comparative Neurology, 373(2), 255-
270.

Saldafa, E. (1993). Descending projections from the inferior colliculus to the cochlear nuclei in
mammals. In The Mammalian Cochlear Nuclei (pp. 153-165). Springer US.

Saldafa, E., & Merchan, M. A. (2005). Intrinsic and commissural connections of the inferior

colliculus. In The inferior colliculus (pp. 155-181). Springer, New York, NY.

91



Saldafa, E., Aparicio, M. A., Fuentes-Santamaria, V., & Berrebi, A. S. (2009). Connections of
the superior paraolivary nucleus of the rat: projections to the inferior
colliculus. Neuroscience, 163(1), 372-387.

Saldafa, E., Feliciano, M., & Mugnaini, E. (1996). Distribution of descending projections from
primary auditory neocortex to inferior colliculus mimics the topography of intracollicular
projections. Journal of Comparative Neurology, 371(1), 15-40.

Saldafa, E., Lopez, M. D., Malmierca, M. S., & Collia, F. J. (1987). Morfologia de las neuronas
del nucleo coclear ventral de la rata. Estudio con el método de Golgi. Acta Microscopica,
10, 1-12.

Schofield, B. R. (1995). Projections from the cochlear nucleus to the superior paraolivary
nucleus in guinea pigs. Journal of Comparative Neurology, 360(1), 135-149.

Schofield, B. R., & Cant, N. B. (1991). Organization of the superior olivary complex in the
guinea pig. l. Cytoarchitecture, cytochrome oxidase histochemistry, and dendritic
morphology. Journal of Comparative Neurology, 314(4), 645-670.

Schul, J., Mayo, A. M., & Triblehorn, J. D. (2012). Auditory change detection by a single neuron
in an insect. Journal of Comparative Physiology A, 198(9), 695-704.

Sinex, D. G., Lépez, D. E., & Warr, W. B. (2001). Electrophysiological responses of cochlear
root neurons. Hearing research, 158(1), 28-38.

Sivaramakrishnan, S., Sterbing-D'Angelo, S. J., Filipovic, B., D'Angelo, W. R., Oliver, D. L., &
Kuwada, S. (2004). GABAA synapses shape neuronal responses to sound intensity in the
inferior colliculus. Journal of Neuroscience, 24(21), 5031-5043.

Smith, P. H. (1995). Structural and functional differences distinguish principal from nonprincipal

cells in the guinea pig MSO slice. Journal of Neurophysiology, 73(4), 1653-1667.

92



Sommer, I., Lingenhohl, K., & Friauf, E. (1993). Principal cells of the rat medial nucleus of the
trapezoid body: an intracellular in vivo study of their physiology and
morphology. Experimental brain research, 95(2), 223-239.

Spangler, K. M., Warr, W. B., & Henkel, C. K. (1985). The projections of principal cells of the
medial nucleus of the trapezoid body in the cat. Journal of Comparative Neurology, 238(3),
249-262.

Storace, D. A., Higgins, N. C., & Read, H. L. (2010). Thalamic label patterns suggest primary
and ventral auditory fields are distinct core regions. Journal of Comparative
Neurology, 518(10), 1630-1646.

Storace, D. A., Higgins, N. C., & Read, H. L. (2011). Thalamocortical pathway specialization for
sound frequency resolution. Journal of Comparative Neurology, 519(2), 177-193.

Storace, D. A., Higgins, N. C., Chikar, J. A., Oliver, D. L., & Read, H. L. (2012). Gene
expression identifies distinct ascending glutamatergic pathways to frequency-organized
auditory cortex in the rat brain. Journal of Neuroscience, 32(45), 15759-15768.

Sun, Y. J.,, Wu, G. K., Liu, B. H., Li, P., Zhou, M., Xiao, Z., ... & Zhang, L. I. (2010). Fine-
tuning of pre-balanced excitation and inhibition during auditory cortical
development. Nature, 465(7300), 927-931.

Szymanski, F. D., Garcia-Lazaro, J. A., & Schnupp, J. W. (2009). Current source density profiles
of stimulus-specific adaptation in rat auditory cortex. Journal of neurophysiology, 102(3),
1483-1490.

Taaseh, N., Yaron, A., & Nelken, I. (2011). Stimulus-specific adaptation and deviance detection

in the rat auditory cortex. PLoS One, 6(8), e23369.

93



Thompson, A. M., & Schofield, B. R. (2000). Afferent projections of the superior olivary
complex. Microscopy research and technique, 51(4), 330-354.

Thompson, R. F., & Spencer, W. A. (1966). Habituation: a model phenomenon for the study of
neuronal substrates of behavior. Psychological review, 73(1), 16.

Tollin, D. J. (2003). The lateral superior olive: a functional role in sound source localization. The
neuroscientist, 9(2), 127-143.

Tolnai, S., Hernandez, O., Englitz, B., Riibsamen, R., & Malmierca, M. S. (2008). The medial
nucleus of the trapezoid body in rat: spectral and temporal properties vary with
anatomical location of the units. European Journal of Neuroscience, 27(10), 2587-2598.

Ulanovsky, N., Las, L., & Nelken, I. (2003). Processing of low-probability sounds by cortical
neurons. Nature neuroscience, 6(4), 391-398.

Ulanovsky, N., Las, L., Farkas, D., & Nelken, I. (2004). Multiple time scales of adaptation in
auditory cortex neurons. The Journal of Neuroscience, 24(46), 10440-10453.

Vetter, D. E., Adams, J. C., & Mugnaini, E. (1991). Chemically distinct rat olivocochlear
neurons. Synapse, 7(1), 21-43.

Vetter, D. E., Saldafia, E., & Mugnaini, E. (1993). Input from the inferior colliculus to medial
olivocochlear neurons in the rat: a double label study with PHA-L and cholera
toxin. Hearing research, 70(2), 173-186.

Vifiuela, A., Aparicio, M. A., Berrebi, A. S., & Saldafia, E. (2011). Connections of the superior
paraolivary nucleus of the rat: Il. Reciprocal connections with the tectal longitudinal

column. Frontiers in neuroanatomy, 5.

94



von der Behrens, W., Bduerle, P., Kossl, M., & Gaese, B. H. (2009). Correlating stimulus-
specific adaptation of cortical neurons and local field potentials in the awake rat. Journal of
Neuroscience, 29(44), 13837-13849.

Warr, W. B. (1969). Fiber degeneration following lesions in the posteroventral cochlear nucleus
of the cat. Experimental neurology, 23(1), 140-155.

Warr, W. B., & Guinan, J. J. (1979). Efferent innervation of the organ of Corti: two separate
systems. Brain research, 173(1), 152-155.

Weedman, D. L., & Ryugo, D. K. (1996a). Projections from auditory cortex to the cochlear
nucleus in rats: synapses on granule cell dendrites. The Journal of comparative
neurology, 371(2), 311-324.

Weedman, D. L., & Ryugo, D. K. (1996b). Pyramidal cells in primary auditory cortex project to
cochlear nucleus in rat. Brain research, 706(1), 97-102.

Wehr, M., & Zador, A. M. (2003). Balanced inhibition underlies tuning and sharpens spike
timing in auditory cortex. Nature, 426(6965), 442-446.

White, J. S., & Warr, B. W. (1983). The dual origins of the olivocochlear bundle in the albino
rat. Journal of Comparative Neurology, 219(2), 203-214.

Wiley, R. H. (2006). Signal detection and animal communication. Advances in the Study of
Behavior, 36, 217-247.

Wiley, R. H. (2013). Signal detection, noise, and the evolution of communication. In Animal
communication and noise (pp. 7-30). Springer, Berlin, Heidelberg.

Winer, J. A. (1992). The functional architecture of the medial geniculate body and the primary
auditory cortex. In The mammalian auditory pathway: Neuroanatomy (pp. 222-409).

Springer New York.

95



Winer, J. A., & Larue, D. T. (1989). Populations of GABAergic neurons and axons in layer | of
rat auditory cortex. Neuroscience, 33(3), 499-515.

Winer, J. A., & Lee, C. C. (2007). The distributed auditory cortex. Hearing research, 229(1), 3-
13.

Winer, J. A., & Schreiner, C. E. (Eds.). (2005). The inferior colliculus. Springer Science &
Business Media.

Winer, J. A., Chernock, M. L., Larue, D. T., & Cheung, S. W. (2002). Descending projections to
the inferior colliculus from the posterior thalamus and the auditory cortex in rat, cat, and
monkey. Hearing research, 168(1), 181-195.

Winer, J. A., Kelly, J. B., & Larue, D. T. (1999a). Neural architecture of the rat medial
geniculate body. Hearing research, 130(1), 19-41.

Winer, J. A., Larue, D. T., & Pollak, G. D. (1995). GABA and glycine in the central auditory
system of the mustache bat: structural substrates for inhibitory neuronal
organization. Journal of Comparative Neurology, 355(3), 317-353.

Winer, J. A., Saint Marie, R. L., Larue, D. T., & Oliver, D. L. (1996). GABAergic feedforward
projections from the inferior colliculus to the medial geniculate body. Proceedings of the
National Academy of Sciences, 93(15), 8005-8010.

Winer, J. A., Sally, S. L., Larue, D. T., & Kelly, J. B. (1999b). Origins of medial geniculate body
projections to physiologically defined zones of rat primary auditory cortex. Hearing
research, 130(1), 42-61.

Wu, S. H., & Kelly, J. B. (1991). Physiological properties of neurons in the mouse superior
olive: membrane characteristics and postsynaptic responses studied in vitro. Journal of

neurophysiology, 65(2), 230-246.

96



Wu, S. H., & Kelly, J. B. (1992). Binaural interaction in the lateral superior olive: time
difference sensitivity studied in mouse brain slice. Journal of neurophysiology, 68(4),
1151-1159.

Wu, S. H., & Kelly, J. B. (1994). Physiological evidence for ipsilateral inhibition in the lateral
superior olive: synaptic responses in mouse brain slice. Hearing research, 73(1), 57-64.

Wu, S. H., & Kelly, J. B. (1995). In vitro brain slice studies of the rat9s dorsal nucleus of the
lateral lemniscus. Il. Physiological properties of biocytin-labeled neurons. Journal of
neurophysiology, 73(2), 794-809.

Wu, S. H., & Kelly, J. B. (1996). In vitro brain slice studies of the rat9s dorsal nucleus of the
lateral lemniscus. Ill. synaptic pharmacology. Journal of neurophysiology, 75(3), 1271-
1282.

Xie, R., Meitzen, J., & Pollak, G. D. (2005). Differing roles of inhibition in hierarchical
processing of species-specific calls in auditory brainstem nuclei. Journal of
neurophysiology, 94(6), 4019-4037.

Xie, R., Meitzen, J., & Pollak, G. D. (2005). Differing roles of inhibition in hierarchical
processing of species-specific calls in auditory brainstem nuclei. Journal of
neurophysiology, 94(6), 4019-4037.

Xiong, X. R., Liang, F., Li, H., Mesik, L., Zhang, K. K., Polley, D. B, ... & Zhang, L. I. (2013).
Interaural level difference-dependent gain control and synaptic scaling underlying binaural
computation. Neuron, 79(4), 738-753.

Xu, X. X., Zhai, Y. Y., Kou, X. K., & Yu, X. (2017). Adaptation facilitates spatial discrimination

for deviant locations in the thalamic reticular nucleus of the rat. Neuroscience, 365, 1-11.

97



Young, E. D., & Davis, K. A. (2002). Circuitry and function of the dorsal cochlear nucleus.
In Integrative functions in the mammalian auditory pathway (pp. 160-206). Springer New
York.

Young, E. D., Shofner, W. P., White, J. A., Robert, J. M., & Voigt, H. F. (1988). Response
properties of cochlear nucleus neurons in relationship to physiological
mechanisms. Auditory function: neurobiological bases of hearing. Wiley, New York, 277-
312.

Zhang H, Kelly JB (2009). Time-dependent effects of ipsilateral stimulation on contralaterally
elicited responses in the rat's central nucleus of the inferior colliculus. Brain Res 1303: 48—

60.

Zhang, H., & Kelly, J. B. (2006). Responses of Neurons in the Rat’s Ventral Nucleus of the
Lateral Lemniscus to Monaural and Binaural Tone Bursts. Journal  of
neurophysiology, 95(4), 2501-2512.

Zhao, L., Liu, Y., Shen, L., Feng, L., & Hong, B. (2011). Stimulus-specific adaptation and its
dynamics in the inferior colliculus of rat. Neuroscience, 181, 163-174.

Zhao, M., & Wu, S. H. (2001). Morphology and physiology of neurons in the ventral nucleus of
the lateral lemniscus in rat brain slices. Journal of Comparative Neurology, 433(2), 255-

271.

98



NAME:

PLACE OF BIRTH:

YEAR OF BIRTH:

EDUCATION:

Vita auctoris
Mathiang G. Chot
Bor, Jonglei State, South Sudan
1989
Katilu Boys Sec. Sch., Katilu, Turkana County, Kenya, 2008
University of Windsor, B.Sc., Windsor, ON, Canada, 2015

University of Windsor, M.Sc., Windsor, ON, Canada, 2018

99



	University of Windsor
	Scholarship at UWindsor
	5-11-2018

	SPATIAL CUES AFFECT NEURAL RESPONSES TO ODDBALL PARADIGM IN THE RAT’S AUDITORY MIDBRAIN
	Mathiang Ghai Chot
	Recommended Citation


	tmp.1528060328.pdf.PMAZI

