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Abstract 

The study of neural phenomena often depends critically on functional maps. 

Physiologists use topographic organization to identify the location of neural recordings, 

and in turn to relate activity patterns to underlying anatomy. In this work I investigated 

the functional architecture of the inferior colliculus (IC) in rhesus monkeys. The IC is an 

important site of convergence along the mammalian auditory pathway, composed of a 

number of anatomically and functionally defined regions. I mapped responses to tonal 

stimuli and acoustic noise in the IC and surrounding tissue using a systematic method, 

collecting extracellular electrophysiolgical data at evenly placed locations. I found three 

well organized regions: a central core that showed a topographic organization of sound 

tuning properties, a surrounding shell that contained neurons tuned to low frequency 

sounds, and a peripheral area that showed little tuning to frequency. The parcellation of 

the IC based on tuning properties was confirmed using measures of temporal properties 

of responses. I then put the map to use, to ask how two non-auditory signals are 

distributed within the structure. I found that neurons sensitive to eye position are spread 

throughout the IC, including in the central core region associated with the primary 

ascending auditory stream. This result has an important implication for models of 

sensory integration, namely that information from multiple senses meets early, in an 

area previously thought to be unisensory. Neurons that showed changes in activity 

directly linked to the presentation of a visual stimulus were less evenly distributed, and 

only weak responses were found in the core region. Nonetheless, visual sensitivity was 

not confined to a small subregion of the IC. The results challenge the notion that the 

senses are combined in nuclei specialized for this purpose.  
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1. Introduction  

1.1 The Inferior Colliculus 

The inferior colliculus (IC) is a major hub along the auditory pathway. This midbrain 

nucleus receives input from each of the major nuclei in the auditory system (cochlear 

nucleus, CN, reviewed in Cant, 2005; superior olivary complex, SOC, and the nuclei of 

the lateral lemniscus, NLL, reviewed in Schofield, 2005; medial geniculate body of the 

thalamus, MGB, Kuwabara and Zook, 2000; and Winer et al., 2002; auditory cortex, AC, 

reviewed in Winer, 2006). The importance of the IC in auditory processing cannot be 

underestimated: it is a necessary stopping point for most ascending signals travelling 

from the brainstem to the cortex (Aitkin and Phillips, 1984) and most descending signals 

travelling in the opposite direction (Huffman and Henson, 1990).  

Three important conclusions are reached about the connections of the IC that are 

essential background information for the work that follows (for a recent and more 

thorough review of anatomical and physiological work in the IC see available Winer and 

Schreiner, 2005b). First, the IC is a major point of convergence in the auditory pathway 

(see Figure 1). Signals that diverge in the brainstem come together again at the level of 

the IC. Second, the IC is not a homogenous cluster of neurons, but can be classified into 

several discrete regions using a variety of complementary techniques (section 1.1.1). 

Like other nuclei in the auditory pathway, the IC has a core region that carries the 

primary ascending acoustic signal, and non-core regions whose role in auditory 

processing is less well defined (Oliver, 2005). Finally, the IC receives a variety of non-
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auditory input (section 1.1.2), suggesting a potentially prominent role in integration 

between auditory and non-auditory signals. 

 

Figure 1: The mammalian ascending auditory pathway.  

Adapted from (Winer and Schreiner, 2005a). Ascending auditory information travels 
through the brainstem via numerous pathways, all of which converge on the IC. The figure 
represents a simplified view of the auditory system to highlight the essential role of the IC, 
each of the regions shows multiple subnuclei with differing connectivity patterns. Thicker 
lines are provided to give an impression of the largest bundles of fibers. Projections from 

SOC and NLL ascend with second order lemniscal fibers to form the lateral lemniscus. 
Cells in IC connect to MGB via the brachium of the IC, and the auditory/acoustic radiations 

pass the signal to cortex. 
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 The analysis of neural processing at the level of the IC has some important direct 

clinical applications. The auditory midbrain implant is an electronic device that injects 

electrical pulses into the IC in responses to signals from a microphone, and offers a 

prosthetic solution to patients who have hearing loss caused by damage to the auditory 

nerve (for review see Lim et al., 2009). The IC also plays a critical role in audiogenic 

seizures, common in many species of rodents, that serve as a model for epilepsy in 

humans (for review see Faingold, 2005). In short, advances in our understanding of 

physiology in the IC impact both theoretical and applied work. 

 In the following chapters I describe my work on the macaque IC, an excellent 

model species for humans. Macaques show a similar range of acoustic frequencies 

(approximately 30 Hz to 30 kHz for monkeys: Stebbins et al., 1966; Pfingst et al., 1975; 

Pfingst et al., 1978; 20 Hz to 20 kHz for humans: Moore, 2008), similarities in auditory 

ethology (Ghazanfar and Hauser, 2001), and are readily trainable to perform 

experimental tasks. The work was conducted entirely in awake monkeys, as various 

forms of anesthesia have been shown to directly and qualitatively alter neural discharge 

patterns in the IC (Kuwada et al., 1989; Astl et al., 1996). 

 In the experiments presented in the following chapters, I formed a functional map 

of the macaque IC using differences in auditory response patterns (chapter 2), and then 

used this map to identify the locations within the IC of neurons sensitive to the 

orientation of the eyes (chapter 3), and visuomotor events (chapter 4). The following 

sections present background on work subdividing the IC and the systematic methods I 

used to establish location.  
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1.1.1 Subregions of the IC 

Three divisions of the IC were originally described by Ramón y Cajal in his classic golgi 

studies (1911): the nucleus of the inferior colliculus, the lateral or external cortex, and 

the internuclear or dorsal cortex. Though this general schema has persisted, several 

modifications and additional subdivisions have been described (see Huffman and 

Henson, 1990 for a comparison of 6 different categorizations). The single common result 

across virtually all cytoarchitectural investigations into the IC is the presence of a central 

nucleus (ICC) defined by a series of fibrodendritic laminae (first described by Morest, 

1964). This striking anatomical arrangement arises as the result of highly oriented 

dendritic fields of disc-shaped neurons (for review see Oliver, 2005). The laminae 

correspond to physiological tuning characteristics: the most dorsolateral layers contain 

neurons tuned to low frequencies and increases in frequency tuning are found in 

successively ventromedial layers. 

The ICC is surrounded by a number of subnuclei. A thorough parcellation of the 

IC based on the examination of Golgi impregnated material in the cat is described by 

Morest and Oliver (1984). Of particular importance: the dorsal cortex (DCIC), the lateral 

nucleus (LNIC; Ramón y Cajal’s lateral or external cortex), the rostral pole nucleus (RP), 

and tegmental cells in the intercolllicular area (ITEG) and the nucleus of the brachium of 

the inferior colliculus (nBIC). The experiments that follow include recordings spanning 

these areas (and likely others). Morest and Oliver describe a cortical type structure in 

DCIC, formed by distinct layers of neuropil which run perpendicularly to the laminae of 

ICC. LNIC neurons are distinguished from ICC neurons by a smaller average cell size, 

and a different orientation of fibers from those seen in central and dorsal regions. 
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Neurons in RP show densely packed cells similar to those in ICC, but RP does not show 

the laminae seen in ICC, and RP cells exhibit stellate morphologies rather than the disc 

types found more caudally. Tegmental neurons (ITEG and nBIC) have fewer dendrites 

than neighboring tectal cells, with sparse branching and appendages (while tectal cells 

usually have four or more dendrites, with extensive branching and numerous 

appendages).  

ICC primarily receives ascending input from the auditory brain stem (from CN 

reviewed in: Cant, 2005, and from the SOC and NLL reviewed in: Schofield, 2005).  

Projections from the ICC continue up the auditory pathway where they synapse mainly in 

the ventral region of the MGB (reviewed in Wenstrup, 2005).  

In contrast, LNIC and DCIC have a more diffuse set of connections. These 

regions receive ascending auditory input via the ICC (Saldaña and Merchan, 1992), but 

more weakly from brainstem sources (Aitkin et al., 1981; Coleman and Clerici, 1987). 

The majority of descending connections from auditory cortex to the tectum target DCIC 

and LNIC, only sparse cortico-tectal projections have been shown in ICC (Diamond et 

al., 1969; Andersen et al., 1980; Druga and Syka, 1984b, a; Coleman and Clerici, 1987; 

Saldaña et al., 1996; Druga et al., 1997; Winer et al., 2002; Schofield, 2009). The 

efferents of LNIC and DCIC also differ from those of the ICC.  DCIC and LNIC do project 

to the MGB, like ICC does, but they mainly synapse on cells in the medial and dorsal 

regions (Calford and Aitkin, 1983). A recent model based on synaptic differences of 

glutamatergic tectothalamic connections has suggested that projections from the central 

nucleus to the thalamus show properties of “driver” neurons (Sherman and Guillery, 

1998; Lee and Sherman, 2008, 2010). These cells are implicated in the main 
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transmission of auditory information: they show larger EPSPs, thicker axons, more 

dense terminal arbors and target dendrites more proximally to the cell body. Projections 

from non-central IC to thalamus exhibit properties of “modulator” neurons, showing the 

opposite pattern. These connections seem less likely to be involved in the rapid 

transmission of primary auditory information but can produce prolonged modulation on 

the auditory signal.  

Because of the interconnectedness of the regions of the IC as a whole, the 

feedback they receive from auditory cortical regions, and the reciprocity of their 

connections with earlier brainstem auditory structures (Coleman and Clerici, 1987; 

Hutson et al., 1991; Saldaña and Merchan, 1992; Gonzalez-Hernandez et al., 1996), it is 

difficult to identify the circuit underlying any particular type of response. Nevertheless, 

certain physiological differences have been observed in these different regions.  Aitkin 

and colleagues (1975) compared tuning and binaural response properties in cat ICC, 

DCIC, and LNIC. They found that neurons in DCIC and LNIC show broad tuning, or no 

evidence of tuning at all. Additionally neurons in DCIC are generally only driven by the 

stimulation of the contralateral ear, while LNIC and ICC show strong binaural influence. 

DCIC and LNIC seem to be better driven by ‘complex’ sounds, such as vocalizations, 

while ICC neurons show greater firing in response to presentations of pure tones (Aitkin 

et al., 1994).  

In chapter 2 I present a functional map of auditory responses in the macaque IC. 

The methods I used did not permit a complete alignment of each recording to its 

respective subnucleus, rather I grouped recordings into three possible categories. The 

ICC stands out as a core region, with its well defined tonotopic organization. Neurons in 
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tissue surrounding the ICC showed frequency tuning, but lacked an obvious organization 

(these likely include LNIC, DCIC, and RP).  I have grouped these into a category of shell 

nuclei. Along the borders of the shell region (especially rostrally), I found activity patterns 

that clearly were different from the shell, and may relate to the tegmental cells (ITEG and 

nBIC). I grouped together these recordings into a peripheral region. Though this 

categorization is an oversimplification, it is justifiable for several reasons. First, the most 

important division of location within the IC is between cells in the ICC and those not in 

the ICC. Physiological responses found in neurons in the ICC directly impact the 

ascending auditory signal, while those in surrounding regions have a more diffuse and 

modulatory role. Second, I found consistent overlapping functional characteristics of 

cells in shell regions (chapter 2). Third, shell regions show similar patterns of ascending 

connectivity, and similar synaptic properties in projections to the thalamus (see above). 

Fourth, the neurons of the auditory cortex have been grouped together similarly, with a 

core region surrounded by several distinct subnuclei in belt and parabelt (ie. shell and 

peripheral) regions (eg. Wessinger et al., 2001).  

Perhaps most questionable is the inclusion of (likely tegmental) peripheral 

recordings. Although these areas were included in the description of IC anatomy by 

Morest and Oliver (1984), they are frequently not included in analysis of the IC 

physiological responses. There is good reason to distinguish results in this tissue from 

the those in the rest of IC: not only are cell morphologies distinguishable, tectal and 

tegmental neurons develop from different laminae of the neural tube (alar and basal 

plates respectively, Gasser, 1975). However the presence of short latency, robust 

auditory responses in my recordings, coupled with their location immediately adjacent to 
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shell recordings provided reason to include them. These recordings represented a 

minority of the data, principally in one subject, and their results are interpreted with 

caution. 

 

1.1.2 Nonauditory Input to the IC 

Given the massive convergence of auditory signals in the IC, it is perhaps not 

surprising that other, non-auditory information, reaches the IC as well. A large body of 

research, particularly in the cat, has described somatosensory input to LNIC (eg. (Aitkin 

et al., 1978; Robards, 1979; Aitkin et al., 1981). Neurons from the dorsal column nuclei 

and the spinal trigeminal nuclei project directly to the IC, though not apparently to ICC 

(Aitkin et al., 1978; Coleman and Clerici, 1987). More recently, studies in macaques 

have shown physiological modulation dependent on the orientation of the eyes (Groh et 

al., 2001; Zwiers et al., 2004; Porter et al., 2006), overt visual responses (Porter et al., 

2007; which have also been found in owls and cats: Mascetti and Strozzi, 1988; 

Gutfreund et al., 2002; Bergan and Knudsen, 2009), and sensitivity to impending 

rewards (Metzger et al., 2006). A number of regions outside of the primary auditory and 

somatosensory systems project to each of the principal subnuclei of the IC (see Table 

1). Note that more evidence has been found for non-auditory projections to shell regions 

than to ICC. 

Research in multisensory integration has seen a paradigm shift. Neurons 

sensitive to multiple senses, once thought to only be present in association areas of 

cortex and premotor regions, have been identified in primary (putatively unisensory) 

sensory cortices (for review see the appendix, as well as Ghazanfar and Schroeder, 
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2006). The possibility that the senses are combined even earlier, in the subcortical parts 

of sensory pathways, is exciting and suggests an alternate view of sensory processing. 

Table 1: Afferents to the subnuclei of the IC 

ICC DCIC LNIC
AC [1-5] 
*Amygdala [6] 
CN [3, 7-18] 
LNIC [3] 
MGB [19] 
*Motor Cortex [20] 
NLL [3, 4, 9, 15] 
*Reticular Formation [3] 
SOC [3, 4, 7, 9, 12, 15, 17] 
*Somatosensory Cortex [20] 

AC [1-3, 17, 21, 22]
*Amygdala [6] 
*Central Gray [3] 
CN [3, 8, 10, 12] 
ICC [3, 23, 24] 
*Motor Cortex [20] 
*Parahippocampal Cortex [3] 
*Parietal Cortex [21] 
*Retina [25, 26] 
SOC [3] 
*Somatosensory Cortex [20] 
*Substantia Nigra [3] 
*Visual Cortex [3, 20] 

AC [1-3, 5, 17, 21] 
CN [3, 7, 8, 10, 13, 16, 17] 
*Dorsal Column Nuc. [3, 7, 27]
*Hypothalamus [3] 
ICC [3, 23, 24] 
MGB [19, 28] 
*Motor Cortex [20] 
NLL [3] 
*Parietal Cortex [21] 
*SC [3] 
SOC [17] 
*Somatosensory Cortex [20] 
*Substantia Nigra [3] 
*Visual Cortex [20] 

Connections are listed if any evidence was found in anatomical work, regardless of 
estimates of density. Locations outside of the primary auditory pathway are marked with 
an asterisk. Sources: 1:(Andersen et al., 1980); 2:(Bajo and Moore, 2005) 3:(Coleman and 
Clerici, 1987); 4:(Druga and Syka, 1984a); 5:(Feliciano and Potashner, 1995); 6:(Marsh et 

al., 2002); 7:(Aitkin et al., 1981); 8:(Cant and Benson, 2008); 9:(Frisina et al., 1989); 
10:(Oliver, 1984); 11:(Oliver, 1987); 12:(Oliver et al., 1997); 13:(Oliver et al., 1999); 14:(Osen, 

1972); 15:(Roth et al., 1978); 16:(Ryugo et al., 1981); 17:(Willard and Martin, 1983); 
18:(Woollard and Harpman, 1940); 19:(Winer et al., 2002); 20:(Cooper and Young, 1976); 
21:(Druga et al., 1997); 22:(Schofield, 2009); 23:(Moore and Goldberg, 1966); 24:(Saldaña 

and Merchan, 1992); 25:(Herbin et al., 1994); 26:(Itaya and Van Hoesen, 1982); 27:(Robards, 
1979); 28:(Kuwabara and Zook, 2000); 

  

Early reports of visual and eye position information in the IC have not pinpointed 

their location within the structure, and it is important  to determine where these neurons 

are located to speculate about their effect on auditory processing. In chapters 3 and 4 I 

use a functional map constructed in chapter 2 (based on auditory responses) to estimate 

the location of neurons sensitive to eye-position and visual/visuomotor events. To 

accomplish this required a large scale, systematic, and quantitative mapping approach.  
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1.2 Systematic Mapping Methods 

One of the most beautiful aspects of neurobiology is the topographic organization of the 

brain. Complex arrangements of cells are found at multiple scales throughout the 

neuroaxis. Parcellation of the nervous system, based on both functional activity patterns 

and cytoarchitecture, provides insight into what variables the brain uses to encode 

information from the environment.  

 Topographic organization also provides an important tool for physiological 

research. Electrophyisological studies of extracellular neural activity frequently use 

functional topography (ie. the spatial arrangement of response patterns) to estimate the 

location of recordings. Studies in monkeys are particularly dependent on functional 

maps, as histological methods offer limited benefit. Recordings in monkeys are typically 

conducted with a small number of animals over many months (or years) and changes in 

the positioning apparatus used to guide electrodes can occur over the course of an 

experiment. Physiologically defined maps offer an indirect solution, the location of a 

recording can be estimated based on neural activity. Unfortunately, the data used to 

define such topography often come from an amalgam of studies, from multiple species, 

which do not explicitly set out to create maps. This presents a challenge for physiologists 

as they must speculate about recording locations based on information that was 

collected haphazardly.   

 Ideally, topographic maps should come from studies that prioritize this purpose. 

Such experiments should meet the following methodological criteria: 
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1. Activity should be spatially sampled in a systematic fashion (ie. with fixed spacing 

between recording locations). 

2. The metrics used for topographic description should not depend critically on the 

precise methods used to collect them; they should easily translate to alternate 

techniques.  

3. Measurements should be quantitative, providing values that can be used to 

identify locations. 

4. As far as possible, the same stimulus conditions should be tested at all locations, 

to facilitate estimating the population response to a given stimulus condition.   

Neurobiological investigations using imaging techniques provide exactly this sort 

of data. Functional magnetic resonance imaging (fMRI) measures the changes in blood 

flow related to neural activity. The results from experiments using fMRI experiments 

provide data in voxels, forming a three-dimensional haemodynamic grid in a sampled 

region. However, fMRI has some disadvantages, particularly limited temporal and spatial 

resolution (compared with intracranial electrophysiological techniques, Huettel et al., 

2008). Additional challenges ensue when attempting to use fMRI to study audition, as 

the apparatus itself generates a great deal of acoustic noise (though these challenges 

are partially surmountable, Petkov et al., 2009). Diffusive optical imaging techniques 

measure the absorption and scattering of light near the surface of neural tissue (Frostig, 

2009). These methods provide superior temporal resolution to fMRI, and do not suffer 

problems related to acoustic noise. However, in experiments performed in vivo, optical 

imaging techniques can only be applied near the surface of the brain, and cannot 

address subcortical physiology.  
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In the chapters that follow, I report on systematic mapping experiments in the IC. 

I sampled the activity of neurons in a three dimensional grid throughout the auditory 

midbrain of the six rhesus macaques (satisfying criterion 1 above). Electrodes were 

lowered through a chronically implanted recording chamber fitted with a fixed grid to 

guide them in 1mm increments. Each session included sampling in fixed depth intervals 

of 0.5mm, beginning at a point outside of the IC and continuing until the electrode had 

passed through the structure.  

Rather than recording the firing of single units, I measured action potentials from 

small clusters of cells (multi-unit activity; MUA). MUA provides two major advantages as 

a metric. First, it allows sampling at predetermined locations, whereas single-unit 

electrophysiological studies typically require small changes in electrode position to bring 

the tip of the electrode close to an individual cell body. Second, MUA is simple to acquire 

and does not depend on unit isolation strategies. By using a multi-unit data collection 

method, and normalizing results in terms of standard units of baseline, I was able to 

provide metrics that do not depend critically on the apparatus used to sample 

extracellular activity (satisfying criterion 2 above).  

Finally, I employed objective classifications of responses. I defined an index for 

the temporal profile of an auditory response, in contrast to previous investigations in the 

area that classified temporal patterns based on subjective inspection of changes in firing 

rate over time (eg. Syka et al., 2000). I also used bootstrap analysis techniques to probe 

for changes in frequency tuning along an axis of recordings, the first objective method to 

mark this fundamental topographic organization. The result of this systematic, 

quantitative, and objective approach can be used in future electrophysiological work, 
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when a full systematic mapping is not feasible, to estimate the location of recordings. In 

chapters 3 and 4 I put the functional auditory map to work, identifying the locations of 

eye-position and visual sensitive cells within the IC. In both cases I find differential 

influences of these non-auditory signals that relate to the auditory-defined functional 

map.  
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2. Systematic Mapping of the Monkey Inferior Colliculus 
Reveals Enhanced Low Frequency Sound 
Representation   

2.1 Introduction 

Studies of neural processing performed in vivo depend critically on functional maps: 

physiologically defined guides based on topographically organized response features. 

Such maps are crucial for relating multiple physiological studies, as they provide a co-

ordinate system for interpreting results across animals, or even across species. 

Functional maps are also essential for connecting physiology to anatomy, as they 

necessarily correspond to some difference in neuronal connectivity. It is imperative to 

bridge the gap between physiological and anatomical work, as the activity of a neuron 

can only be interpreted in light of its inputs and outputs. Topographic guides are also the 

foundation of neural prosthetics, as they define the exact placement of electrodes (eg. 

Wessberg et al., 2000). 

The inferior colliculus (IC), a principal site of convergence along the auditory 

pathway, has recently emerged as a candidate structure for such prosthetics (Lim and 

Anderson, 2006; Colletti et al., 2007; Lim and Anderson, 2007; Lim et al., 2008; Colletti 

et al., 2009; Lim et al., 2009).  Virtually all ascending auditory information passes 

through the IC on the way to thalamus (Aitkin and Phillips, 1984), and so it is an 

especially important locus to investigate functional maps. Topographic organization, 

particularly of the central regions, has been studied in a wide variety of animals (eg. rats: 

Clopton and Winfield, 1973; Kelly et al., 1991; cats: Rose et al., 1963; Merzenich and 

Reid, 1974; Aitkin et al., 1975; guinea pigs: Malmierca et al., 1995; mice Stiebler and 
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Ehret, 1985; Poon et al., 1990; Casseday and Covey, 1992; Miller et al., 2005; ferrets: 

Moore et al., 1983; owls: Knudsen and Konishi, 1978).  

However, little is known about the functional map of the IC in primates.  

Macaques provide an excellent model for human hearing as both humans and 

macaques rely greatly on audition for communication, and the frequency ranges heavily 

overlap: approximately 30 Hz to 30 kHz for monkeys (Stebbins et al., 1966; Pfingst et al., 

1975; Pfingst et al., 1978), 20 Hz to 20 kHz for humans (Moore, 2008). Studies in 

monkeys also offer advantages not directly related to audition:  monkeys are readily 

trained, and phenomena such as eye-movements that cannot be studied in other 

mammals can be studied in monkeys (eg. Groh et al., 2001; Zwiers et al., 2004; Porter 

et al., 2006). Functional maps are essential to guide this work.  

No detailed map of the monkey IC yet exists.  Ryan and Miller (1978) recorded 

the auditory responses of single units along penetrations through the macaque IC, but 

did not collect data with uniform spacing between recordings, and primarily sampled 

neurons in the most central region. Zwiers and colleagues (2004) also recorded the 

responses of single units from the macaque IC, and noted the depth of recordings. 

Location in the horizontal plane was not systematically varied, and the majority of 

recordings were thought to have been taken from a similar central region as in the study 

by Ryan and Miller. 

Accordingly we performed a systematic mapping of auditory responses 

throughout the midbrains of six unanesthetized rhesus monkeys. We presented a series 

of randomly interleaved sounds as we recorded multi-unit activity (MUA; the times of 

action potentials of small clusters of neurons). MUA provides an estimate of local 
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activity, and serves as an ideal measurement as recording locations can be predefined 

(unlike single unit activity where fine movement of the electrode is necessary for 

isolating individual waveforms). We collected data in sessions in which we lowered an 

electrode in 0.5mm increments through the midbrain. Over sessions we varied the 

anterior/posterior and medial/lateral trajectory of our electrodes in 1mm increments.  In 

this manner we formed a map of the entire region, collecting data from the IC and 

surrounding tissue. 

In each monkey we found a large region with neurons that showed vigorous, low 

latency responses to auditory stimuli. In 4 of 6 monkeys we found a tonotopic area in 

which recording penetrations showed an orderly progression of tuning frequencies as 

the electrode passed through the IC. Surrounding this area was a large non-tonotopic 

region. In these penetrations, neurons generally showed the most powerful response to 

low frequencies, a bias which has not been identified previously. Neurons in the low 

frequency region generally showed more transient and slower responses than those in 

the tonotopic area. Finally, a small subset of recordings on the periphery of the 

responsive area showed little or no tuning to tone frequency. We conclude that in the 

awake monkey, auditory neurons surrounding the central (tonotopic) area show a 

powerful bias toward low frequencies.  

2.2 Methods 

2.2.1 Surgical Preparation and Recording Procedures 

Three male and three female rhesus monkeys participated in the experiments.  All 

procedures were approved by the Institutional Animal Care and Use Committee at 

Dartmouth College and Duke University, and were conducted in accordance with the 
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principles of laboratory animal care of the National Institutes of Health (publication 86-

23, revised 1985). Surgical procedures were performed using isoflurane anesthesia and 

aseptic techniques, as well as postoperative analgesia. The monkeys underwent an 

initial surgery to implant a head post for restraining the head and a scleral eye coil for 

monitoring eye position (Robinson, 1963; Judge et al., 1980). After recovery, an 

additional surgery was performed to make a craniotomy and to implant a recording 

cylinder positioned over the left IC. The cylinder was oriented to allow electrodes to 

approach the IC at an angle approximately 30° from vertical in the coronal plane, i.e. 

proceeding from dorsolateral to ventromedial (Groh et al., 2003; Porter et al., 2007).  For 

simplicity and convenience, we will usually refer to the affected dimensions as 

lateral/medial and dorsal/ventral (or above/below) despite their tilt (ie. in the axis defined 

by the recording chamber). The chamber contained a fixed grid of holes (Crist 

Instruments, Gaithersburg, MD) aligned such that electrode penetrations could be made 

in 1mm increments in the anterior/posterior and medial/lateral dimensions. Recordings 

were made using tungsten microelectrodes (1-3 MΩ; FHC Inc, Bowdoin, ME). Multiunit 

clusters were selected using a window discriminator (Monkeys A,W: Plexon Inc, Dallas, 

TX; Monkeys E,M,C,X: Bak Electronics, Germantown, MD) and spike times were stored 

for off-line analysis. 

The location of the IC was determined using an anatomical MRI scan in which 

the recording chamber and plastic grid could be visualized.  Several marker electrodes 

were placed in the plastic grid.  Images were then aligned precisely along the axis of the 

grid, such that recording locations could be mapped directly onto anatomical landmarks 

visible in MRI.  Using MRI we estimated all of the borders of the IC except on the rostral 
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aspect, where a clear definition was not visible. In each monkey we recorded from a 

patch around the estimated IC location, making a series of electrode penetrations 

through the holes in the recording grid. We lowered electrodes along the 

dorsolateral/ventromedial axis of the IC (established by the placement of the recording 

cylinder) and recorded from multiunit clusters every 0.5mm along the trajectory of the 

penetration. Figure 2 shows MR images spanning the recorded region of monkey A, the 

most thoroughly sampled monkey in our data set. The images are spaced in 0.5mm 

increments, so each pair of images corresponds to a row of recordings in the 

anterior/posterior aspect of the recording grid.  The locations of recording trajectories 

(medial/lateral aspect of the recording grid) have been plotted with red lines. We began 

and ended recording sessions at depths above and below the putative IC to ensure that 

the entire structure was covered, but limited our analysis to locations between the 

borders measured from the MRI scans, +/- 1.5 mm. This constraint is indicated with 

green lines of Figure 2. 

We tested a subset of sites in monkey A, notably those in the rostral-most 

penetrations, with microstimulation to rule out that they were in the superior colliculus 

(SC).  The SC is an oculomotor structure rostral and dorsal to the IC, and it exhibits 

auditory responsiveness when animals are engaged in auditory saccade tasks (Jay and 

Sparks, 1984; Populin et al., 2004).   Only 2 of 51 tested sites included in the data set 

based on the anatomical (described above) and physiological criteria (described below), 

showed saccades following stimulation onset, confirming that the included sites were not 

in the SC.  Instead, when saccades were observed, they were evoked at sites dorsal to 

the IC, consistent with some penetrations passing through the SC on the way to the IC.    



 

 

 

Figure 2: The locations mapped in monkey A illustrated on MR images. 

A series of coronal MR images spanning the 10mm range that was sampled physiologically. Images were rotated into the plane of 
recording by placing electrodes in the recording grid, visible around 0mm and 7mm. Voxels were 0.5mm cubes, so each pair of images 
corresponds to a single grid location in the anterior. Red vertical lines indicate the approach of each of the recording locations in the 
medial/lateral dimension. Green horizontal lines indicate the targeted area, recordings shallower and deeper than these borders were 

discarded.
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2.2.2 Stimulus Presentation 

Experiments were conducted in complete darkness in a single-walled IAC sound 

isolation booth. Echo-absorbent material lined the walls and ceiling (3-in. Sonex Painted 

One acoustic foam), as well as the floor (carpet).  Auditory stimuli consisted of tones of 

16 frequencies ranging from 0.4 to 12kHz (approximately ¼ octave increments), as well 

as broadband noise (spectrum ranging from 0.5 to 18kHz). In Monkey W we recorded 

several sites which included the presentation of 8 additional frequencies ranging from 

0.1 to 0.33kHz. In Monkeys A and W sounds were presented for 200ms, in all other 

recordings sounds were presented for 500ms. All sounds were initiated with a 10ms on 

ramp.  At each recording site, 200 total trials (more in cases where we presented 

additional frequencies) were presented in a randomly interleaved fashion (about 12 trials 

per stimulus). 

Sounds were generally presented using loudspeakers (Audax Model TWO25V2, 

or Bose Acoustimas Cube speakers) located 90 degrees contralateral to the recording 

chamber and 57 inches from the subject’s head. In all monkeys sounds were presented 

at 50dB SPL. Sound levels were calibrated to within 1dB of the target amplitude using a 

sound meter (Brüel & Kjær, model 2237 with model 4137 condenser microphone; A-

weighted) placed at the position that the monkey's head would occupy in the experiment. 

Eye position was monitored throughout the experiment and the monkey was woken if 

drifting eye movements characteristic of sleep were observed. In Monkeys A, W, E and 

M an unrelated non-auditory task was run at some recording sites as part of a separate 

experiment (chapter 4).  These trials were run in separate blocks after collecting 

frequency information at a given depth. 
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2.2.3 Data analysis   

Data were analyzed offline to determine which sites along a penetration showed 

auditory responses. The times of action potentials were binned in 1ms windows aligned 

on stimulus onset to form a peri-stimulus time histogram (PSTH). The PSTH was then 

smoothed using a 5ms moving average. A site was marked as auditory if the smoothed 

PSTH exceeded 3 standard deviations above baseline for 10 consecutive milliseconds in 

a 50ms window following stimulus onset. We further restricted analysis to penetrations 

that contained 3 or more responsive sites. Finally, as noted above, we excluded 

responsive sites that were more than 1.5mm shallower or deeper than anatomical 

estimates gathered from MRI (borders for Monkey A indicated on Figure 2). The 

objective marking of auditory stretches through the IC corresponded well with subjective 

markings based on inspection of PSTHs and tuning curves, and locations agreed well 

with anatomical indications from MRI and histological reconstruction in monkeys W and 

X detailed below.  

To characterize the temporal profile of the response, we measured the firing rate 

in two windows. We defined the sustained response as the average firing rate in a period 

100 to 200 ms following stimulus onset and the transient response as the average firing 

rate in a 20ms period centered on the peak of the PSTH over the first 50ms following 

stimulus onset. Firing rates in both windows were converted to z-scores relative to the 

mean and standard deviation of the firing rate during a baseline period (0 to 200 ms prior 

to sound onset).   

To compare the response profile across recordings, we created a response 

profile index (RPI): 
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This index provides a metric for how sustained a response is: sites that exhibit 

almost no sustained responses produce RPI values around 0, whereas sites with 

sustained responses similar in magnitude to transient responses produce RPI values 

near 1.  (The RPI could exceed 1 if an excitatory transient was followed by an inhibitory 

sustained component).    

 To characterize frequency tuning, we counted spikes in a 200ms window 

following sound onset and compared it to a 200ms baseline period before the sound. We 

computed this response for each of the different stimulus frequencies, i.e. an 

(isointensity) frequency response curve. Gaussian curves were then fit to the responses 

as a function of the logarithm of the stimulus frequency. Fitting of Gaussian functions 

was performed in Matlab (Mathworks, Natick MA) using the “fit” function. Gaussian fits 

were constrained to have peaks in the range of frequencies tested. The best frequency 

(BF) was labeled as the frequency corresponding to the peak of the Gaussian curve, 

provided the Gaussian successfully described the data (F-test, p<0.05). Sites for which 

Gaussians did not fit showed no apparent tuning by inspection, and were included only 

for analysis of non-tuning related features. Gaussian defined BFs were similar to the 

frequency evoking the maximum response (an alternative measure of BF), but allowed 

us to take into consideration the responses to neighboring frequencies in estimating BF. 

Penetrations were classified as tuned if 3 or more sites were fit by Gaussian functions.  

Penetrations with fewer were classified as untuned.  Such penetrations could include 

either sites not very responsive to tones or responsive to tones but insensitive to their 

frequency.    
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Tuned penetrations were tested for the presence of a tonotopic progression by 

relating the BF to depth with a linear regression.  Because each BF measurement 

reflected ~200 trials, treating them as a single data point in the regression would cause 

an underestimate of the true confidence intervals around the regression slope.  

Accordingly, we performed a Monte Carlo simulation. For each penetration, we ran 100 

iterations in which we randomly selected 75% of the trials for each multiunit cluster and 

fit Gaussian tuning curves to each of the data subsets. We then fit regression lines to 

log(BF) vs. depth for each of the iterations. This process allowed us to create a 95% 

confidence interval for the slopes of regression lines without making any assumptions 

about the distribution of slopes.  Based on previous studies in monkeys and other 

mammals, we expected BF to increase with depth (eg. in monkey: FitzPatrick, 1975; 

Ryan and Miller, 1978; Zwiers et al., 2004). We defined tonotopic penetrations as those 

in which 95% of slopes from the Monte Carlo simulation were positive. Only significant 

Gaussian fits were used in the simulation, and on some iterations there were insufficient 

fits to perform a regression. Only penetrations which had at least 75 successful iterations 

were included. This analysis matched our subjective marking of tonotopy by visual 

inspection of the responses as a function of sound frequency over the course of a 

penetration.   

Latency was defined as the time (with respect to stimulus onset) that the PSTH 

exceeded 3 standard deviations of baseline. Because stimuli were generally presented 

from loudspeakers, latency included the time it took for the sound to travel to the ear, 

about 4ms, (i.e. to convert to latency from the arrival of the sound at the ear to the neural 

response, subtract ~4 ms). 
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2.2.4 Histology 

In monkeys W and X, at the conclusion of recordings, an electrolytic lesion was made 

along a central penetration. The animal was perfused, and the brain was fixed with 

formalin. In monkey W the brain was sliced in 60 µm coronal sections stained with 

cytochrome oxidase, in monkey X 50 µm sections were cut and stained with cresyl 

violet. The histological analysis of monkey W was performed by the Cant laboratory at 

Duke University and that of monkey X was performed by the Winer laboratory at UC 

Berkeley.   

 

2.2.5 Sources of error in determining recording locations 

Certain sources of error affected the reliability of our estimate of recording location.  The 

most reliable measurement is the depth within a penetration.  The accuracy of this 

measurement is on the order of microns – i.e. the precision of our microdrive (Narishige, 

model MO-951).  The overall depth is estimated less accurately.  There are two sources 

of error here.  The first is that a paint mark is placed at a measured position on each 

electrode before they are placed in the microdrive.  The mark is then aligned with the 

scale on the microdrive. The precision of this paint mark and its alignment is on the order 

of about 1 mm or so.  The second issue is the head implant itself, which can gradually lift 

or shift in position over time, moving the cylinder slightly.  The more time that elapses, 

the less fidelity there is between the overall depth estimate and that predicted from the 

MRI scan (which was typically done once before the mapping began).  It was to allow for 

these sources of error that we included a 1.5 mm buffer zone above and below the 

estimated depth of the IC.  Overall, the depth measurements of responsive sites 
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corresponded well to the predicted depth of the IC, suggesting that these sources of 

error were largely variable and not systematic.   

Error in the AP and ML dimensions arises due to head cap shifting, as mentioned 

above, and also electrode bending as the IC is approached.  The IC is about 5 cm below 

the top of our recording grid.  Part of this distance was traversed with the electrode in a 

rigid guide tube, but at least the last cm was traversed by the electrode alone.  The 

tungsten electrodes could bend as the approached the IC, or could potentially slip 

alongside it especially on the lateral aspect.  This source of error probably accounts for 

less than 1 mm variation in the precise AP or ML position of electrode on repeated 

penetrations through the same grid location.   

Sources of error in MRI reconstruction relate to the quality of the image and voxel 

size, the thickness of coronal slices ranged between 0.5 mm and 1 mm, the other two 

dimensions were fixed at 0.5 mm across scans. The visibility of morphological features 

of the IC on the scan, and our ability to estimate the position of the cylinder and 

electrodes on the scan also influence the accuracy with which recording locations could 

be reconstructed.  Reconstructing the borders of the IC via MRI scan using similar 

techniques has been estimated to be accurate to the nearest mm (Kalwani et al., 2009). 

2.3 Results  

We systematically mapped the IC of 6 monkeys by recording multi-unit activity 

along electrode penetrations through the structure while presenting a series of auditory 

stimuli. We classified penetrations based on responsiveness to tones: penetrations 

showing auditory responses were classified as either tuned or untuned, and tuned 

penetrations were further classified based on whether or not they showed a tonotopic 
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progression (Table 2). Figure 3 shows an example tuned, non-tonotopic, penetration, the 

type we observed most frequently (in 76 of 125 auditory-responsive penetrations). The 

responses of each trial (the average firing rate in a 200 ms period following stimulus 

onset, normalized to baseline) are plotted against the stimulus. The recordings are 

plotted in the order they were taken, with the shallowest recordings at the top and the 

deepest recordings at the bottom. Only the responsive recordings are shown, though 

nonresponsive recordings flanked the auditory area above and below. Gaussian fits to 

the data, used below to summarize tuning, are overlaid. The recordings at each of the 

depths showed clear auditory responses (an increase in the height of the PSTH shown 

in the inset on each tuning curve following stimulus onset) that were strongly tuned to 

low frequencies (around 650Hz). At the deepest recording, only a small response to 

tones is seen, though this site responded well to broadband white noise (blue dots).  

Table 2: Summary of categorization of recording sites and penetrations. 

    Monkey   

    A W E M C X Total

Recorded 
Penetrations 59 50 51 74 42 74 350
Sites 646 534 694 588 457 790 3709

Responsive 
Penetrations 45 27 13 11 15 14 125
Sites 247 134 61 49 71 77 639

Penetration 
Category 

Untuned 16 4 1 0 2 0 23

Tuned* 22 13 12 6 9 14 76

Tonotopic 7 10 0 5 4 0 26

*Excluding tonotopic penetrations 
 

Tonotopic penetrations were more rare, found in 26 of 125 auditory-responsive 

penetrations).  Figure 4 shows data from an example tonotopic penetration in the same 

format as Figure 3. Sites along this penetration, in contrast to the non-tonotopic 
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example, exhibit an orderly increase in BF. The first responsive recording in this 

penetration showed only a small response and no clear tuning (this site responded best 

to white noise). The second site was tuned to the lowest frequency sounds we 

presented, deeper sites showed maximal responses to progressively higher frequencies. 

To objectively determine the tonotopicity of penetrations we performed a Monte Carlo 

simulation, calculating regressions on the slope of BF over depth on randomly selected 

subsets of the data at each site (see methods for details). The inset shows a histogram 

of the slopes of regressions over the simulation for this penetration. Sites were marked 

as tonotopic if 95% of the slopes were positive (in this example, all iterations showed 

positive slopes in contrast to the example in Figure 3 which showed no such trend).  

Figure 5 shows the responses of an untuned recording. Untuned penetrations 

(defined as having less than three sites showing tuned responses) were uncommon and 

only found at the most peripheral sites sampled. Lack of tuning occurred when sites 

responded to tones without clear modulation based on tone frequency, or when the sites 

responded only to presentations of broadband white noise. Most of the untuned 

recordings in our sample showed some response to tones (120 of 185 sites; t-test, 

p<0.05), but several only responded to white noise (49 of 185 sites). The example in 

Figure 5 shows a penetration in which all of the sites responded to tonal stimuli (t-test on 

tone trials, p<0.05) but showed no clear preference for frequency among these 

responses. Responses to white noise were larger than those of tones, particularly at the 

two deepest sites, as would be expected of neurons with broad tuning characteristics.  
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Figure 3: Responses from a tuned penetration.  

The average response over a 200ms period following baseline (normalized by subtracting 
the mean and dividing by the standard deviation of the activity during the baseline period) 

for each trial is plotted against the stimulus. The topmost panel shows the shallowest 
recording in this penetration, with each panel thereafter 0.5mm deeper. A Gaussian curve 

(red line) was fit to data from tonal trials (black points), the location of the peak of this 
curve was labeled as BF, which remained low throughout this penetration. Blue points 
indicate responses to presentations of broadband white noise. Insets show the PSTH 

across stimuli for a period ranging from 50ms before to 200ms after stimulus onset. Below 
the tuning data, results from a Monte Carlo analysis to probe for tonotopy indicate that 
this penetration did not show an increase in BF with deeper recordings:  the slopes are 

not biased towards positive values. 
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Figure 4: Frequency responses from a tonotopic penetration.  

Plotted in the same format as Figure 3, the panels show an increase in BF with deeper 
recordings. All iterations of the Monte Carlo analysis used to detect tonotopy showed 

positive slopes. 
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Figure 5: Frequency responses from an untuned penetration.  

Plotted in the same format as Figure 3, this penetration showed no clear tuning. Gaussian 
curves did not fit the data and so are not plotted. Sites in this penetration responded to 

tones, but did not prefer a group of tone frequencies over others. No inset is shown for the 
Monte Carlo analysis used to detect tonotopy, as it could not be run on untuned 

penetrations. 

 

To be sure that sites showing only transient responses to tones were not 

mistakenly labeled as untuned due to the large window used for assessing tuning, we 

repeated the Gaussian fitting procedure using a shorter spike-counting window (10-50 

ms following stimulus onset). The majority of sites that showed tuning in one window 

also showed tuning in the other (405 of 520 sites showed tuning in both windows, 66 

showed tuning only in the shorter window, 49 showed tuning only in the longer window). 

At tuned sites, estimates of BF were highly similar (t-test, p>0.05; Figure 6). 
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Figure 6: Comparison of BF across multiple epochs. 

BF was determined for each site (see methods) based on a 200ms window following 
stimulus onset, as well as based on a shorter window (10-60ms following stimulus onset). 

Sites in which tuning was defined for both windows showed highly similar estimates of 
BF, indicating that tuning was stable over time. 

Maps of the categories of penetrations for each monkey are shown in Figure 7. 

Each square in the maps corresponds to a single recording penetration location. The 

rows in the map for monkey A correspond to the panels shown in Figure 2, with the 

columns within each row matching the electrode trajectories. In each monkey we 

collected data from a region showing auditory responses, surrounded to some extent by 

recordings non-responsive cells. Responsive locations agreed well with estimates of the 

posterior, lateral and medial boundaries determined using MRI +/- 1mm (thick black 

lines). Not all penetrations listed in Table 2 are shown: at some locations we recorded 

multiple penetrations from the same location in our recording grid. Only the most 

tonotopic, tuned, or responsive penetration is depicted here.   
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Tonotopic, tuned, and untuned penetrations were distributed in a characteristic 

pattern in the IC.  Tonotopic penetrations (green) were only identified in 4 of 6 monkeys 

(A, W, M and C), When found, tonotopy tended to be located at or near the caudal 

extent of the region showing auditory responses or the MRI-identified posterior border. 

Adjacent to or surrounding the tonotopic penetrations are the tuned penetrations (red), 

which account for the majority of data in all monkeys.  Untuned penetrations (blue) were 

most prominent in monkey A at the rostral extent of our sampling, but were occasionally 

observed in the other monkeys and at other (peripheral) locations. 

2.3.1 Tuning of Non-tonotopic Penetrations 

In recording penetrations that did not show a progression from low to high frequencies 

as the electrode advanced, but did show tuning, most sites responded best to the lowest 

frequencies we tested. Figure 8A shows the distribution of BF values determined by 

Gaussian fits to the frequency response function data (see methods and examples in 

Figures 3-4) in each monkey. With the exception of monkey W, all animals showed a 

powerful bias toward low frequency BFs throughout recordings. In a subset of recordings 

from monkey W we probed for BFs below the range tested in the other animals, to 

determine if this monkey had a low frequency bias but for lower frequencies than the 

other monkeys, but this did not appear to be the case. The vast majority of data from 

monkeys A,E,M,C and X, showed the most vigorous response to frequencies under 

1.6kHz, several octaves below the upper limit of the monkey’s hearing range (Stebbins 

et al., 1966). This is a surprising result, as no previous experiments have shown such a 

powerful bias toward low frequency tuning in the monkey, though many other species 
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have auditory neurons that do show a bias toward a specific frequency range (eg. bat 

Kossl and Vater, 1985; mole: Muller et al., 1992; owl: Köppl et al., 1993).  

 

 

Figure 7: Maps of responsive, tuned, and tonotopic penetrations.  

Maps of penetration locations (ie. the horizontal plane of the recording chamber) for each 
monkey. Each box in the maps displays information for a single location in the recording 

chamber (boxes from monkey A correspond to the red lines displayed in Figure 2). Unfilled 
boxes indicate recordings in which auditory responses were not found. Blue, red, and 

green boxes mark the locations of responsive (but untuned), tuned (but non-tonotopic), 
and tonotopic recording penetrations. On occasions where multiple recordings were made 
from the same location, the box is colored if any of the penetrations met the criteria to be 
categorized as tonotopic, tuned, or responsive. Locations marked with an ‘X’ on the maps 

for Monkeys W and X indicate the locations of electrolytic lesions used for histological 
reconstruction.
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This bias in favor of low frequencies was also observed when the “point image” 

of activity in response to sound frequency was considered.  The point image can be 

defined as the population response as a function of sound frequency, here expressed as 

the percentage of neurons responding to each tested frequency.  Figure 8B shows the 

proportion of tested sites that responded to each frequency for each monkey. The 

curves show a strong bias toward low frequency responses, except for those describing 

the data from monkey W. Importantly, virtually all of the frequencies we tested elicited a 

response in some sites in each monkey, which reassures that the bias for low 

frequencies does not reflect complete loss of hearing at high frequencies. The macaque 

auditory midbrain thus seems to show an enhanced response to low frequencies. 

Responses to high frequencies are still present in non-tonotopic penetrations, though 

they rarely exceed the magnitude of their low frequency counterparts. In this manner 

high frequency auditory information is not lost despite an amplification of low frequency 

information. 

2.3.2 Temporal Response Profile 

The temporal profile of a response provides an alternative to tuning 

characteristics in defining a functional map. The responses we recorded reliably showed 

an excitatory transient onset element, which was often followed by a sustained response 

(of varying magnitude) that continued throughout the presentation of the sound. We 

defined an index to measure the ratio of sustained to transient components (RPI, see 

methods), in order to see if response patterns were organized topographically. Figure 9 

shows the maps of this index across recording penetrations from each monkey. The 

measures used for calculating RPI are indicated in the inset with two example PSTHs. 
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Figure 8: Bias of tuning toward low frequencies throughout recordings.  

Panel A shows the distribution of BF values determined by Gaussian fits to the 
isointensity frequency response data collected. Lines show the proportion of auditory 

sites that showed a BF in logarithmically spaced windows. Panel B shows the proportion 
of neurons responding to each tested frequency. Both representations of the data indicate 
a heavy bias toward low frequency selectivity, panel B establishes that virtually all of the 

tested frequencies elicited responses at some sites. 

Monkeys A and W show a large range in RPI, with the most sustained responses (lower 

RPI values) in locations near tonotopic penetrations. Monkeys M and C show less 

variability in response profile, but still show a strong coupling between sustained and 

tonotopic penetrations. The data from monkeys E and X, in which we did not find 

tonotopy, had surprisingly low RPI values, with responses as sustained as those in 

tonotopic penetrations in other monkeys.  

We also observed variation in response profile within tonotopic penetrations. The 

example shown in Figure 4 indicates various levels of sustained responses from depth to 
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depth. The maps in Figure 9 are collapsed across recording depths, and so topographic 

effects within electrode penetrations cannot be seen. Figure 10A shows the average RPI 

across the depth of recordings, relative to the depth of the first auditory response (ie. 

entry into the nucleus). Non-tonotopic penetrations showed little effect of depth. 

Conversely, tonotopic penetrations tended to exhibit more transient responses at 

shallow depths (similar to those of non-tonotopic penetrations), while sites recorded 

deeper showed more sustained responses. 

Figure 10B shows histograms of RPI from sites in tonotopic and non-tonotopic 

penetrations. While sites within tonotopic penetrations (red solid line) showed RPI values 

that were skewed toward lower numbers (ie. more sustained responses) than those 

within non-tonotopic penetrations (blue solid line), the distributions largely overlapped. 

Restricting the estimate of RPI from tonotopic penetrations to those deeper than the first 

site (red dashed line) shifted the distribution slightly to the left, and restricting the 

analysis of non-tonotopic sites to those monkeys that showed tonotopy (blue dashed 

line) shifted the distribution slightly to the right, but considerable overlap remained.  
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Figure 9: Maps of temporal profile of response in the horizontal plane.  

Maps follow the format in Figure 7, here color indicates the average RPI from each 
penetration location. Lower values of RPI indicate more sustained responses. The inset 

shows the time periods used to calculate RPI with the data from two example recordings. 
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Figure 10: RPI distribution for tonotopic and non-tonotopic penetrations.  

Panel A shows the average RPI at each depth, relative to the first auditory recording within 
the penetration, for tonotopic (red) and non-tonotopic (blue) penetrations. Error bars 

indicate standard error. The distributions of RPI in tonotopic and non-tonotopic 
penetrations (B) overlapped, though tonotopic penetrations generally showed more 

sustained (ie. lower RPI) responses. The trend persisted when data from monkeys not 
showing tonotopy were excluded (blue broken line) or when the shallowest recordings 

were excluded (red broken line). 

Latency of response also showed some topographic organization. More central 

penetrations contained sites that responded faster than more peripheral penetrations 

(Figure 11). As with RPI, we also found an effect of depth within tonotopic penetrations, 

with shallower sites showing slower responses than those recorded at deeper locations 

(Figure 12A).  Across all locations, a small difference between tonotopic and non-

tonotopic penetrations was found (t-test, p<0.01; Figure 12B). Excluding the shallowest 

tonotopic recording and the data from monkeys in which we did not observe tonotopy 

slightly increased the separation between distributions of latency, but there was 

considerable overlap (similar to the results found for RPI). Overall, the estimates of 

latency are similar to those noted previously (Ryan and Miller, 1978; Zwiers et al., 2004), 

when taking into account that latency calculations included the time it took to for the 

sound to reach the ear (about 4ms, see methods).  
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Figure 11: Maps of response latency in the horizontal plane.  

Maps follow the format in Figure 7, here color indicates the average latency from 
each penetration location. Note that the calculation of latency included the time it took for 

sound to reach the ear (about 4 ms). 
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Figure 12: Latency distribution for tonotopic and non-tonotopic penetrations.  

Panel A shows the average latency at each depth, relative to the first auditory recording in 
the penetration, for tonotopic (red) and non-tonotopic (blue) penetrations. Error bars 
indicate standard error. The distributions of latency in tonotopic and non-tonotopic 

penetrations (B) overlapped, though tonotopic penetrations generally showed more faster 
(ie. lower latency) responses. The trend persisted when data from monkeys not showing 

tonotopy were excluded (blue broken line) or when the shallowest recordings were 
excluded (red broken line). 

 

2.4 Discussion 

The results from this study provide the first extensive physiological map of the auditory 

midbrain in the monkey. We established a small volume of tissue in which tonotopic 

organization was readily identifiable, surrounded by a surprisingly large region that 

showed no such organization. In the latter, low frequency responses prevailed, indicating 

a strong bias toward low frequency tones. The two functionally identifiable regions we 

observed likely have anatomical correlates. 
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2.4.1 Subdivisions of the IC and the representation of sound 
frequency 

Historically the IC has been divided into a central nucleus (ICC) and surrounding regions 

on the lateral (lateral nucleus, LN) and dorsal (DCIC) aspects (Ramón y Cajal, 1911; 

Morest, 1964; Rockel and Jones, 1973a, b, c). Golgi impregnations have provided a  

thorough parcellation through the precise analysis of the spatial arrangement of both 

axons and dendrites, as was performed by Morest and Oliver in the cat (1984). Their 

study classified cells surrounding ICC, not just those in LN and DCIC, but also cells 

rostral, caudal and medial to the central nucleus.  

The distinguishing feature of ICC is a series of fibrodendritic laminae, formed by 

the parallel dendritic fields of disc shaped neurons (Morest, 1964). The layers seem to 

match tuning patterns, with the most dorsolateral layers corresponding to low frequency 

tuned neurons, with increasing frequency found in successively ventromedial layers (for 

review see Ehret and Schreiner, 2005). ICC primarily receives ascending input from the 

auditory brain stem (from the cochlear nucleus reviewed in Cant, 2005, and from the 

superior olivary complex and nuclei of the lateral lemniscus reviewed in Schofield, 2005).  

Descending input from auditory cortex also projects to the ICC (Andersen et al., 1980).   

Projections from the ICC continue up the auditory pathway where they synapse mainly in 

the ventral region of the medial geniculate body (MGB; Calford and Aitkin, 1983).  

In contrast, LN and DCIC have a more diffuse set of connections. These regions 

receive ascending auditory input via the ICC (Saldaña and Merchan, 1992), but more 

weakly from brainstem sources (Aitkin et al., 1981; Coleman and Clerici, 1987). DCIC 

and LN are more heavily innervated by auditory cortex, receiving more descending input 

than ICC (Diamond et al., 1969; Andersen et al., 1980; Druga and Syka, 1984b, a; 
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Coleman and Clerici, 1987; Saldaña et al., 1996; Druga et al., 1997; Winer et al., 2002; 

Schofield, 2009). In addition, LN receives nonauditory input from the somatosensory 

(Aitkin et al., 1978; Aitkin et al., 1981) and visual (Cooper and Young, 1976; Coleman 

and Clerici, 1987) systems. The projections from LN and DCIC also differ from those of 

ICC.  DCIC and LN do project to MGB, like ICC does, but mainly synapse on cells in the 

medial and dorsal regions (Calford and Aitkin, 1983), along a purported modulatory 

pathway of the auditory system (Lee and Sherman, 2010). These regions also send 

output to the SC (Kudo and Niimi, 1980).  

Beyond the rostral borders of the ICC one finds the rostral pole (RP) and 

intercollicular tegmentum (Morest and Oliver, 1984). RP is a small area that receives 

input from the auditory brainstem but differs from the ICC in that it sends its output 

primarily to the SC rather than the MGB (Osen, 1972; Harting and Van Lieshout, 2000). 

The intercollicular tegmentum is part of the mesencephalic reticular formation, and 

receives inputs from a variety of auditory, visual and somatosensory sources (RoBards 

et al., 1976; Robards, 1979; Lopez et al., 1999).  

The ICC thus forms an auditory “core” region that is an obligatory stop along the 

ascending auditory pathway – i.e. little or no input reaches the ventral auditory thalamus 

without first passing through ICC.  The surrounding structures form a “shell” region (LN, 

DCIC, RP, intercollicular tegmentum) that receives auditory and non-auditory input from 

a variety of sources and projects more diffusely. 

Because of the interconnectedness of the regions of the IC as a whole, the 

feedback they receive from auditory cortical regions, and the reciprocity of their 

connections with earlier brainstem auditory structures (Coleman and Clerici, 1987; 
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Hutson et al., 1991; Saldaña and Merchan, 1992; Gonzalez-Hernandez et al., 1996), it is 

difficult to identify the circuit underlying any particular type of response. Nevertheless, 

certain physiological differences have been observed in these different regions.  Aitkin 

and colleagues (1975) tested tuning and binaural response properties in cat ICC, DCIC, 

and LN. They found that neurons in DCIC and LN showed broad tuning, or no evidence 

of tuning at all, and that neurons in DCIC were generally only driven by the stimulation of 

the contralateral ear, while LN and ICC were binaurally influenced. DCIC and LN also 

seem to be better driven by complex sounds, such as vocalizations, while ICC neurons 

show greater firing in response to presentations of pure tones (Aitkin et al., 1994).  

The tonotopic penetrations in our map likely passed through ICC. ICC has 

exhibited clear tonotopic organization across species (eg. rats: Clopton and Winfield, 

1973; Kelly et al., 1991; cats: Rose et al., 1963; Merzenich and Reid, 1974; Aitkin et al., 

1975; guinea pigs: Malmierca et al., 1995; mice: Stiebler and Ehret, 1985; Poon et al., 

1990; Casseday and Covey, 1992; Miller et al., 2005; ferrets: Moore et al., 1983; owls 

Knudsen and Konishi, 1978), and shows more sustained and short latency responses 

(Ryan and Miller, 1978; Willott and Urban, 1978; Aitkin et al., 1994; Syka et al., 2000). 

Figure 13A shows an electrolytic lesion placed in the middle of a tonotopic penetration in 

monkey W, in a section stained with cytochrome oxidase. This stain marks metabolic 

activity, which is markedly higher in the ICC than in the surrounding area (Dezso et al., 

1993). The location of the penetration in which the lesion was placed is indicated with an 

asterisk on the map in Figure 7.  

 While the evidence that the tonotopic penetrations probably passed through the 

ICC is strong, the converse, that the non-tonotopic penetrations did not, is less clear. In 
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monkeys E and X we did not identify tonotopic gradients in any recording penetrations. 

This is not surprising in monkey E, as our entire sample was likely medial to the ICC, but 

tonotopic organization was expected in monkey X where the central region was well 

sampled. A lesion was made at a central recording location and identified near RP on a 

section stained with Nissl techiniques (Figure 13 B,C). Recordings were taken caudal to 

the location of the lesion, in a region that corresponds to ICC, but no tonotopic 

penetrations were identified. It is therefore possible that the strength of tonotopic 

organization varies across individual animals and that in monkey X it was not 

identifiable, or that some aspect of our recording methods precluded detection of 

tonotopy.  Improvements in our recording equipment over the course of this study may 

have facilitated identification of tonotopy, and responses in general. Indeed, monkeys A 

and W, the last two monkeys tested, showed the clearest signal to noise ratios. This can 

be seen on the maps in Figure 7 by the high number of detected auditory penetrations. 

Most likely, some but not all of the penetrations classified as non-tonotopic 

passed through the ICC as well.  In particular, penetrations adjacent to tonotopic 

locations in our map likely passed through the ICC, but only through a small part, or 

passed through the ICC non-perpendicularly to the tonotopic gradient.  It is also possible 

that a portion of the ICC is not tonotopic at all but consistently favors low frequency 

sounds, and that this low frequency bias is a feature shared in common with the 

surrounding shell.   
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Figure 13: Histological reconstruction of recording locations. 

Panel A shows a 60 µm coronal section from monkey W stained with cytochrome oxidase. 
The location of an electrolytic lesion (noted on the map in Figure 7) is indicated with a red 

asterisk. A track left behind by a recording electrode, approximately 1mm medial to the 
lesion and following the 30º angle established by the chamber, is indicated with a black 

asterisk. The ICC can be visualized as the region showing a dark stain, indicative of higher 
metabolic activity. A section from Monkey X is shown in B, in which two lesions were 

made along a penetration through the central region of recordings (the location is noted 
on the map in Figure 7, and on the image with red asterisks). Sections from this monkey 

were 50 µm thick and stained with cresyl violet. The section containing the lesion is rostral 
to the one shown in A, and the SC is clearly identifiable on the dorsal part of the slide. Just 

deeper than the lesion the rostral pole can be found, indicating that this penetration was 
just anterior to the ICC. Panel C shows a magnified view of the square in B. The image 

shown in B and C has been published previously (Porter et al. 2006). 
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Overall, identifying the location of any non-ICC penetrations is challenging. 

Though measurements of the tonotopic region recorded fit well with estimates of the size 

of ICC (Paxinos et al., 2000), the auditory-responsive region surrounding tonotopic 

responses is much larger than anticipated, even when excluding potential ICC 

penetrations that were adjacent those in which tonotopy was identified. These data are 

best described as coming from a number of nearby, anatomically distinct areas, 

including not only DCIC/LN but also regions such as the intercollicular tegmentum and 

the nucleus of the brachium. The homogeneity of response characteristics (latency, 

temporal profile, tuning properties), provides reason to group this data together, though it 

likely represents responses of both collicular and peri-collicular regions. 

 

2.4.2 Temporal profile 

The temporal patterns of the response also relate to those found previously. We found 

shorter-latency and more sustained responses in tonotopic penetrations (Figure 10B and 

Figure 12B). Along tonotopic penetrations, the most dorsal recordings showed 

uncharacteristically slow and transient responses (Figure 10A and Figure 12A), 

consistent with the idea that electrodes passed through DCIC en route to ICC. Results 

regarding the temporal profile should be compared with the literature with caution, as the 

choice of MUA as a metric precludes the identification of individual sustained and 

transient type cells. Rather, the measurement of sustained and transient components in 

the response relates to the proportion of sustained and transient type units comprising 

the MUA. Our data on responses in the awake animal also likely differ from those in 
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anesthetized preparations. Anesthesia has been shown to affect the temporal profile of 

responses in the IC (Kuwada et al., 1989; Astl et al., 1996).  

 

2.4.3 Low frequency bias 

The most surprising aspect of our findings was the prevalence of low frequency tuning.  

Throughout the more transient, slower, non-tonotopic region we sampled, we found a 

strong bias toward low frequency tuning (Figure 8).  Fitzpatrick (1975) also found no 

evidence of high frequency tuned neurons (>2kHz) in the shell surrounding the ICC of 

the squirrel monkey.  

Typically, the magnification of a particular range of stimulus-space corresponds 

with some enhanced perceptual capacity.  For example, amplification of a specific 

frequency range linked with sounds of ethological relevance has been seen in the 

auditory system of other species (eg. owl: Köppl et al., 1993; bat: Kossl and Vater, 1985; 

mole: Muller et al., 1992).   This finding is surprising in rhesus monkeys because no 

perceptual correlate in this frequency range has yet been established.   The rhesus 

monkey audiogram is approximately flat from 500 Hz to 16 kHz: the monkey is at its 

most sensitive, and uniformly so, throughout this range  (for review see Coleman, 2009).  

That a perceptual or ethological correlate may eventually be found seems possible:  

preliminary efforts in our lab to train monkeys to perform sound frequency discrimination 

tasks have been more successful at lower frequencies, ~800 Hz, than at higher 

frequencies, ~3 kHz (Ross and Groh, 2009). 
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2.4.4 Implications for prostheses and other work 

Several aspects of our study have important implications for the design and placement 

of prosthetic devices in the inferior colliculus.  Chiefly, the limited extent of tonotopy, the 

variability in its presence or perhaps location in individual animals, and the dominance of 

low frequencies pose a logistical challenge.  To be successful, a prosthetic device needs 

to access sites that encode a range of different frequencies.  It may also be 

advantageous to target the main channels of the ascending auditory signal.  If the 

human IC is similar to that of the monkey, then a large number of electrodes may need 

to be placed in a range of locations in order to increase the odds that some are 

positioned in the comparatively small volume of the IC containing neurons devoted to 

ascending high frequency information.  Indeed, the earliest attempts at auditory midbrain 

implants have produced predominantly low frequency percepts at most electrode sites 

(Lim et al., 2008), suggesting that the challenge of finding high frequency sites may well 

be true in humans as well as monkeys.   

Generally, our results provide a guide or context that may be of some utility for 

studies in which detailed mapping is not possible.  Placement of prosthetic stimulating 

electrodes in humans is done precisely because the patient is deaf without it – thus 

mapping the auditory response properties prior to placement is not possible.  Other 

types of work involve a trade-off between optimizing for anatomical certainty at the 

expense of physiological normality and vice versa.  For example, the most detailed 

mapping studies are generally done in anesthetized animals, over the span of at most a 

few days, and often involve removal of the tissue overlying the inferior colliculus so that 

the placement of the electrodes can be guided by visual inspection.  Histological 
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reconstruction is done immediately following such experiments.  Such methods provide 

the best information about the location of recording sites, but the information about the 

response properties is colored by uncertainty about whether the response properties are 

altered by the presence of anesthetic drugs or the removal of a portion of the brain.  At 

the other end of the spectrum are studies in which no mapping is conducted and the 

response properties are studied largely divorced from information about where precisely 

they may occur.  In awake monkeys, recordings take place over months or years, 

making it very difficult to reconstruct the location of specific sites even if histology is 

conducted at the conclusion of the studies.  Our study attempted to strike a middle 

ground between these approaches.   

Our study also represents a relatively coarse sampling of the midbrain. This was 

necessary to accommodate the large region of auditory-responsive neurons. Our map 

thus describes the large scale organization of the midbrain, but cannot precisely identify 

boundaries, or the three-dimensional shape of functionally defined regions. Finer spatial 

sampling, and additional stimulus characteristics would have added to the resolution of 

the map, but are unrealistic in such large scale systematic mapping. The objective 

methods we used for categorizing tonotopic penetrations, and temporal profile of 

response provide metrics that can be compared across electrophysiological studies. Our 

results can thus be used to guide future work focused on a limited region of the IC, and 

provide a context for interpreting organization at a smaller scale.  
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3. Distribution of Eye Position Information in the Monkey 
Inferior Colliculus  

3.1 Introduction 

The inferior colliculus (IC) is the principal auditory nucleus of the mammalian midbrain 

(for review see Winer and Schreiner, 2005a).  Despite occupying a pivotal position in the 

auditory system, IC neurons are modulated by more than just acoustic stimuli.  Several 

non-auditory factors such as visual stimuli, tactile stimuli, the position of the eyes, and 

impending reward also have a role in shaping neural activity (Aitkin et al., 1981; Mascetti 

and Strozzi, 1988; Groh et al., 2001; Gutfreund et al., 2002; Zwiers et al., 2004; Metzger 

et al., 2006; Porter et al., 2006, 2007; Bergan and Knudsen, 2009).  

Insight into how these signals affect auditory processing as a whole can be 

gained from identifying precisely where in the IC they are found. Different sub-regions of 

the IC have different input and output connectivity patterns, with the central nucleus 

situated on the primary ascending pathway projecting to the ventral medial geniculate 

body of the thalamus (Winer and Schreiner, 2005a). The surrounding shell regions also 

project to the thalamus, but more heavily target medial and dorsal regions of the medial 

geniculate (Wenstrup, 2005) along a proposed modulatory pathway in the auditory 

system (Lee and Sherman, 2010).  

The differential connectivity of the IC led us to investigate whether eye position 

signals are (a) present in both the central and peripheral areas, and/or (b) differentially 

distributed in these two areas.  Information about eye position is thought to be a 

necessary component of visual-auditory integration in the spatial domain.  Sound 

location is computed in a head-centered frame of reference, whereas visual stimulus 
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location is detected with respect to the retina.  A representation of the orientation of the 

eyes with respect to the head is essential for reconciling the disparity between these two 

reference frames.  If eye position information is present in the central nucleus of the IC, 

then this essential element for visual-auditory coordination is available in the primary 

ascending route of the auditory pathway.  In contrast, if eye position information is 

limited to the more peripheral regions of the IC, this would suggest that such visual-

auditory coordination might be handled by more specialized circuitry. Somatosensory 

inputs to the IC show precisely this sort of pattern: they are found in the lateral nucleus 

IC (Aitkin et al., 1978; Aitkin et al., 1981), but are not seen in the central nucleus.    

To identify the location of eye-position sensitive neurons in the IC, we made use 

of a functional map defined based on auditory responses. Electrophysiological studies in 

macaques are typically conducted in a small number of animals with many recordings 

taken from each subject over an extended duration. Small changes in chronically placed 

electrode guiding apparatuses are inevitable, and this makes the precise histological 

reconstruction of more than a few recording locations virtually impossible, particularly 

with recordings from deep structures such as the IC. Functional maps provide an indirect 

estimate of location, but one that is centered on the electrode rather than the apparatus 

used to position it.   

We previously defined a functional map by recording auditory responses 

throughout the midbrain of 6 macaques (Chapter 2). We sampled the activity of small 

clusters of neurons while varying recording locations systematically, forming a three-

dimensional grid of recordings, and identified distinct regions based on responses to 

auditory stimuli. Here we report the effects of eye position on the neural responses we 
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mapped, using the topography of auditory responses to interpret the results. We 

recorded the orientation of the eyes while subjects moved them freely. Using 

uncontrolled eye movements allowed us to collect data from a large number of locations, 

as we were not restricted by performance on a fixation task. 

We find that eye position exerts an influence throughout the IC, but to varying 

degrees. Eye position modulation was present in 27% of recordings along tonotopic 

penetrations through IC, which putatively traversed the central nucleus. The prevalence 

of eye position sensitivity was higher in more peripheral regions (34-42 % for “tuned” and 

“untuned” penetrations). The results suggest that eye position modulates the main 

ascending auditory signal, perhaps via the more strongly affected peripheral regions of 

the IC.  

 

3.2 Methods 

3.2.2 Surgical Preparation and Recording Procedures 

Three male and three female rhesus monkeys participated in the experiments.  All 

procedures were approved by the Institutional Animal Care and Use Committee at 

Dartmouth College and Duke University, and were conducted in accordance with the 

principles of laboratory animal care of the National Institutes of Health (publication 86-

23, revised 1985). Additional details of these experiments are available in Chapter 2.  

Surgical procedures were performed using isoflurane anesthesia and aseptic 

techniques as well as postoperative analgesia. The monkeys underwent an initial 

surgery to implant a head post for restraining the head and a scleral eye coil for 

monitoring eye position (Judge et al. 1980; Robinson 1963). After recovery, an additional 
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surgery was performed to make a craniotomy and to implant a recording cylinder 

positioned to allow electrodes to approach the IC at an angle approximately 30° from 

vertical in the coronal plane. The chamber contained a fixed grid of holes (Crist 

Instruments, Gaithersburg, MD) aligned such that electrode penetrations could be made 

in 1mm increments in the anterior/posterior and (tilted) medial/lateral dimensions. 

Recordings were made using tungsten microelectrodes (1-3 MΩ; FHC Inc, Bowdoin, 

ME). Multiunit clusters were selected using a window discriminator (Monkeys A,W: 

Plexon Inc, Dallas, TX; Monkeys E,M,C,X: Bak Electronics, Germantown, MD) and spike 

times were stored for off-line analysis. The location of the IC was determined using an 

anatomical MRI scan in which the recording chamber and plastic grid could be 

visualized, and was verified using physiological responses. Electrodes were lowered 

along the dorsolateral/ventromedial axis of the IC (established by the placement of the 

recording cylinder) and recordings were taken from multiunit clusters every 0.5mm along 

the trajectory of the penetration.   

 

3.2.3 Stimulus Presentation 

Experiments were conducted in complete darkness in a single-walled IAC sound 

isolation booth. Echo-absorbent material lined the walls and ceiling (3-in. Sonex Painted 

One acoustic foam), as well as the floor (carpet).  Auditory stimuli consisted of tones of 

16 frequencies ranging from 0.4 to 12kHz (approximately ¼ octave increments), as well 

as broadband noise (spectrum ranging from 0.5 to 18kHz). Sounds were generally 

presented using loudspeakers (Audax Model TWO25V2, or Bose Acoustimas Cube 

speakers) located 90 degrees contralateral to the recording chamber and 57 inches from 
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the subject’s head. In all monkeys sounds were presented at 50dB SPL. Sound levels 

were calibrated to within 1dB of the target amplitude using a sound meter (Brüel & Kjær, 

model 2237 with model 4137 condenser microphone; A-weighted) placed at the position 

that the monkey's head would occupy in the experiment. 

  

3.2.4 Data analysis   

Data were analyzed offline to determine which sites along a penetration showed auditory 

responses. The times of action potentials were binned in 1ms windows aligned on 

stimulus onset to form a peri-stimulus time histogram (PSTH). The PSTH was then 

smoothed using a 5ms moving average. A site was marked as auditory if the smoothed 

PSTH exceeded 3 standard deviations above baseline for 10 consecutive milliseconds in 

a 50ms window following stimulus onset. We further restricted analysis to penetrations 

that contained 3 or more responsive sites. Finally, we excluded responsive sites that 

were more than 1.5mm shallower or deeper than anatomical estimates gathered from 

MRI.   

We tested a subset of sites, notably those in the rostral-most penetrations in 

monkey A, with microstimulation to rule out the possibility that they were in the superior 

colliculus (SC).  The SC is an oculomotor structure rostral and dorsal to the IC, and it 

exhibits auditory responsiveness when animals are engaged in auditory saccade tasks 

(Jay and Sparks, 1984; Populin et al., 2004).   Saccades were commonly evoked dorsal 

to the IC but were only elicited at 2 of 51 tested sites included in the data set based on 

the anatomical and physiological criteria described above.   
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Frequency tuning at each site was characterized by counting spikes in a 200ms 

window following sound onset and comparing the sum to a 200ms baseline period 

before the sound. This response was computed for each of the different stimulus 

frequencies, and then fit by a Gaussian function. The best frequency (BF) was labeled 

as the frequency corresponding to the peak of the Gaussian curve, provided the 

Gaussian successfully described the data (F-test, p<0.05). Penetrations were classified 

as tuned if 3 or more sites were fit by Gaussian functions.  Penetrations with fewer were 

classified as untuned.  Such penetrations could include either sites not very responsive 

to tones or responsive to tones but insensitive to their frequency.   Tuned penetrations 

were tested for the presence of a tonotopic progression by relating the BF to depth with 

a linear regression, using a Monte Carlo simulation to estimate confidence intervals.  

Tonotopic penetrations were those in which there was a statistically significant 

relationship between BF and depth. A thorough report of these methods has been 

described elsewhere (Chapter 2). 

The location of the eyes was recorded throughout the trial. We probed for effects 

of eye position in two periods – during a 200ms silent period preceding stimulus onset, 

and during a 200 ms period in which a sound was being presented. In each epoch we 

excluded trials in which the eyes moved by more than 2 degrees horizontally or 

vertically, and recorded the average horizontal and vertical eye position as the averages 

over the 200ms window. This was compared to the firing rate over the same temporal 

windows. We next performed a multiple linear regression with coefficients defined based 

on horizontal and vertical eye position. If this regression was not flat (ie. if either or both 

of the coefficients were non-zero using 95% confidence intervals), the site was marked 
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as sensitive to eye position. Similar techniques have been used previously to probe for 

eye position sensitivity (Zwiers et al., 2004; Porter et al., 2006). This analysis was 

repeated for the silent and stimulus epochs. When probing for eye position effects in 

either of the two windows (ie. any effect of eye position), we used a Bonferroni corrected 

alpha value to estimate confidence intervals of the coefficients in the regression. 

3.3 Results 

We found neurons sensitive to eye position in each of the 6 monkeys we tested, at a 

total of 34% of the sites tested, ranging from 21% to 49% in individual monkeys (Table 

3). Eye position effects were found in both of the temporal windows we defined, with 

many recordings showing responses in both windows (60 of 209 or 29%, Bonferroni 

corrected). The majority of sites that indicated an effect of eye position were modulated 

by both horizontal and vertical components (ie. nonzero terms in both the horizontal and 

vertical coefficients of the regression ~69%). 

Table 3: Proportion of eye position sensitivity across recordings. 

  Monkey: A W E M C X Total

Tested Number 247 108 61 46 71 77 610
    
EP effect  Number 67 45 31 23 16 10 192
(silent period) Proportion 0.27 0.42 0.51 0.50 0.23 0.13 0.31
    
EP effect Number 66 34 15 16 16 13 160
(stimulus period) Proportion 0.27 0.31 0.25 0.35 0.23 0.17 0.26

  
EP effect  Number 75 47 30 22 19 16 209
(either period)* Proportion 0.30 0.44 0.49 0.48 0.27 0.21 0.34

*Bonferroni corrected p-value of 0.0253 corresponding to p<0.05 across tests 
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Eye position sensitivity was present in each of three functional classes of 

auditory penetration type: tuned but not tonotopic, tonotopic, and untuned.  Figure 14 

shows the proportion of recordings sensitive to eye position in each of these categories 

(ie. significantly non-zero terms in a multiple linear regression).  All categories showed 

much greater than chance prevalence of eye position sensitivity.  Tonotopic penetrations 

contained the smallest proportion of recordings showing eye position sensitivity (~27%), 

responses in tuned (but not tonotopic) penetrations were more likely to show effects of 

eye position (~34%), and untuned penetrations included the largest proportion of 

recordings in which activity varied with eye position (~42%). The differences in 

proportions were statistically significant (Χ2=6.3291, df=2, p<0.0422). 

 

Figure 14: Extent of eye position sensitivity by functionally defined region 
in the IC.  

The height of bars indicates the proportion of eye position sensitive recordings 
within each category. Tonotopic penetrations were those that showed an increase of best 

frequency as the electrode advanced along a dorsolateral to ventromedial trajectory. 
Tuned penetrations contained recordings that had well defined best frequencies, but no 
systematic change with depth. Untuned penetrations did not show tuning at more than 2 

sites. The locations of these penetration categories is indicated on Figure 15. 
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Other than the breakdown into tonotopic/tuned/untuned categories, we did not 

see any obvious patterns to the distribution of eye position sensitivity as a function of 

location in the IC.  Figure 15 shows the proportion of eye position sensitive sites in each 

penetration location for each monkey. The locations of tonotopic, tuned, and untuned 

penetrations are indicated with red, green and yellow squares. The color that the 

squares are filled with marks the proportion of sites showing a significant effect of eye 

position, with warmer colors indicating a higher proportion of eye position sensitive sites 

and cooler colors indicating lower proportions.  Locations in which we saw no eye 

position effect beyond chance (ie. less than 5% of sites showing an effect), are marked 

with black filled squares, and locations that were probed but did not show any auditory 

response are indicated with unfilled squares. Estimates of the posterior, medial, and 

lateral boundaries determined from MRI are displayed with thick black lines (the anterior 

boundary is not readily evident on MRI). Though a range of sensitivity is seen in all 

monkeys, no consistent pattern can be seen in the location of penetrations showing no 

influence of eye position (or those showing dramatic influence of eye position). Thus, 

while many sites showed no effect of eye position, those that did were spread 

throughout the recordings. 

The maps in Figure 15 show results collapsed across multiple recording depths. 

Because the IC is a three dimensional structure, it is important to ask whether the 

shallower recordings (corresponding to more dorso-lateral recording locations, see 

methods) or deeper recordings showed differing sensitivity to eye position. Figure 16 

shows the proportion of sites with eye position effects by the depth of recordings. Depths 

were aligned on the first auditory response in each penetration, providing a depth 
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relative to the electrode’s entry into the IC.  Eye position sensitivity was generally 

observed at all depths in all penetration categories, with the deepest untuned sites 

showing the highest prevalence.  Because the plot is aligned on the first auditory 

recording, and the length of a penetration was variable, the number of sampled points 

decreases with depth, making proportion estimates unreliable at the deepest locations 

tested. This can be seen in the growth of errorbars (indicating 95% binomial confidence 

intervals).  

 

Figure 15: Distribution of eye position sensitivity across recording penetrations. 

Maps of penetrations in each subject show the average eye position sensitivity in each 
location we sampled averaged over the depth of recordings. Warmer fill colors indicate a 

higher proportion of sensitive sites, cooler colors indicate more sparse sensitivity. 
Locations in which no eye position sensitivity was found (ie. less than 5% of sampled 
sites) are filled with black. The outlines of the squares indicate how the location was 

categorized based on auditory responses. Thick black lines mark posterior, medial, and 
lateral borders of the IC estimated from MRI. Note that no subregion of the IC appears 

completely devoid of eye position sensitivity. 
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Figure 16: Changes in eye position sensitivity over depth of recordings. 

The height of bars indicates the proportion of eye position sensitivity at each 
recording depth, aligned on the first auditory responsive recording in the penetration. 

Shading of the bars indicates the classification of auditory response.  Error bars indicate 
95% binomial confidence intervals: 

.  

Tonotopic penetrations likely passed through the shell region (ie. the dorsal 

cortex of the IC) before entering the central nucleus.  Thus, not every site along a 

tonotopic penetration is likely to be located within the central nucleus.  Because the 

length of tonotopic penetrations can vary depending on whether the penetration passes 

through the center of the ICC, and because the thickness of the overlying shell is not 

precisely established, it would be difficult to apply a fixed depth criterion for entry/exit 

into the central nucleus.  Instead, a more reliable marker for central nucleus sites is the 

combination of tonotopy and high best frequency: sites with high best frequencies were 
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found almost exclusively at the later sites along a tonotopic penetration.  We rarely 

observed such high best frequencies anywhere other than the later depths of tonotopic 

penetrations (Chapter 2).   Accordingly, we assessed the proportion of eye position 

sensitivity in sites with best frequencies above 1 kHz from tonotopic penetrations.   

Thirteen of 50 sites with BF’s greater than 1KHz were eye position sensitive (26%), 

similar to the 19 of 66 (28.8%) of sites with BF’s <=1KHz.  This analysis confirms that 

eye position sensitivity is found within the central nucleus. 

Eye position sensitivity showed a distribution of coefficient values in the 

horizontal and vertical aspects of the regression, with a bias towards increasing activity 

for contralateral eye positions.  Figure 17 shows values of the horizontal and vertical 

coefficients in eye position sensitive recordings. Activity more often increased with more 

contralateral eye positions (ie. horizontal slopes are skewed toward positive numbers) 

for both of the temporal periods we examined (Wilcoxon signed rank test, p<0.05). We 

did not observe this effect when we limited analysis to tonotopic penetrations, though the 

sample size was far more limited and a weak effect may have been undetectable. 

Vertical eye position terms were more normally distributed and did not favor positive 

(upward) or negative (downward) slopes, although this result should be interpreted with 

caution as the uncontrolled eye position showed far less spontaneous variance in 

elevation than in azimuth. 
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Figure 17: Coefficient values for horizontal and vertical components of multiple 
regressions. 

The slope of horizontal and vertical coefficients of eye position sensitive sites are plotted, 
along with histograms summarizing the total number of points in each dimension. Positive 

values of the horizontal coefficients indicate regressions in which firing rate increased 
with more contralateral locations, positive values of vertical coefficients indicate 

regressions in which firing rate increased with elevation. Data are plotted separately for 
results based on the two epochs analyzed.  The distribution of horizontal coefficients is 

biased in favor of increasing activity for more contralateral eye positions (Wilcoxon signed 
rank test, p<0.05 for both tested epochs) whereas there was no significant bias in the 

vertical dimension (Wilcoxon signed rank test, p>0.05). 
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3.4 Discussion 

We mapped the location of eye position sensitive neurons in the IC, systematically 

sampling a three-dimensional grid throughout the auditory midbrain of six rhesus 

macaques. We found effects of eye position throughout our recordings, indicating that no 

part of the IC is devoid of this non-auditory signal. Overall the proportion of eye position 

sensitivity we found (21-49%) was similar to previous single-unit studies in which the 

structure was not mapped (24-41%; Groh et al., 2001; Zwiers et al., 2004; Porter et al., 

2006).  This was the case even though we relied on the animal’s spontaneous behavior 

rather than performance of an eye movement task, which may have hindered detection 

of eye position sensitivity at some locations.   

The proportion of eye position sensitive sites was not constant across recordings. 

We found a relationship between eye position sensitivity and the location of recordings 

based on a functional map defined using auditory tuning properties. Recordings in 

tonotopic penetrations, likely corresponding to the central nucleus of the IC, showed a 

lower proportion of sites with eye position sensitivity than recordings in non-tonotopic 

penetrations, corresponding to the shell regions of the IC. The greatest proportion of eye 

position sensitivity was seen in untuned penetrations, found in the periphery of our 

sample and perhaps arising from peri-collicular tissue.   

 

3.4.1 Eye-position Sensitivity in the Central Nucleus 

Our results reveal that the eye position signal is not confined to shell areas of the IC, but 

modulates neurons in the central nucleus, providing an influence on the main ascending 

auditory stream. This result contrasts with previous findings on somatosensory signals in 
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the IC, which seem to be absent in the central nucleus (Aitkin et al., 1978; Aitkin et al., 

1981).  The pattern in auditory cortex is similar:  eye position signals are present in both 

core and belt (Werner-Reiss et al., 2003; Fu et al., 2004; Maier and Groh, 2010), 

whereas overt somatosensory responses appear limited to the belt (Schroeder et al., 

2001). Importantly, recent work has uncovered somatosensory modulation of auditory 

responses in the core region of auditory cortex via changes in the phase of ongoing 

subthreshold oscillatory activity (Lakatos et al., 2007). Such effects have not been 

investigated at the level of the IC. 

Taken together, these findings suggest a new look at how the senses might be 

integrated in the brain. The dogma that the senses are processed separately and then 

integrated has been called into question with both anatomical and physiological 

demonstrations of multisensory processes in primary (previously presumed unisensory) 

cortical areas (for review, see Ghazanfar and Schroeder, 2006; Schroeder and Foxe, 

2005; and the appendix). The present report suggests that the computations underlying 

sensory integration are found even earlier, in the subcortical auditory processing stream.  

 From a behavioral point of view, the idea that sensory channels influence each 

other early is not surprising. Information from auditory and visual environments do not 

merely sum to provide multiple maps of the environment: one modality can dramatically 

influence the other. Estimates of the location of sound sources are reliably biased in the 

direction of a task-irrelevant displaced visual cue in humans and in monkeys (Knudsen 

and Knudsen, 1985, 1989; Recanzone, 1998; Woods and Recanzone, 2004; Kopco et 

al., 2009; Recanzone, 2009). Participants in such ventriloquism experiments are subject 

to a direct effect of visual information on auditory percepts. Given that the computations 
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of interaural timing and level differences underlying auditory localization occur 

subcortically (for review see Popper and Fay, 2005), visual influences on auditory 

localization likely also occur subcortically. Indeed, long term plastic changes in the 

auditory space map of barn owls driven by a displaced visual environment have been 

localized to anatomical changes within the IC (notably in connections from the central 

nucleus to the surrounding shell: Feldman and Knudsen, 1997; DeBello et al., 2001). In 

primates and other species with mobile eyes, the computation to reconcile visual and 

auditory spatial information when the eyes are not directed centrally necessarily requires 

input regarding eye orientation (Groh and Sparks, 1992; for review see Groh and 

Werner-Reiss, 2002).  

Another example of visual information exerting an influence on auditory 

perception is the McGurk effect (McGurk and Macdonald, 1976). In this illusion, when 

subjects are presented with a video of a speaker pronouncing a syllable (“ga”) matched 

with an auditory presentation of a different syllable (“ba”) they hear something that is a 

mix of the two (“da”). A recent case report of a patient with a unilateral inferior colliculus 

lesion showed that the effect was reduced when stimuli were presented in the 

contralateral hemifield (Champoux et al., 2006). These data directly implicate the inferior 

colliculus in audiovisual integration. 

Whether or not visual signals influence processing in the central nucleus remains 

an open question. Neurons in the monkey IC show overt visual and oculomotor 

responses (Porter et al., 2007), though the location of responses has not yet been 

mapped. In a non-central region of the barn owl IC, visual stimuli can modulate 

responses to accompanying auditory stimuli although they rarely elicit responses 
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independently (Bergan and Knudsen, 2009) except with accompanying pharmacological 

manipulation of the SC (Gutfreund et al., 2002). Anatomical studies have revealed 

multiple visually sensitive regions that project to shell regions of the IC, including 

connections from visual and parietal cortices (Cooper and Young, 1976; Coleman and 

Clerici, 1987; Druga et al., 1997), the retina (Itaya and Van Hoesen, 1982; Yamauchi 

and Yamadori, 1982; Herbin et al., 1994), and the SC (Adams, 1980; Coleman and 

Clerici, 1987; Covey et al., 1987).  Whether such inputs also project to the central 

nucleus is less clear, but the signals could conceivably reach that region through less 

direct routes involving connections within the auditory pathway. 

 

3.4.2 Eye-position Sensitivity outside of the Central Nucleus 

The connections of neurons surrounding the central nucleus differ in a number of ways. 

Whereas the central nucleus provides the majority of input ascending to the ventral 

medial geniculate body (the principal ascending auditory nucleus of the thalamus; Winer 

and Schreiner, 2005), the surrounding regions primarily project to the medial and dorsal 

regions of the thalamus (Wenstrup, 2005).   Descending projections from auditory cortex 

are also differentially distributed in the IC, with the highest concentration in the shell 

regions and lower concentrations in the central nucleus (Diamond et al., 1969; Andersen 

et al., 1980; Druga and Syka, 1984b, a; Coleman and Clerici, 1987; Saldaña et al., 1996; 

Druga et al., 1997; Winer et al., 2002; Schofield, 2009).  

  Our results show differential eye-position sensitivity amongst the central and 

peripheral regions of the IC. Though the primary ascending signal in the central nucleus 

is clearly influenced by the orientation of the eyes, the prevalence of eye position 
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sensitivity was higher in surrounding tissue. A recent model based on synaptic 

differences of glutamatergic tectothalamic connections has suggested that projections 

from the central nucleus to the thalamus show properties of “driver” neurons (Sherman 

and Guillery, 1998; Lee and Sherman, 2008, 2010). These neurons are implicated in the 

main transmission of auditory information: they show larger EPSPs, thicker axons, more 

dense terminal arbors and target dendrites more proximally to the cell body. Projections 

from non-central IC to thalamus exhibit properties of “modulator” neurons, showing the 

opposite pattern. These connections seem less likely to be involved in the rapid 

transmission primary auditory information but can produce prolonged modulation on the 

auditory signal. Our result that eye-position influences were more prevalent in recordings 

outside of the central nucleus is consistent with this model.  Relatedly, we have 

previously shown that eye position signals at the level of the IC show evidence of 

modulating the auditory responses of neurons:  the magnitude of eye position sensitivity 

depends on the vigor of the auditory responses (Maier and Groh, 2010). The presence 

of differential eye-position sensitivity in the IC suggests that thalamic cells should show 

modulation based on eye position, with the ventral regions perhaps showing fewer 

sensitive sites than medial and dorsal regions 

 

3.4.3 Sources of Eye Position Input to the IC 

Identifying the origin of the eye-position signal found in the IC is challenging. Inferring 

connectivity patterns from the latency of this signal is difficult because postural signals 

like the orientation of the eyes are always present, unlike external stimuli which can 

appear and disappear.  Furthermore, the eye position signal may derive from a copy of 
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the motor command to move the eyes, and could thus lead the change in eye position in 

time.   

The IC receives input from a number of eye-position sensitive regions, including 

the SC (Adams, 1980; Coleman and Clerici, 1987; Covey et al., 1987), parietal cortex 

(Druga et al., 1997), and the fastigial nucleus in the cerebellum (Carpenter, 1959; Earle 

and Matzke, 1974). Eye-position sensitivity has also been identified in both the core and 

belt regions of the auditory cortex (Werner-Reiss et al., 2003; Fu et al., 2004; Maier and 

Groh, 2010) which contain descending projections to the IC (Diamond et al., 1969; 

Andersen et al., 1980; Druga and Syka, 1984b, a; Coleman and Clerici, 1987; Saldaña 

et al., 1996; Druga et al., 1997; Winer et al., 2002; Schofield, 2009). Indeed, the eye-

position signal may not meet the auditory system at the level of the IC.  Instead, the 

modulation we observed might reach the IC through other auditory areas. The auditory 

nuclei of the brainstem have not yet been probed for effects of eye position. Our present 

findings suggest that these regions should be tested. 
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4. Distribution of Visual and Saccade Related Signals in 
the Monkey Inferior Colliculus 
4.1 Introduction 
Recent work in owls and monkeys has implicated the inferior colliculus (IC) in audio-

visual integration. When animals are presented with a visual stimulus, IC neurons can 

show modulation of normal (auditory only) responses, and can even exhibit overt 

responses in the absence of a sound (cat: Mascetti and Strozzi, 1988; owl: Gutfreund et 

al., 2002; Bergan and Knudsen, 2009; monkey: Porter et al., 2007). The IC is a 

necessary site of subthalamic convergence along the auditory pathway, ascending 

auditory signals from the brainstem must stop in the IC before reaching higher areas 

(Aitkin and Phillips, 1984; Winer and Schreiner, 2005a). Thus, visual effects found in the 

IC have the potential to exert a powerful influence on subsequent auditory processing. 

However, the subnuclei of the IC have dramatically different connection patterns. In 

order to interpret the implications of visually sensitive neurons in the IC it is essential to 

localize them within the structure. 

 Porter and colleagues (2007) recorded the activity of neurons in the macaque IC 

during a visual fixation task. They found that a large proportion of cells showed changes 

in activity that were time-locked to either the onset of a visual stimulus to guide fixation 

or eye movements that followed. The location of recordings was not systematically 

varied, and so it is unclear whether these responses are found throughout the IC or are 

limited to a subregion.  

 In a related study investigating the location of eye position signals (chapter 3), we 

found that the orientation of the eyes modulates activity of multi-unit clusters throughout 
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the IC, though a greater extent of recording sites in peripheral regions showed eye-

position sensitivity than those in the central nucleus. Somatosensory signals in the IC 

show a different pattern: they are found only within the lateral nucleus, a small subset of 

the entire structure. In owls, visual modulation of activity has been localized to the lateral 

nucleus, but the rest of the IC has not been thoroughly probed and the possibility 

remains that other regions show similar visual sensitivity.  

 Accordingly, we searched for visual responses using a similar fixation task to that 

employed by Porter and colleages (2007), and systematically varied the location of our 

recordings. We recorded multiunit activity from four monkeys, interpreting our data using 

an auditory functional map (chapter 2). 84 of 199 (~42%) sampled locations showed a 

change in firing rate following the onset of the fixation stimulus. Responses were most 

common and most powerful in recordings taken along untuned penetrations, located 

chiefly in the rostral portion of our recording zone.  In penetrations passing through the 

low frequency tuned, non-tonotopically organized, region of the IC, fewer (and weaker) 

responses were found. Along tonotopic penetrations, we found only subtle (though 

significant) effects of visual stimuli.  

Distributed sampling allowed us to summarize spatial tuning of these vision-

related signals in the IC. Using spontaneous variation in eye position at the onset of the 

fixation cue, we estimated receptive fields of visually-responsive sites. We find a strong 

trend across the population: sites showing spatial tuning of visual responses reliably 

show larger firing rate increases following stimuli presented in the contralateral hemifield. 
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4.2 Methods 

4.2.1 Surgical Preparation and Recording Procedures 
Three male and three female rhesus monkeys participated in the experiments.  

All procedures were approved by the Institutional Animal Care and Use Committee at 

Dartmouth College and Duke University, and were conducted in accordance with the 

principles of laboratory animal care of the National Institutes of Health (publication 86-

23, revised 1985). Surgical procedures were performed using isoflurane anesthesia and 

aseptic techniques as well as postoperative analgesia. The monkeys underwent an initial 

surgery to implant a head post for restraining the head and a scleral eye coil for 

monitoring eye position (Robinson, 1963; Judge et al., 1980). After recovery, an 

additional surgery was performed to make a craniotomy and to implant a recording 

cylinder positioned to allow electrodes to approach the IC at an angle approximately 30° 

from vertical in the coronal plane. The chamber contained a fixed grid of holes (Crist 

Instruments, Gaithersburg, MD) aligned such that electrode penetrations could be made 

in 1mm increments in the anterior/posterior and (tilted) medial/lateral dimensions.  

Recordings were made using tungsten microelectrodes (1-3 MΩ; FHC Inc, 

Bowdoin, ME). Multiunit clusters were selected using a window discriminator (Monkeys 

A,W: Plexon Inc, Dallas, TX; Monkeys E,M: Bak Electronics, Germantown, MD) and 

spike times were stored for off-line analysis. The location of the IC was determined using 

an anatomical MRI scan in which the recording chamber and plastic grid could be 

visualized, and was verified using physiological responses.  This study was part of a 

larger mapping study in which we sampled a three-dimensional grid (in 1mm increments 

in the transverse plane and 0.5mm increments along the depth axis of our recording 
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penetrations) to form a topographic map of the region (chapter 2). Recordings to assess 

visual sensitivity were taken at a subset of locations (limited by the behavioral 

performance of the monkeys, which was required for the visual assessment but not for 

auditory assessment). 

 

4.2.2 Stimulus Presentation and Behavioral Task 
Experiments were conducted in complete darkness in a single-walled IAC sound 

isolation booth. Echo-absorbent material lined the walls and ceiling (3-in. Sonex Painted 

One acoustic foam), as well as the floor (carpet).  The head of the monkey was 

restrained throughout the experiment. Visual stimuli consisted of light emitting diodes 

(LEDs; luminance ~26.4 cd/m2) presented from an array located ~57 inches in front of 

the head. 

In designing a task for this study, we were motivated by several considerations.  

The previous finding of visual responses in the monkey IC was a somewhat 

opportunistic one:  visual responses were observed in conjunction with the onset of, or 

saccade to a visual fixation target in a task in which visual fixation was followed by 

sound presentations.  We wanted the task in the current study to also involve a visual 

fixation stimulus, and a similar time course, so that we would be able to make direct 

comparisons with the previous study.  The task used previously also included the 

presentation of a sound. Though this auditory stimulus was presented after the periods 

probed for visual-related responses, we wanted to be sure that a temporally linked 

auditory stimulus was not required to find visual effects. Thus, in the present 

experiments we used tasks that contained no auditory stimuli. 
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Figure 18: Fixation tasks used to probe for visual responses. 

This figure illustrates the behavioral tasks used to probe for visual stimuli. Monkeys E and 
M performed a multiple fixation task (A) whereas monkeys A and W held fixation while 

ignoring a probe stimulus (B). Temporal intervals tested for visual modulation of activity 
(C) used only the first part of the trials, that was common across monkeys. The tested 
epochs indicated in C are not drawn to scale as trials involved variable time intervals. 
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We also wanted to attempt to map visual receptive fields, and to confirm that 

visual responses would occur regardless of whether a saccade to that visual target was 

required, as suspected from previous work (Porter et al., 2007). In keeping with these 

spatial goals, the tasks involved additional stimuli presented after the monkeys 

commenced fixation.  In two monkeys (E and M), saccades to these targets were 

required (after a delay), and in two monkeys (A and W) no saccade was required.  

These task changes were successful in demonstrating the presence of visual 

responsiveness in the IC using an alternate task, one in which no sound was presented. 

However, we found it sufficiently difficult to obtain enough trials to assess visual 

responsiveness in the context of this mapping project that we limited our current 

neurophysiological analyses to temporal epochs associated with the initial visual fixation 

stimulus, for consistency the study by Porter and colleagues (2007).  Spatial tuning was 

examined using spontaneous changes in the orientation of the eyes at the onset of the 

visual stimulus. 

Monkeys were trained using operant conditioning to fixate visual stimuli for a fluid 

reward. Two task designs were used, illustrated in Figure 18. At each recording site 

approximately 200 rewarded trials were collected.  Trials began with a baseline period 

during which no stimuli were presented, lasting at least 200ms (monkey A: 1s; monkey 

W: 200ms or 400ms; monkeys E,M: 400ms). Next, an LED was illuminated, and the 

monkeys were required to saccade to it and fixate it (to within 6 degrees) for at least 

250ms (monkeys A,W: 250-400ms; monkeys E,M: 600-900ms). In monkeys A and W 

the LED was presented at one of three locations: directly in front of the monkey, or 12 

degrees to the left or right.  In monkeys E and M, the LED was always directly in front of 
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the monkey. In all monkeys stimuli were presented on the vertical meridian. The 

neurophysiological responses reported in this paper derive from periods associated with 

the onset of this fixation target and its associated saccade (note the similarity of the 

shaded region in Figure 18A and B).  However, the task continued with additional stimuli 

and behavioral requirements. Monkeys E and M were required to maintain fixation of the 

LED for 500 ms while a second visual target appeared at one of several locations 

(Figure 18A), following the offset of the initial fixation LED a saccade to the second 

visual target was required. In the other two monkeys (A and W, Figure 18B), fixation was 

maintained on the initial target while a second (task irrelevant) LED turned on briefly 

(200ms) from one of 12 locations. These monkeys were rewarded for maintaining 

fixation for an additional 100 ms following the offset of the probe LED.  If the monkey 

failed to fixate the appropriate target, or broke fixation, the trial was unrewarded and not 

included for analysis. A variable interval ranging from 1 to 2 seconds followed the reward 

during which no stimuli were presented (see below). 

Acoustic stimuli used to ascertain tuning characteristics were presented in 

separate blocks of unrewarded trials at the sites probed for visual responses, as well as 

at numerous sites not tested for visual responsiveness. Auditory stimuli consisted of 

tones of 16 frequencies ranging from 0.4 to 12kHz (approximately ¼ octave increments), 

as well as broadband noise (spectrum ranging from 0.5 to 18kHz). Sounds were 

generally presented using loudspeakers (Audax Model TWO25V2, or Bose Acoustimas 

Cube speakers) located 90 degrees contralateral to the recording chamber and 57 

inches from the subject’s head. In all monkeys sounds were presented at 50dB SPL. 

Sound levels were calibrated to within 1dB of the target amplitude using a sound meter 
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(Brüel & Kjær, model 2237 with model 4137 condenser microphone; A-weighted) placed 

at the position that the monkey's head would occupy in the experiment. The neural 

responses to sounds were used to classify recordings in a map of IC auditory 

topography. 

 

4.2.3 Microstimulation 
We tested a subset of sites, notably those in the rostral-most penetrations in monkey A, 

with microstimulation to rule out the possibility that they were located in the superior 

colliculus (SC).  The SC is an oculomotor structure rostral and dorsal to the IC, and it 

exhibits auditory responsiveness when animals are engaged in auditory saccade tasks 

(Jay and Sparks, 1984; Populin et al., 2004).   Saccades were only elicited at 2 of 51 

tested sites included in the data set based on the anatomical and physiological criteria 

described above.  In more dorsal locations saccades were frequently observed, with a 

predictable topographic organization of evoked saccade vectors.  

 

4.2.4 Data analysis   
Data were analyzed offline to determine which sites along a penetration showed auditory 

responses. Auditory penetrations (showing 3 or more responsive sites) were classified 

as tuned if they showed 3 or more recordings for which Gaussian curves fit a frequency 

response curve defined based on a 200 ms period following stimulus onset. Tuned 

penetrations were classified as tonotopic if the peaks of these Gaussian curves showed 

a systematic increase with depth. The methods for the auditory response analysis have 

been detailed extensively in chapter 2.  
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To determine if visual stimuli elicited a response, we compared firing rates during 

a baseline period (200ms preceding stimulus onset) to the firing rate during four 

response epochs: 50-250ms following the LED illumination, 50-250ms following the 

saccade to the LED, 100ms centered on the saccade, and 100-500ms following onset of 

the LED. Figure 18C illustrates the timing of tested periods (note that the length of these 

lines is not drawn to scale, they spanned variable intervals in the task design). The 

rationale for probing for responses in these epochs was to detect sites that exhibited 

extra-foveal and foveal receptive fields, with activity changes aligned on the saccade, 

and with slowly increasing activity following the onset of the stimulus. We used a two-

tailed paired t-test to look for significant changes in activity, with a Bonferroni corrected 

criterion alpha value (ie. p<0.0127). The analysis matched that previously performed on 

unmapped, single unit data (Porter et al., 2007).  

Occasionally, electrical noise generated by LED apparatus influenced recording 

equipment and generated a spurious response. Artifacts were readily seen as increases 

in activity following the onset of the LED with no latency. These sites were removed from 

analysis by probing for increases in activity exceeding 2 standard deviations of baseline 

firing during the first 20ms of following stimulus onset. 17 recordings were excluded from 

analysis due to short latency responses. 

To investigate spatial sensitivity to visual stimuli, we fit a two-dimensional 

Gaussian surface to the response (in the 50-250ms window following stimulus onset) as 

a function of the horizontal and vertical location of the eye-centered stimulus location. 

,  



 

78 

f(x,y) is the estimated firing rate response at eye-centered horizontal (x) and 

vertical (y) locations of the stimulus at onset. As the eyes were freely moving before the 

initial fixation cue, there was spontaneous variation in the retinal position of the stimulus. 

Estimates of µx and µy define the center of the receptive field, and σx and σy the spread of 

the responsive area in the horizontal and vertical dimensions. The amplitude, A 

describes the ratio between responsive and unresponsive regions. We allowed both 

positive and negative amplitude Gaussian fits, meaning that the center of the surface 

could represent a peak or trough. To compare receptive fields across the population we 

calculated the diameters of an ellipse made by the Gaussian at half the height of the 

peak with respect to the offset: 

· 2√2 ln 2 

· 2√2 ln 2 

4.3 Results 

We tested for visual responses in the activity of multiunit clusters distributed throughout 

the IC of 4 rhesus macaques. We found a total of 84 of 199 tested sites showed a 

response to the presentation and fixation of an LED in at least one of four tested epochs 

surrounding the events (Table 4). Our most extensive sampling came from monkey A 

due to improvements in the techniques we used to target potential recording sites. 

Table 4: Summary of extent of visual sensitivity in each monkey 

  Monkey   
  A W E M Total

Tested 152 24 15 8 199

Responsive 
68 

(45%) 10 (42%) 4 (27%) 2 (25%) 84 (42%)
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We confirmed the presence of visually-related signals in the IC. Figures 19-20 

display example response patterns of two recordings.  IC cells show a mix of visual and 

visuomotor activity (Porter et al., 2007). Objectively classifying responses as related 

visual or motor events is impossible in a simple fixation task as the onset of the LED is 

temporally linked to the onset of the saccade. Nonetheless, conjectures about the event 

best linked to the response can be garnered by investigating raster plots sorted on 

response (ie. saccade) time. Figure 19 shows data from two example recording sites 

from an untuned and a tuned auditory penetration respectively (locations illustrated with 

yellow and cyan circles in Figure 21). Figure 19A shows histograms and raster plots 

aligned on the onset of the LED. Rasters have been sorted on reaction time such that 

the slowest (ie. longest duration between LED onset and saccade) responses are shown 

at the bottom of the panels. The red trace indicates the time the eyes entered the 

criterion fixation window (ie. during the saccade). At the top of the raster panels a 

number of trials are seen with no response latency, in these trials the monkey’s eyes 

were directed at a point within the criterion window when the LED came on (though a 

small saccade within the window may have followed). Example 1 shows an increase in 

activity aligned on LED onset, while the main increase in activity in example 2 is seen 

around the time of the saccade. Note however that the histogram shows a small 

increase aligned on LED onset, simply because saccades shortly followed the onset of 

the stimulus. 
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Figure 19: Two example recording sites with visual and motor related activity.  
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Figure 19 (continued) 

Panel A shows rasters and response histograms aligned on the onset of the LED. Rasters 
have been sorted on response time to distinguish increases activity following visual and 

motor events. The red curve shows the time the orientation of the eyes entered the 
criterion window for fixation (ie. the time of the saccade). Panel B shows the same 

information but aligned on the saccade, with the red curve showing the time of LED onset. 
Histograms show firing rate, normalized in units of standard deviations of baseline, binned 

with 1ms windows and smoothed with a 20ms moving average.  Example 1 shows an 
increase in firing rate following the onset of the LED and a subsequent decrease following 
fixation. Example 2 shows no clear change in firing rate following the visual stimulus, but 

an increase around the time of the saccade. Panel C displays spatial tuning properties 
determined using spontaneous changes in eye position at the time of LED onset. The 

ordinate and abscissa indicate the location of the stimulus in eye centered co-ordinates. 
The color shows the firing rate (with respect to baseline), warmer colors indicate increases 

in firing rate while cooler colors indicate decreases. 
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Figure 20: Example recording site with both visual and motor related activity. 

Following the same format as Figure 19, this example site showed both increases in 
response after both visual and motor events 
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Figure 19B shows the same data aligned on the time the subject’s eyes entered the 

fixation window. While visual activity in example 1 increased following the onset of the 

LED a decrease was seen following the saccade. Whether this subsequent decrease is 

directly related to the saccade, or to the new position of the stimulus on the retina 

following the saccade (ie. the fovea) is unclear. Aligning the raster plots on the saccade 

also reveals important information about Example 2. This site showed a strong increase 

in activity immediately preceding the saccade, clearly distinguishable a visual related 

response. Nonetheless, the activity remains above baseline following the saccade, 

perhaps indicating the presence of a foveal receptive field. 

The spatial sensitivity of responses was analyzed by relating activity to the 

location of the LED with respect to the direction of gaze when it was illuminated. Figure 

19C shows estimates of spatial tuning for the two examples. Negative numbers on the x-

axis indicate locations in the ipsilateral hemifield, negative numbers on the y-axis 

indicate locations below the vertical meridian. For example 1, the color is defined based 

on the firing rate in a period 50-250ms following LED onset (subtracting baseline). 

Warmer colors, indicating stronger activity, are seen on the right of the plot: this site 

showed the largest responses locations in the contralateral hemifield. For example 2 the 

color is defined based on the firing rate in a 100ms window surrounding the saccade 

(subtracting baseline). Here the largest increase is seen below the meridian (ie. when 

the stimulus was lower than the direction of gaze). 

Figure 20 shows an additional example of a recording that exhibited increases in 

activity following both the onset of the LED and the saccade. In both stimulus-aligned 

(Figure 20A) and response-aligned plots (Figure 20B) a transient increase in activity is 
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seen following both the onset of the LED and the saccade. Figure 20C shows increases 

in firing rate (ie. beyond baseline) in a window 50-250ms following the onset of the LED 

based on the position of the stimulus on with respect to gaze. This site showed a smaller 

receptive field, with maximal responses when the LED was in the contralateral hemifield 

and near or above the meridian. A similar plot based on responses in a peri-saccade 

window was virtually identical (data not shown). This is not surprising, given the temporal 

link between visual and saccade onset the tuning properties of responses aligned on the 

two events are inseparable.  

 

4.3.1 Spatial distribution of visual signals within the IC 
Visually responsive recording sites were not restricted to a small region within the IC. 

Figures 21-22 present a three-dimensional reconstruction of our recording penetrations. 

Grey vertical lines indicate the trajectory of recordings, which traversed through the 

midbrain along a dorsolateral to ventromedial course (see methods). Along the 

penetrations, regions showing auditory responses are indicated by colored lines 

according to the categorical assignment of the penetration’s auditory response (chapter 

2). The locations of visually probed sites are indicated with black circles along the lines, 

with filled markers showing a change in firing rate in any of the temporal epochs tested. 

On occasion, the same location was tested on multiple penetrations, in these cases a 

location is marked as visually responsive if any of the sessions showed an effect. Sites 

showing sensitivity to visual stimuli are seen throughout the probed region in monkey A, 

and no obvious completely unresponsive regions is seen. These data indicate that 



 

 

 

Figure 21: Three dimensional map of locations of tested and responsive sites in monkey A. 

The location of visually sampled sites in monkey A are portrayed in a three dimensional representation. Auditory responses are 
indicated with colored lines (untuned: blue lines; tonotopic: green lines; tuned: red lines) running from the shallowest to the 

deepest responsive locations. Sites that showed visual responses are indicated with filled circles; locations that were tested but 
did not show a response are indicated with open circles. The location of the sites used for examples in Figure 19 and Figure 20 

are marked. 

85 
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Figure 22: Three dimensional map of locations of tested and responsive sites in 
monkeys W,E, and M. 

Following the same convention as in Figure 21, this map shows the probed and 
responsive sites. 
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modulation of activity following presentation of visual stimuli is not limited to a small 

subregion of the IC, rather it spanned the extent of our recordings.  

A greater proportion of visually sensitive sites is evident along the peripheral, 

untuned penetrations in Figure 21 and Figure 22. Indeed, the extent of visual modulation 

observed was related to the auditory categorization of penetrations (Figure 23). Visual 

sensitivity was observed at the majority of sites in untuned penetrations, largely found 

along rostral penetrations in monkey A that may represent peri-collicular tissue (chapter 

2). Importantly, these recordings were not taken from the nearby superior colliculus 

(SC). We confirmed the location of the SC was dorsal to our recordings using 

microstimulation to probe for evoked saccades (see methods).    

 

Figure 23: Proportion of visually responsive recordings in tonotopic, tuned, and 
untuned recording penetrations. 

The height of bars indicates the proportion of sites showing visual sensitivity in each 
auditory class of recording penetration. Untuned penetrations contained the largest 

proportion of sites, tuned and tonotopic penetrations contained far fewer. 
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Figure 24: Peri-stimulus and peri-saccade spiking histograms for visually 
responsive recordings in tonotopic, tuned, and untuned penetrations. 

Traces of the firing rate over time for all visually sensitive sites, aligned on the onset of the 
LED (A) and the saccade (B) are shown in black. Spiking information was binned in 1ms 
intervals, smoothed with a 20ms moving average, and normalized in standard units of 
baseline (ie. z-scores). Averages of all significantly sensitive sites (red) and all sites 

(green) are overlaid. In addition to being more common, visual responses along 
penetrations that showed little to no frequency tuning in the auditory domain, were 

generally more vigorous than others. Penetrations classified as tonotopic showed only 
subtle changes in firing rate following presentation of a visual stimulus. 
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Although visual-related signals were present and statistically significant in all 

three functional categories, the vigor and time course of the visual responses differed.  

Figure 24 shows PSTHs for the individual sites (black traces) as well as average 

population PSTHs (red and green traces) for each of the auditory categories.  At 

untuned sites, visual responses are vigorous and temporally locked to the onset of the 

visual stimulus.  At tuned sites, the responses are weaker, but some are still robust and 

clearly time-locked to the visual stimulus.  However, the pattern at tonotopic sites is quite 

different:  the PSTHs deviate from baseline (and it is therefore clear why they are 

categorized as responsive) but they do not show the kind of crisp coupling to the LED or 

the saccade evident in at least at some of the sites for the other two auditory categories.  

In addition, the responses appear to be equally likely to be inhibitory as excitatory.   

The tendency of tonotopic sites to show much weaker visual-related signals is 

captured in a different way in Figure 25, which shows the distribution of average 

normalized (units of standard deviation of baseline) firing rate in the epochs used to 

mark visual responses. Visually sensitive sites in tuned and untuned penetrations 

generally showed excitatory responses, with untuned penetrations showing more larger 

increases in firing rate. Visual responses in tonotopic penetrations, when found, were 

much smaller and frequently showed inhibitory responses.  

The sample along tonotopic penetrations is limited, and responses at these sites 

tend to be subtle.  This makes it difficult to be sure whether there are indeed signals that 

can reasonably be referred to as “visual” along these penetrations.  The available 

evidence suggests that, if present, visual signals are sparser, weaker, and less 

temporally coupled to the onset of the visual stimulus in the tonotopic part (ie. central 
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nucleus) than in other regions of the IC.  Nonetheless it is clear that visually sensitive 

cells are not confined to a single region in the tissue surrounding the central nucleus.  

 

Figure 25: Strength of visual responses in tonotopic, tuned, and untuned 
recording penetrations. 

For each of the four epochs tested for visual responses, we computed the average firing 
rate (normalized in standard deviation units of baseline). This histogram shows the 

distribution of firing rates across all temporal windows in visually responsive recordings, 
for each of the auditory penetration categories. Visually responsive sites along untuned 
(blue) and tuned (red) recording penetrations showed responses of greater magnitude, 

and were typically excitatory. In contrast, tonotopic penetrations (red) contained sites that 
showed only small changes in firing rate, and were frequently inhibitory. The inset shows 

histograms of sites not categorized as visually sensitive, firing rate in sites marked as 
unresponsive was normally distributed around baseline. 
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4.3.2 Sensitivity to visual stimulus location 
Though a variety of visual receptive field shapes and sizes among IC neurons have 

been previously reported (Porter et al., 2007), population analysis was precluded by a 

data set that was not collected from locations distributed throughout the structure. To 

summarize spatial receptive fields, we fit two-dimensional Gaussian functions to the 

response in each of the windows used for assessing visual responses based on the eye-

centered location of the stimulus (see methods). We allowed both positive amplitude (ie. 

peaks) and negative amplitude (ie. troughs) parameters. Given the variety of receptive 

field shapes and sizes, a negative amplitude function was not necessarily indicative of 

an inhibitory response, the spatial sensitivity was simply better characterized by a 

circumscribed lower-response region than a circumscribed higher-response region.  

 

Figure 26: Spatial tuning of visual responses. 

Receptive fields across all visually sensitive sites were summarized using a Gaussian 
fitting procedure (see text). The centers of the Gaussian functions are shown with red 

(Gaussian peaks) and blue (Gaussian troughs) points, and ellipses showing the width in 
the horizontal and vertical dimensions at half the maximum height of the Gaussian (with 

respect to its offset). Visually responsive recordings reliably showed increased firing rates 
to stimuli presented in the contralateral hemifield. 
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The strongest trends were seen when using a response window 50-250ms 

window following stimulus onset (this result is predicted as this window was chosen to 

capture extrafoveal visual sensitivity). Figure 26 shows the receptive field locations of all 

sites that both showed a significant response in this window (t-test, p<0.05) and were 

successfully fit by a Gaussian function (f-test, p<0.05). Of 71 sites meeting the first of 

these criteria, 29 sites (~41%) met both. Red points in Figure 26 indicate the locations of 

centers of positive amplitude Gaussian fits, and blue points indicate locations of centers 

of negative amplitude Gaussian fits. Ellipses show the full width half maximum in the 

horizontal and vertical dimensions, indicating the size and shape of the receptive field. 

Positive amplitude Gaussian functions dominate the right hand side of the figure, and 

negative amplitude functions dominate the left. These results show that, across the 

population, sites were more likely to show excitatory visual responses when the stimulus 

was in the contralateral hemifield.  An alternative analysis using multivariate regressions 

to characterize spatial tuning produced the same results: slopes of the horizontal 

component of regressions were biased in favor of increased activity when the stimulus 

was in the contralateral hemifield (data not shown). 

 

4.4 Discussion 

We presently report that visual responses in the IC are not confined to a single 

subregion: they are well spread in the structure. In our most peripheral recordings, along 

penetrations that showed little to no evidence of tuning to sound frequency, the majority 

of sites were visually sensitive (38/47 sites).  In recordings along penetrations that 

showed tuning to sounds, but no evidence of a tonotopic progression, we found fewer 
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responses (35/110 sites). Along tonotopic penetrations, which likely passed through the 

central nucleus, only a weak connection was seen between visual stimuli and neural 

response (11/42 sites, but note Figure 24 and Figure 25). 

The fact that visually responsive neurons are not confined to a small subregion 

within the IC has important implications. Somatosensory inputs to the IC in the cat are 

restricted, their presence has been identified both anatomically and physiologically in the 

lateral nucleus of the structure but not elsewhere (Aitkin et al., 1978; Aitkin et al., 1981). 

Interestingly, the same lateral region has been highlighted in research in owls as a 

possible site of audiovisual integration (Feldman and Knudsen, 1997; DeBello et al., 

2001). Auditory responses of neurons in the owl lateral nucleus can be modulated by a 

visual stimulus (Bergan and Knudsen, 2009), and exhibit overt visual responses when 

inhibitory signals from the optic tectum are blocked pharmacologically (Gutfreund et al., 

2002). Coupled with results in the somatosensory domain, this suggests the lateral 

nucleus may have a specialized role in multisensory integration: computations 

underlying the combination of the senses might be handled by a discrete set of circuits in 

a localized part of the IC. Our findings show that this is not the case in primates: the 

effects of visual stimuli are spread through the shell regions IC. 

We found only weak sensitivity to visual stimuli along tonotopic penetrations. This 

suggests that visual signals in the central nucleus, the principal ascending auditory 

region of the IC, are weaker/sparser if present at all. The IC is a three dimensional 

structure, so recording penetrations through the central nucleus likely passed through 

shell regions as well. Indeed it is possible that the small visual signals we did observe 

along tonotopic penetrations may have arisen from come from the shell. Additional 
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sampling along tonotopic penetrations is necessary to determine whether visual 

responses are found throughout, or show a trend toward the dorsalmost recordings. 

Thus, whether or not neurons in the central nucleus show any modulation based on 

visual signals remains an open question, though it is now apparent that the extent of 

visual influences is less powerful than in surrounding tissue.  

Anatomical studies have revealed multiple visually sensitive regions that project 

to shell regions of the IC, including connections from visual and parietal cortices (Cooper 

and Young, 1976; Coleman and Clerici, 1987; Druga et al., 1997), the retina (Itaya and 

Van Hoesen, 1982; Yamauchi and Yamadori, 1982; Herbin et al., 1994), and the SC 

(Adams, 1980; Coleman and Clerici, 1987; Covey et al., 1987).  Direct inputs to the 

central nucleus from visual areas have not been conclusively demonstrated, though 

such information could potentially reach the IC through less direct routes. The weak 

visual modulation we observed along tonotopic penetrations might have arisen through 

such connections. Future studies with concentrated sampling in the central nucleus will 

be able to conclusively indicate whether centrally located neurons receive visual input. 

Visual information may also reach the IC through descending connections within 

the auditory pathway. A number of papers have reported both modulation and overt 

effects of visual stimuli in the core and belt regions of auditory cortex (humans: Sams et 

al., 1991; Calvert et al., 1999; Giard and Peronnet, 1999; Callan et al., 2003; Wright et 

al., 2003; Besle et al., 2004; Molholm et al., 2004; van Wassenhove et al., 2005; 

Martuzzi et al., 2007; Besle et al., 2008; Luo et al., 2010; monkeys: Barraclough et al., 

2005; Brosch et al., 2005; Ghazanfar et al., 2005; Kayser et al., 2007; Kayser et al., 

2008; Kayser et al., 2010; ferrets: Bizley et al., 2007; Bizley and King, 2008; reviews: 
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Calvert, 2001; Ghazanfar and Schroeder, 2006; Kayser et al., 2009; appendix). 

Descending connections from the auditory cortex more heavily target the shell regions of 

the IC than the central nucleus (Diamond et al., 1969; Andersen et al., 1980; Druga and 

Syka, 1984b, a; Coleman and Clerici, 1987; Saldaña et al., 1996; Druga et al., 1997; 

Winer et al., 2002; Schofield, 2009), consistent with the response trend we observed.  

We also conducted the first population analysis of spatial sensitivity to visual 

stimuli in the IC. We found that spatial tuning was heavily lateralized with the largest 

responses coming from stimuli in the contralateral hemifield. Auditory responses show 

similar spatial tuning: IC neurons show monotonoic sensitivity with increasing response 

amplitude as stimuli are presented farther contralaterally (Groh et al., 2003). Further 

study on single unit responses will be necessary to determine whether individual cells 

show a relationship between visual and auditory tuning, but evidence from the 

population suggests that there may be a link.  

We previously showed increased firing rates as the eyes were oriented more 

contralaterally (chapter 3). The direction of the eyes is inversely related to the retinal 

position of visual stimuli (ie. when the eyes are directed to the right, visual stimuli move 

to the left retinotopic hemifield), so spatial sensitivity of visual responses seems to show 

the opposite pattern of eye position modulation. An important open question concerns 

how visual and eye-position signals interact in the IC. To combine the senses, the brain 

must reconcile signals that arise in different frames of reference: auditory localization is 

anchored to the head, and visual localization is anchored to the (independently 

moveable) eyes. In our assessment of spatial sensitivity we used an eye-centered 

definition of visual location, but the coordinate system used by the brain may be 
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different. Auditory information in the IC is not encoded in head-centered frame of 

reference (as might be assumed given the head centered methods for assessing sound 

location). Rather auditory receptive fields shift with the position of the eyes, though not 

enough to transform them into eye-centered co-ordinates (Groh et al., 2001). Visual 

signals may show a similar pattern, with receptive fields that are not fully described in a 

retinotopic reference frame. Such results have been observed in lateral and medial 

intraparietal cortex, representations of visual and acoustic span a continuum from head- 

to eye-centered reference frames (Mullette-Gillman et al., 2005).  
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5. Summary and Implications  

 

Table 5: Summary of Results Across Experiemnts 

Auditory Eye Position Visual 

  
Frequency 

Tuning 
Latency

Response
Profile 

Extent Tuning Extent Strength Tuning

Core 
Tonotopic Faster Sustained Some

C
on

tr
al

at
er

al
 

Few? Weak 

C
on

tr
al

at
er

al
 

Shell Low Slower Transient Many Some Medium

Peripheral 
None Slower Transient Most Most Strong 

 

Table 5 shows a summary of the key results found in the experiments described 

above. In chapter 2, I presented results from a systematic mapping experiment of 

auditory response properties in the IC. The activity of small clusters of neurons was 

sampled in even increments while presenting monkeys with acoustic stimuli. In this 

manner, a three-dimensional grid was formed, describing auditory topography 

throughout the IC. Data showed three functionally distinct regions based on sound 

tuning and temporal profile of response. A core area, with a tonotopic progression of 

frequency tuning as electrodes passed through the IC, was seen in 4 of 6 monkeys.  

Surrounding this area was a shell region that contained neurons tuned to low 

frequencies. Here, responses showed longer latencies and a weaker sustained 

component. On recording penetrations along the periphery of the auditory map were 

neurons that showed little to no frequency tuning, and even more transient responses. 

To make this data useful to future experiments in the IC, where a full scale mapping 

might not be feasible, all results were quantified and objective techniques were used for 
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classifying functional patterns. The presence of tonotopy was assessed using a Monte 

Carlo simulation in which regressions were fit to tuning changes over recording depths 

for multiple subsets of the data set. The tendancy toward transient or sustained 

responses was determined using an index that related firing rates between two epochs 

of the response. Normalizing the response in a sustained period to the response in a 

transient period, coupled with the choice of a multi-unit metric allowed the measure to be 

relatively insensitive to the techniques used to record. The results can be directly 

employed for classification of recording location, potentially with alternative techniques. 

In chapter 3, the auditory map was put to the test: to determine the location of 

eye-position sensitive neurons. Modulation of IC neurons relating to the orientation of the 

eyes is a result that has been previously established (Groh et al., 2001; Zwiers et al., 

2004; Porter et al., 2006), but little was known about where in the structure an eye-

position signal could be found. Though eye-position sensitive recording sites were most 

common in peripheral (untuned) regions, the signal was clearly present along tonotopic 

penetrations, putatively in the central nucleus of the IC. That differential modulation was 

seen across the categories defined in chapter 2 supports the notion that the 

classification was meaningful. Furthermore, it underscores the difference in 

computational properties among IC subregions, supporting a model of a modulatory 

shell pathway. The implications of eye position sensitivity in the central nucleus are even 

more far reaching. Though evidence for somatosensory and visual signals has been 

seen in the shell regions of the IC, the possibility that the main ascending signal is 

modulated by non-auditory information is novel. Until recently, primary sensory cortices 

were thought to be unisensory. These regions have been exposed as a locus of sensory 

combination, suggesting that the notion of unimodal regions of cortex may be the result 
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of experimental approach rather than a genuine phenomenon of the cortical 

organization. The present results extend this possibility to the subcortical sensory 

pathways: the senses may be as intertwined in the brain as they are in our perceptual 

experience. 

Whether or not overt visual and oculomotor responses are present in the main 

ascending signal remains unclear. In chapter 4 the spatial distribution of visually 

responsive sites was probed using a fixation task. Though visually responsive sites were 

found along tonotopic penetrations, they were far weaker than in shell and peripheral 

regions. Due to a limited sample, it was impossible to rule out the possibility that visual 

sensitivity along tonotopic penetrations was not restricted to shell regions that the 

electrode traversed before entering, or after passing through the central nucleus. 

Nonetheless, it was clear that visual sensitivity was not confined to a single subregion, 

such as the lateral nucleus of the IC where somatosensory inputs meet the auditory 

pathway. Further work along these lines will greatly benefit from the present findings. 

Using the auditory functional map will allow future experiments to probe the topography 

of visual sensitivity without a large scale systematic approach. 

If overt visual responses really are absent (or at least muted) in ICC, then what 

benefit might eye position signals found here provide? One possibility is that the visual 

influences do not occur without accompanying acoustic stimulation. In the barn owl ICX 

this appears to be the case, visual stimuli that do not elicit a response on their own show 

a modulation of responses to temporally and spatially coincident auditory stimuli (Bergan 

and Knudsen, 2009). Similar results have been found with somatosensory effects in 

primary auditory cortex, where tactile stimuli reset the phase of ongoing subthreshold 

neuronal oscillations and in turn modulate auditory responses, but are not effective at 
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eliciting a change in firing rate when presented alone (Lakatos et al., 2007). In the study 

presented in Chapter 4 it was important to present visual stimuli in silence, in an effort to 

uncover overt responses that did not depend on audition. Future studies should 

investigate multimodal stimuli, and compare responses to the unimodal equivalents. 

Another possibility is that eye position information in the ICC (or in the IC in 

general) is not related to neural computations underlying co-ordinate transforms. The 

orientation of the eyes might be used for guiding gaze shifts to auditory targets. Indeed, 

one major advantage of acoustic information is that it is detectable regardless of 

orientation, so a natural response to hearing a sound is often to look in that direction. 

Such possibilities still fall within the realm of multisensory integration, but require a more 

embodied model that takes into account the behavior of the organism in the mechanisms 

underlying the combination of the senses. Interestingly, gaze shifts to visual and auditory 

stimuli show differences in temporal dynamics (for review see Maier and Groh, 2009). 

Such results potentially indicate that the different sensory pathways contain specialized 

circuitry for guidance of head/eye orientation. To answer these questions, continued 

work is needed to understand the effect of eye position on auditory spatial tuning. In the 

IC in general eye-position does interact with auditory spatial tuning: the magnitude of the 

eye position sensitivity depends on the vigor of the auditory responses (Maier and Groh, 

2010). Whether such patterns hold in ICC is an important and unresolved question. 

Eye-position and visual modulated neurons both showed spatial sensitivity, with 

a result across the population that was somewhat lateralized. Eye-position sensitive 

neurons generally produced their maximal response when the eyes were directed 

contralaterally. In somewhat of an opposite pattern, visual responses were reliably 

strongest when the stimulus was in the contralateral hemifield (note that for a fixed 
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stimulus position, the orientation of the eyes is inversely related to the retinal position of 

the stimulus). Whether or not spatial tuning is consistent across the subregions of the IC 

is unknown. No contralateral bias in eye position tuning was seen when analysis was 

limited to tonotopic penetrations, but this may have been due to a rather weak effect 

coupled with limited sampling in the tonotopic region. In visual experiments, the effect 

was much stronger, but the number of sampled points fewer. Future work directed at 

specific subnuclei should be able to provide a definitive answer.  
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6. APPENDIX: Visual and auditory interactions in the 
brain 

6.1 Introduction 

The focus of sensory research has expanded in recent years to include serious 

consideration of the manner and scope of interactions between sensory systems.  In this 

review, we will discuss recent research concerning visual influences on auditory 

processing, at both the behavioral and neurophysiological levels.  These recent studies 

suggest that the perceptual benefits of integrating visual and auditory information are 

extensive, and that the neural substrate for these interactions involves recruitment of 

brain areas previously thought of as predominantly unimodal. 

 

6.2 Visual – Auditory Interactions 

The roles of the visual and auditory systems overlap.  Both senses are concerned at 

least in part with stimuli at some distance from the body, which distinguishes them from 

the somatosensory system.  Furthermore, both are capable of providing reasonably fine-

grained spatial and temporal information, unlike the chemical senses.  Thus, vision and 

audition are often charged with conveying information of a similar quality about the same 

(or at least related) objects and events.   

Because of this overlap in function, interactions between the visual and auditory 

systems can be beneficial in a number of ways.  First, each sense can provide “missing 

pieces”.  For example, the visual system, while generally excellent at providing spatial 

information, cannot supply the locations of occluded objects, objects located beyond the 

field of view, or objects in the dark.  The auditory system is capable of filling in these 
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lacunae.  The complementary nature of visual and auditory spatial information provides 

obvious survival benefits, be it for humans engaged in the task of crossing a busy street 

or animals seeking prey or avoiding predators. 

Second, when the two senses both provide information about exactly the same 

object or event, they can enhance the accuracy of the resulting percept.  This type of 

interaction is best illustrated using illusions in which the visual and auditory information is 

actually slightly discrepant, but the percept is unified.  For example, in the McGurk effect, 

a video of a person’s mouth saying “ga” is dubbed with a soundtrack of a voice saying 

“ba”, resulting in a percept intermediate between the two, such as “da” (McGurk and 

MacDonald, 1976).  This illusion reflects the brain’s strategy of combining visual and 

auditory information to provide a single percept consistent with both sources of 

information, a strategy that produces greater accuracy of speech comprehension under 

normal circumstances when the two sources of input are in fact matched (e.g. Navarra 

and Soto-Faraco, 2005).  

Persistent discrepancies between visual and auditory information can lead to 

persistent changes in the way that information in the less expert sense is perceived, with 

concomitant changes in neural processing.  This was first shown by Knudsen and 

colleagues in the spatial domain: juvenile barn owls reared with visual displacing prisms 

gradually shift their sound localization behavior to agree with the mismatched visual 

scene (Knudsen and Knudsen, 1985).  More recent work from this group has suggested 

that the underlying mechanism enabling these shifts is a remapping of projections 

between the central nucleus of the inferior colliculus and the external nucleus of the 

inferior colliculus (Feldman and Knudsen, 1997; DeBello et al., 2001). The coexistence 
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of multiple circuits explains the ability of prism-reared owls to easily switch back and 

forth between prism and normal conditions as adults (Knudsen and Knudsen, 1990). 

Recent work by Recanzone and colleagues has demonstrated that both humans 

and monkeys experience a similar recalibration of the auditory scene based on visual 

information.  When a visual stimulus is presented at a location slightly shifted from an 

accompanying sound, this induces a shift in the perceived sound location that persists 

even when the sound is subsequently presented by itself (Recanzone, 1998; Woods and 

Recanzone, 2004).  This phenomenon is known as the ventriloquism aftereffect, and is 

similar to the prism adaptation phenomenon observed in barn owls, except that the two 

phenomena have thus far been studied at quite different time scales, with the 

ventriloquism aftereffect apparent within a given behavioral testing session and the 

prism adaptation effect apparent for weeks after removal of the spectacles.  It may be 

that the two phenomena will appear essentially the same when studied in the same 

fashion, or there may be genuine differences in neural mechanism and behavioral 

properties. 

Whereas the visual system excels at spatial acuity, our auditory sense gives a 

more precise breakdown of when events occur, and the auditory system appears to take 

over when time is on the line.  When subjects make judgments about the timing of 

temporally mismatched visual-auditory events, it is the auditory percept that dominates 

(Shams et al., 2000; Fendrich and Corballis, 2001; Recanzone, 2003).  It seems that the 

brain may weight sources of sensory information according to their assumed reliability 

when producing a unified percept (Alais and Burr, 2004; Shams et al., 2005). 
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6.3 Neural computations for facilitating visual-auditory 
interactions 

The kind of visual-auditory interactions described in the preceding section require a 

series of computations on the part of the brain.  Arguably the most important problem the 

brain must solve is to specifically identify which sights and sounds correspond to one 

another.  Indeed, the ventriloquism and McGurk effects are examples in which this 

process goes slightly awry:  the visual stimulus that ‘captures’ the sound is not actually 

the source of the sound; the sound track of the video is not actually the true sound of the 

person speaking.   

There are in principle three possible ways to “bind” visual and auditory signals:  

(1) spatially – signals from approximately the same location in space are presumed to 

arise from the same event; (2) temporally – signals with the same temporal profile are 

presumed to arise from the same event; or (3) through experience – signals that have 

been associated with each other in the past are presumed to arise from the same event 

on this occasion.  Little work has been done on the temporal or experiential possibilities, 

but considerable effort has been devoted to exploring the spatial computations 

necessary for visual-auditory integration. 

The critical hurdle to integrating visual and auditory signals in the spatial domain 

is that the two sources initially employ different reference frames.  Visual spatial 

information derives from the site of activation on the retina.  The site of retinal activation 

depends on the location of the visual object with respect to the direction of gaze.  In 

contrast, the locations of sounds must be inferred by comparing sound arrival time and 

level differences across the two ears.  These cues specify the location of the sound with 

respect to the head and ears.  In animals with mobile eyes, such as humans and 
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monkeys (but not barn owls), there is no fixed correspondence between a location on 

the retina and a given set of interaural cue values.  Rather, the relationship between 

visual space and auditory space is constantly changing as the eyes move around.   

A recent behavioral study provided evidence that this reference frame 

discrepancy is somehow solved by the brain.  Metzger et al. (Metzger et al., 2004) 

compared the accuracy of eye movements to visual and auditory stimuli in monkeys 

making saccades from different initial eye positions.  The results showed that monkeys 

do compensate for where the eyes are starting from when making saccades to sounds, 

just as they do for visual stimuli.  This study suggests that by the time an oculomotor 

command is generated, visual and auditory information are encoded in a common 

coordinate system. 

A series of physiological studies suggest that this process of computing a 

coordinate transformation on auditory signals has begun by a comparatively early point 

in the auditory pathway:  many neurons in the primate inferior colliculus are sensitive to 

the position of the eyes in the orbits (Groh et al., 2001; Zwiers et al., 2004; Porter et al., 

2006).  This sensitivity is also present in auditory cortex (Werner-Reiss et al., 2003; Fu 

et al., 2004).   

What kind of coordinate transformation is being performed by this neural circuit is 

less clear.  The effect of eye position on auditory neurons in the IC and auditory cortex 

disrupts the head-centered-ness of the auditory spatial information, but does not 

produce eye-centered receptive fields.  In fact, it is not clear that a head- to eye-centered 

coordinate transformation would necessarily be advantageous.  It may be that a hybrid 

reference frame such as that found in the IC and auditory cortex is well-suited for 

preparing motor commands, especially if the motor command for generating a saccade 
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occurs in a reference frame best described as mixed.  Indeed, the hybrid nature of the 

representation of auditory information in the IC and auditory cortex appears to be similar 

to that found in the intraparietal cortex (Mullette-Gillman et al., 2005; Schlack et al., 

2005), a structure that has been specifically linked to the control of eye movements 

(Bisley and Goldberg, 2003).  The auditory reference frame in all 3 areas – IC, AC, and 

IPS – may be not too unlike that of the primate superior colliculus (SC), which has been 

shown to have auditory receptive fields that shift when the eyes move, but only about ½ 

the distance of the eye movement, producing a hybrid representation (Jay and Sparks, 

1984, 1987). 

 

6.4 Visual influences over auditory areas 

Not only does the position of the eyes affect activity in auditory areas, but the stimulus 

on the retina does as well.  Evidence for visual influences over auditory processing 

comes from a variety of sources, from anatomical to physiological to neuroimaging.  

Projections between the visual and auditory cortices have recently been identified in 

primates (Cappe and Barone, 2005), and some auditory cortical neurons appear to have 

visual responses (Brosch et al., 2005).  Both ERP and fMRI showed enhanced auditory 

cortical response when tones were paired with an attended visual stimulus vs. an 

unattended visual stimulus (Busse et al., 2005).  In deaf individuals, auditory cortex 

shows fMRI activation to moving visual stimuli (Finney et al., 2001; Fine et al., 2005).  

Language and communication may be a particularly important instance of visual-

auditory integration, requiring the recruitment of “historically” auditory areas by visual 

stimuli.  When monkeys match vocalizations with appropriate facial expressions of 
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conspecifics, local field potentials in both core and belt areas of auditory cortex show 

enhancement or suppression compared to the auditory stimulus alone (Ghazanfar et al., 

2005). In humans, the Planum Temporale (PT), a region of the superior temporal gyrus, 

has been implicated in both auditory and language related processing. PT activation has 

been shown in hearing subjects during silent visual speech perception (Campbell et al., 

2001; Calvert and Campbell, 2003; MacSweeney et al., 2004).  This visual activation 

may be specific to linguistic stimuli:  hearing subjects passively viewing single elements 

of sign language (a non-linguistic stimulus to the non-signer) do not show activation in 

this area (Petitto et al., 2000). However, MacSweeney et al. (MacSweeney et al., 2004) 

found responses in PT in deaf and hearing signers as well as hearing nonsigners 

viewing both sign language gestures and Tic Tac (a racecourse betting code based on 

gestures but lacking phonological structure).  In the MacSweeney study, participants 

were instructed to attempt to interpret the gestures.  This suggests that PT activation to 

visual stimuli may be found in normal subjects only when they interpret the visual stimuli 

in a communication context (MacSweeney et al., 2004). In short, PT may be best viewed 

not as having visual responses to just any kind of visual stimulus, but as an auditory 

area that incorporates potential language related material in general (Petitto et al., 2000; 

Penhune et al., 2003) 

 

6.5 Conclusions 

Clearly, we are just beginning to untangle the threads of interaction between the 

visual and auditory systems.  Much work needs to be done at both the perceptual and 

neural domains.  At the perceptual level, additional studies establishing the 
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circumstances of cross modal binding and plasticity are needed, as are novel paradigms 

to investigate the nature of the information transfer between these systems.  How does 

the visual system help the auditory system decode cluttered auditory scenes, for 

example?  At the neural level, further investigations into the extent and hierarchical 

organization of visual-auditory interactions are needed.  Such studies will form the basis 

for a new understanding of how the visual and auditory systems act in concert. 
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