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ABSTRACT 

Integrating information from multiple sources is a crucial function of the brain. 

Examples of such integration include multiple stimuli of different modalties, such as 

sights and sounds, multiple stimuli of the same modality, such as sounds and sounds, 

and integrating stimuli from the sensory organs (i.e. ears) with artificial stimulation of 

the brain using neuroprosthetics. 

The overall aim of this body of work is to empirically examine stimulus 

representation in these three domains to inform our broader understanding of how and 

when the brain combines information from multiple sources. 

First, I examine visually-guided auditory plasticity, a problem with implications 

for the general problem in learning of how the brain determines what lesson to learn 

(and what lessons not to learn). For example, sound localization is a behavior that is 

partially learned with the aid of vision. This process requires correctly matching a visual 

location to that of a sound. This is an intrinsically circular problem when sound location 

is itself uncertain and the visual scene is rife with possible visual matches. Here, we 

develop a simple paradigm using visual guidance of sound localization to gain insight 

into how the brain confronts this type of circularity. We tested two competing 

hypotheses. 1: The brain guides sound location learning based on the synchrony or 

simultaneity of auditory-visual stimuli, potentially involving a Hebbian associative 
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mechanism. 2: The brain uses a ‘guess and check’ heuristic in which visual feedback that 

is obtained after an eye movement to a sound alters future performance, perhaps by 

recruiting the brain’s reward-related circuitry. We assessed the effects of exposure to 

visual stimuli spatially mismatched from sounds on performance of an interleaved 

auditory-only saccade task. We found that when humans and monkeys were provided 

the visual stimulus asynchronously with the sound but as feedback to an auditory-

guided saccade, they shifted their subsequent auditory-only performance toward the 

direction of the visual cue by 1.3-1.7 degrees, or 22-28% of the original 6 degree visual-

auditory mismatch. In contrast when the visual stimulus was presented synchronously 

with the sound but extinguished too quickly to provide this feedback, there was little 

change in subsequent auditory-only performance. Contrary to previous expectations, 

visual calibration of auditory space does not appear to require visual-auditory 

associations based on synchrony/simultaneity. Instead, our results suggest that we can 

use the outcome of our own actions to integrate across modalities and update the 

representation of sound location in the auditory system.  

The previous study examined the calibration of the representation of space in 

the auditory system, but another important variable the auditory system must 

represent is frequency. Correlative studies have demonstrated that neurons in the 

inferior colliculus represent frequency, and we hypothesized that this representation of 

frequency could be harnessed in a causal manipulation that perturbed the structure. We 

measured the contribution of inferior colliculus (IC) sites to perception using combined 
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recording and electrical stimulation. Monkeys performed a frequency-based 

discrimination task, reporting whether a probe sound was higher or lower in frequency 

than a reference sound. Stimulation pulses were paired with the probe sound on 50% of 

trials (0.5-80 µA, 100-300 Hz, n=172 IC locations in 3 rhesus monkeys). Electrical 

stimulation tended to bias the animals’ judgments in a fashion that was coarsely but 

significantly correlated with the best frequency of the stimulation site in comparison to 

the reference frequency employed in the task. Although there was considerable 

variability in the effects of stimulation (including impairments in performance and shifts 

in performance away from the direction predicted based on the site’s response 

properties), the results indicate that stimulation of the IC can evoke percepts correlated 

with the frequency tuning properties of the IC. 

My next line of examines both spatial and frequency representation in the 

macaque inferior colliculus. Sound frequency is mapped in the central part of the IC, 

while sound location is represented through rate codes, and many units are sensitive to 

acoustic stimuli at any location. Thus, sounds in different regions of space activate 

overlapping populations of cells. I wondered how the inferior colliculus might represent 

acoustic scenes containing multiple sounds, and to what extent it parsed or integrated 

the sources. In this research, I employ a frequency tagging approach, using multiple AM 

stimuli of different frequencies, which the inferior colliculus represents using a spike 

timing code. This allows me to measure spike timing in the inferior colliculus to 

determine which sound source is responsible for neural activity in an auditory scene 
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containing multiple sounds. Using this approach, I find that the same neurons that are 

tuned to broad regions of space in the single sound condition become dramatically 

more selective in the dual sound condition, preferentially entraining spikes to stimuli 

from a smaller region of space. Our results suggest that when the carrier sounds have 

nonoverlapping frequency content, the inferior colliculus represents them tonotopically, 

representing each of the acoustic sources in its own isofrequency lamina. However, 

when the carrier sounds have overlap in their frequency content, the inferior colliculus 

instead sorts the sounds spatially, with each sound being represented in a restricted 

section of tissue, in contrast to the single-sound case where the neurons were 

responsive to broader regions of space. I will examine the possibility that there may be a 

conceptual linkage between this finding and the finding of receptive field shifts in the 

visual system. 

In chapter 5, I will comment on these findings more generally, compare them to 

existing theoretical models, and discuss what these results tell us about representation 

in the central nervous system in a multi-stimulus situation. My results suggest that the 

brain is flexible in its processing and can adapt its integration schema to fit the available 

cues and the demands of the task. 
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CHAPTER 1: OVERVIEW OF EXPERIMENTAL QUESTIONS 

AND EXISTING LITERATURE 

1.1: Stimulus integration in the auditory system 

Prior work has demonstrated that the auditory system integrates non-auditory 

signals into the primary auditory pathway (Groh, Trause et al. 2001, Me, Trause et al. 

2001}, Metzger, Greene et al. 2006, Bizley, Nodal et al. 2007, Porter, Metzger et al. 

2007, Gruters and Groh 2012). Furthermore, auditory behavior must be possible in 

scenes containing multiple auditory stimuli but a nontrivial challenge is understanding 

how the circuitry of the ascending auditory pathway is able to handle these scenes. 

In experimental settings or during certain clinical treatments, the auditory 

system must integrate artificially evoked neural signals (Eddington, Dobelle et al. 1978, 

Shannon 1983, Wilson, Rebscher et al. 1998, Shannon 2014, Tsunada, Liu et al. 2016). 

The combination of paradigms for natural and artificial stimulus integration make the 

ascending auditory system a suitable candidate for examining stimulus integration. 

First, I will consider a paradigm examining the auditory system’s use of visual 

signals to calibrate itself. While the experiment is behavioral rather than 

neurophysiological, there exists considerable evidence that the inferior colliculus is a 

nexus of audiovisual integration (Gutfreund, Zheng et al. 2002, Porter, Metzger et al. 

2007, Bergan and Knudsen 2009, Bulkin and Groh 2012, Gruters and Groh 2012). 
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1.2 Calibration of auditory localization using visual stimuli 

Estimating the physical location in space of a sound source relies on several 

types of cues, each of which must be properly calibrated. Interaural timing differences 

(ITDs) refer to differences in sound arrival time across the two ears. Sounds that are 

nearer the right ear than the left will arrive at that ear before the left ear. But the 

magnitude of that time difference depends on both the angle of incidence of the sound 

and the physical separation of the two ears - a distance that varies across individuals 

and within individuals as they grow from infancy to adulthood. The sensitivity of the 

nervous system to tiny values of ITD (on the order of microseconds) is remarkable, and 

computational models have been proposed for the conversion of ITDs to a neural code 

such as a map or meter E.G. (Jeffress 1948, Ashida and Carr 2011). 

Interaural level differences (ILDs) refer to the differences in sound intensity 

across the two ears: sounds are louder in whichever ear is nearer the sound source. 

Such differences depend on head size as well as the frequency of the sound. Higher 

frequency sounds diffract less than lower frequency sounds do, so the head "shadow" 

effect is greater and the disparity in sound loudness larger, complicating the mapping 

from ILD onto a physical position in the world. A simple subtraction model would permit 

the conversion of ILDs into meters. 

Spectral cues refer to information about sound location that can be inferred 

from the frequency content of the sound. The folds of the external ear or pinna filter 
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sound, serving to accentuate some frequencies relative to others. This filtering is 

direction-dependent:  sounds are filtered differently depending on their angle of 

incidence with respect to the pinna. Likely, this is why some species have such 

complicated skin folds in their ears and why they are able to move these ears to sample 

sounds from multiple positions.   

Spectral cues involve a complex inference problem, as the only samples of the 

sound that the brain has access to are those that have already been filtered by the 

external ear.  In principle, the brain can solve this problem either by comparing to 

stored representations of the frequency content of similar sounds or by comparing the 

left and right ear copies of the sound -- which, though both filtered, will have been 

filtered differently.  Either way, calibration is involved.  Further, the necessary 

calibration varies from individual to individual due to differences in the fold pattern of 

the pinnae (Hofman and Van Opstal 1997, Hofman and Van Opstal 2003).   

Another purpose of calibration is to ensure that these cues work in concert with 

each other to minimize ambiguity intrinsic to any one cue. For example, in humans, ITDs 

and ILDs only provide information regarding one dimension. Disambiguating front/back 

and up/down from left/right requires additional information, which can come from 

spectral cues or from monitoring how cues change as the head moves. Furthermore, ILD 

and ITD individually each work best within distinct frequency ranges, further highlighting 

the need to correct for the ambiguity of any one of these cues. 
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Fundamentally, a non-auditory source of information regarding sound location is 

needed to provide instructive signals to calibrate this complicated system. We will refer 

to this calibration as a cue-location calibration, encompassing all of the above cues. The 

visual system is not the only possible source of the necessary instruction (touch and 

monitoring of how auditory signals change with movement are two other possibilities), 

but it may be the most powerful. 

This provides the motivation behind the first study in my work: I consider the 

integration of visual signals into auditory spatial perception. The universality, 

automaticity, and comparative simplicity of visually-guided auditory plasticity make it a 

useful model for understanding how our brains calibrate themselves more generally. 

The visual system employs a comparatively straightforward system, using the 

optics of the eye itself, for measuring the location of visual stimuli. Light from a 

particular location in the world is steered to a particular location on the retinal surface 

via a combination of the pupil and the lens, producing receptive fields in photoreceptors 

and subsequent retintopic maps of visual stimulus location. Thus, even at the level of 

the primary receptor visual spatial information is encoded as a map. The precision and 

lack of ambiguity in the brain's resulting access to visual spatial information is 

impressive compared to the subtle and not-so-subtle computational challenges faced by 

the auditory system. Thus, vision is a viable candidate for spatial calibration of audition. 
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In fact, it has been shown that vision is used to calibration audition. My work 

explores a task where paired visual and auditory stimuli are presented with a spatial 

disparity. Over many trials, plasticity occurs in the auditory system such that future 

auditory localization is biased toward the direction of the light. This paradigm, 

sometimes called the ‘ventriloquism aftereffect’, has been demonstrated in prior 

literature (Radeau and Bertelson 1974, Recanzone 1998, Bertelson, Vroomen et al. 

2000, Frissen, Vroomen et al. 2005, Bertelson, Frissen et al. 2006, Kopco, Lin et al. 2009, 

Frissen, Vroomen et al. 2012, Pages and Groh 2013). A related phenomenon, the 

‘ventriloquism effect’, in which a visual stimulus can ‘capture’ or bias perception toward 

an auditory stimulus when the two are presented together, has also been demonstrated 

and relies on temporal contiguity (Jack and Thurlow 1973, Thurlow and Jack 1973, Alais 

and Burr 2004, Donohue, Roberts et al. 2011, Chen and Vroomen 2013). My 

contribution to this field is to examine whether the ventriloquism aftereffect is similarly 

dependent on temporal contiguity, or if it does not have the same prerequisites as the 

ventriloquism effect. I find that, unlike the ventriloquism effect, the ventriloquism 

aftereffect can be produced even in conditions without temporal contiguity. 

A note regarding terms: regardless of the representational format, the job of the 

brain is to produce a behavioral output: it does not need to decode or interpret either 

type of sensory representation for the benefit of some agent inside the brain, so when 

we use words like ‘decode’ and ‘readout’, it is shorthand. The brain merely needs to 

convert information into a format acceptable to the effectors. Typically the effectors 
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studied in this field are muscles, though the brain may need to output information to 

other effectors (such as glands). 

The work described in this section has been previously published (Pages and 

Groh 2013). It is a collaborative effort with the following author contributions. 

Conceived and designed the experiments: JMG DSP. Performed the experiments: DSP. 

Analyzed the data: DSP. Wrote the paper: DSP JMG. 

1.3: Behavioral effects of stimulation of the inferior colliculus 

My second study concerns the effects of electrical stimulation in the inferior 

colliculus. Patients with hearing loss stemming from causes that interrupt the auditory 

pathway after the cochlea need a brain prosthetic to restore hearing.  Recently, 

prosthetic stimulation in the human inferior colliculus was evaluated in a clinical trial.  

Thus far, speech understanding was limited for the subjects, and this limitation is 

thought to be partly due to challenges in harnessing the sound frequency 

representation in the inferior colliculus.  Here, we tested the effects of inferior colliculus 

stimulation in monkeys trained to report the sound frequencies they heard.  Our results 

indicate that the inferior colliculus can be used to introduce a range of frequency 

percepts, and suggest that placement of a greater number of electrode contacts may 

improve the effectiveness of such implants.    

Cochlear implants have revolutionized the treatment of hearing loss (Shannon 

2014), but not all patients can benefit from cochlear implants, for example due to 



7 
 

deformation of the cochlea or damage to the 8th cranial nerve. These patients will 

require a more central implant in order to restore hearing. Thus, understanding the 

effects of stimulation on the central auditory pathway is of clinical interest. 

Furthermore, it is useful from a basic science perspective to confirm that the ‘neural 

correlates’ that have been demonstrated in the auditory system actually represent the 

causal effects of activity in those brain regions; a neural correlation does not necessarily 

imply causation. 

In natural situations, information about sound including a tonotopic 

representation of frequency enters the brain through the cochlea and auditory nerve, 

then is processed by several brainstem structures (including the cochlear nucleus, 

olivary complex, and lateral lemniscus) before being relayed to the inferior colliculus 

(see figure 1). The central nucleus of the inferior colliculus contains a topographic 

organization (along an approximately dorsal-to-ventral axis) from low frequency to high 

frequency. This organization is preserved in its projections to higher auditory brain 

regions such as the primary auditory cortex (area a1), which is also tonotopically 

organized: microstimulation experiments show that activating a specific region of the IC 

is sufficient to activate higher auditory processing in a way that varies systematically 

with stimulation site (Lenarz, Lim et al. 2006, Lim and Anderson 2006). The inferior 

colliculus has also been shown to encode at least some higher-order features of the 

stimulus, including amplitude modulation (Langner and Schreiner 1988) and binaural 

interactions (Knudsen and Knudsen 1983, Groh and Underhill 2001). 
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The inferior colliculi are typically divided into three major nuclei, all involved in 

auditory processing: the Central Nucleus (ICC or CNIC), External (ICX), and Superficial 

(ICS). The ICC is a critical ascending relay in the auditory system, and contains a 

tonotopic organization of best frequencies (Ryan and Miller 1978, Bulkin and Groh 2011, 

Ress and Chandrasekaran 2013). In anesthetized cats there is some evidence of 

tonotopy in the other two subunits, though tonotopic organization is most pronounced 

in the ICC (Aitkin, Webster et al. 1975). Thus, the ICC is considered the best subunit for 

this type of approach (Lim, Lenarz et al. 2008), but one limitation of our method was the 

fact that our MRI images lack the resolution to distinguish between different subunits of 

the IC and we must rely on indirect measures including response latency and magnitude 

of tonotopy to infer that the majority of our stimulation sites were in the ICC. 

 

Figure 1: Major anatomy of the ascending auditory pathway. The circuitry of 

major ascending projections to the Inferior Colliculus (IC) in the auditory pathway. 

Auditory information enters the brain through the 8th Cranial Nerve and crosses a series 
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of brainstem relays before arriving at the IC. From the IC, information is sent ipsilaterally 

to the MGN of the Thalamus and also sent to the contralateral IC. 

For my project, monkeys perform a frequency discrimination task comparing 

sounds. They must perform the task both with and without electrical stimulation to the 

inferior colliculus. Recordings will be conducted to classify the response properties of 

the electrode site, so that we can evaluate the effects of stimulation in relation to those 

properties. 

Because microstimulation changes the response of the animal in the perceptual 

report task, I infer that its perception has been altered by microstimulation. For 

example, I might find a site that responds vigorously to high-frequency acoustic stimuli 

and expect that stimulation of this site will bias the animal toward high-frequency 

decisions. I do find an effect of microstimulation on the animals’ judgments, but these 

effects are only weakly correlated with the physiological properties of the recording 

sites. 

This weakness of correlation is a limitation of the study. The weak correlation is 

consistent with other studies in the central auditory pathway, which likewise produce 

inconsistent pitch-ranking or weak correlation when the structures are stimulated 

nonspecifically with electrical (Colletti, Fiorino et al. 2004, Lim, Lenarz et al. 2008, Otto, 

Shannon et al. 2008, Tsunada, Liu et al. 2016) or optogenetic (Znamenskiy and Zador 

2013) excitation of the central auditory pathway during a behavioral task. But it stands 
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in contrast to stimulation of the central visual system (Salzman, Britten et al. 1990, 

Murasugi, Salzman et al. 1993), or the auditory periphery (e.g. cochlear implants), 

where the behavioral effects of stimulation are strongly correlated with the 

physiological properties of the recording site. The relatively weak relationship between 

physiology and behavior in the central auditory system presents a puzzle for future 

research. It is consistent with the possibility that in more central auditory structures, the 

simplest neural correlates that are the hallmark of the auditory pathway (i.e. tonotopy) 

are not sufficiently important to have a strong causal relationship with perception. 

Perhaps more central auditory structures, when stimulated, contribute some higher-

order feature to perception than simple pitch. Prior work has found correlates of higher-

order auditory features in more central brain regions, e.g. (Langner, Albert et al. 2002, 

Bendor and Wang 2005, Krebs, Lesica et al. 2008, Bendor and Wang 2010). Perhaps 

future work can endeavor to harness these higher-order auditory features to induce 

more consistent auditory percepts. 

The work described in this section is currently in press. I was the primary 

contributor to this project and my collaborators were Deborah A. Ross, Vanessa M. 

Puñal , Shruti Agashe, Isaac Dweck, Jerel Mueller, Warren M. Grill, Blake S. Wilson, and 

Jennifer M. Groh. 

1.4: Physiology of auditory scene analysis in the auditory midbrain 
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The third study concerns encoding of sound location in primates. In the primate, 

few neurons are tuned for sound azimuth. In the primate A1, only 5.6-5.9% of neurons 

were classified as tuned to sound azimuth (Recanzone, Guard et al. 2000). Instead, the 

majority of azimuth-sensitive neurons in A1 exhibited a monotonic code for sound 

azimuth. Likewise, the primate IC is dominated by neurons with monotonic codes for 

sound azimuth rather than neurons tuned to particular sound azimuths (Groh, Kelly et 

al. 2003, Zwiers, Versnel et al. 2004). This raises a puzzle – if neurons are broadly tuned 

to spatial location, how are multiple sounds encoded in a scene? If overlapping 

populations of neurons represent broad regions of space, how does the brain avoid a 

situation in which the signals are jumbled together and contaminate one another? 

In order to understand how the inferior colliculus represents sounds, I will briefly 

discuss representational formats. There are in principle many different ways to 

represent information in the brain (Laurent 1999, Lee and Groh 2014). Two will be 

important to the present discussion of the auditory and visual system: maps and meters. 

As a clarification of terms, a map – also called an identity code or, in the case of a 

topographic representation, a place code, is a representation of a stimulus where each 

neuron represents a particular value of a stimulus parameter, and is tuned for that value 

such that its response decreases whenever there is a deviation from that preferred 

value, regardless of the direction of that deviation. By contrast, a meter – also called a 

rate code or monotonic code – is a representation of a stimulus parameter where 

increasing (or, sometimes, decreasing) values of the parameter result in increasing 
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responses in all neurons. In this case, any individual neuron fires in response to all 

values of that parameter above a certain threshold, and its firing rate increases 

monotonically (though not necessarily linearly) with increasing values of the parameter 

in question. How might the cues the ears receive be converted into a map or meter?  

I employ a frequency tagging approach to study the processing and 

representation of environments containing multiple sounds in the auditory midbrain. 

Surprisingly, the signals were parsed apart at the level of the midbrain, being 

represented in largely independent populations rather than being integrated as I had 

initially expected. When the sounds had differing frequency content, neurons in the 

inferior colliculus parsed the auditory environment tonotopically, with each neuron 

representing a different frequency. Furthermore, this tonotopic representation was 

sharpened relative to the tonotopic representation in the single-sound condition. 

However, when the sounds had overlapping frequency content, the auditory 

environment was instead parsed spatially, with each section of space represented in a 

different part of the inferior colliculus. Again, this representation was sharpened relative 

to the single sound condition. This suggests that a multi-stimulus environment changes 

the receptive fields of neurons in both the spatial and frequency domain. 

These changes may be adaptive if we speculate the following: in the single-sound 

condition, it is advantageous to devote a greater amount of neural tissue to processing 

that single sound. In the dual-sound condition, it is advantageous to segregate the two 
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stimuli, and I speculate that this may act as a ‘menu’ of stimuli. It has been 

demonstrated in the cortex that attention underlies selection of sounds in a scene 

(Hillyard, Woldorff et al. 1987, Woldorff, Gallen et al. 1993, Petkov, Kang et al. 2004). 

My results build on this work by suggesting that the accompanying brainstem 

mechanism is the creation of a menu of sounds. 

The work described in this section is in preparation for publication (Pages & 

Caruso). The author contributions are as follows. Conceived and designed the 

experiments: DSP. Performed the experiments: DSP VC. Analyzed the data: DSP. Wrote 

the paper: DSP. 

1.5: Overall goals of research projects 

 The primary goal of the present body of work is to advance our understanding of 

multistimulus integration in the brain, using the ascending auditory pathway (specifically 

the inferior colliculus) as a locus of study. 

 The central goal of chapter 2 is to establish whether temporal contiguity of visual 

and auditory stimuli or post-saccade visual feedback is more effective at driving auditory 

plasticity/learning. This will tell us about multisensory integration in the brain because 

the former would suggest that these two stimuli come together and are integrated at 

Hebbian synapses, while the latter would suggest that the brain is maintaining an 

integrated error signal that measures the difference between auditory behavior and 

visual stimulus location. 
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 The central goal of chapter 3 is to develop a monkey model of an inferior 

colliculus neuroprosthetic and examine the effect of stimulation on frequency-

discrimination behavior. I hypothesized that there should be a reliable, high correlation 

relationship between the physiological properties of the recording site and the 

psychophysical effects of stimulation at that site. However, the data do not bear out this 

hypothesis, showing only a weak correlation between physiology and psychophysics. 

This result is still interesting and informative – it suggests that the central auditory 

system (in contrast to the central visual and motor systems or the auditory periphery), 

exhibits a much less reliable relationship between the physiology of the recording site 

and the psychophysical results of electrical stimulation. I will discuss the possible 

interpretations and implications of this result in greater detail in chapters 3 and 5. 

 The central goal of chapter 4 is to determine the integration or parsing of sound 

in the midbrain in a multi-sound environment. Specifically, I endeavor to create an 

experimental test of the following hypotheses (1): that sounds are segregated in a multi-

sound paradigm (the ‘menu hypothesis’), (2): that sounds are co-represented within 

single units with broad spatial tuning, in a way that follows from representations in the 

single-sound condition (this would be consistent with traditional additive and 

subadditive models), (3) that the ‘stronger’ stimulus, that evokes the most spikes, 

overwhelms the other stimulus (‘the rich get richer and the poor get poorer’). Successful 

completion of this project will involve using the frequency tagging approach to examine 

the relative influence of these three (not mutually exclusive) possibilities. 
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Additionally, the present body of work endeavors to make two major 

methodological contributions to the field: first, the development of a primate model for 

auditory midbrain implants is a major contribution. Despite the success of auditory 

system implants, there has only been a single paper published examining the effects of 

auditory stimulation on a discrimination task in nonhuman primate model that preceded 

publication of my results by months (Tsunada, Liu et al. 2016). Auditory implants have 

been installed in hundreds out thousands of patients worldwide, so the scarcity of 

suitable animal models is a major gap in the literature. The macaque is a suitable animal 

model because the anatomy and physiology of its auditory system is approximately 

similar to humans, and it likewise has a comparable range of psychophysical frequency 

and intensity sensitivities (Jackson, Heffner et al. 1999). 

The second major methodological contribution is the development of a 

frequency-tagging approach in the extracellular recording domain. In this approach, the 

stimuli are ‘tagged’ with an attribute the neurons entrain to, allowing the experimenter 

to examine which of several stimuli are linked to neural firing. In this manner, the 

experimenter can infer gating between particular stimuli and neural elements in 

different experimental conditions, even though this remains opaque in the firing rate 

domain because potential competitive interactions between stimuli are themselves a 

confound in the firing rate domain. 
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Finally, these contributions to the field can have the greatest impact if they are 

published and disseminated to other researchers, so an important goal is to produce 

publishable data and scholarship 
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CHAPTER 2: LOOKING AT THE VENTRILOQUIST: VISUAL 

OUTCOME OF EYE MOVEMENTS CALIBRATES SOUND 

LOCALIZATION 

2.1: INTRODUCTION – Competing hypotheses about how vision influences the 

auditory system 

Sound location is inferred from direction-dependent differences in sound timing, 

loudness, or frequency content at the two ears (Stevens and Newman 1936, Jeffress 

1948). The spatial location associated with a given value of any of these cues varies with 

head size, the immediate acoustic environment, and the spectral content of the sound 

itself (Constan and Hartmann 2003 , Jones, Koka et al. 2011). The brain appears to solve 

this problem in part by using vision to calibrate its estimate of sound location (Bergan, 

Ro et al. 2005, Bajo, Nodal et al. 2010). Studies of ventriloquism demonstrate an 

immediate visual capture of the perceived location of sounds when paired with visual 

stimuli at a different location in space (D Alais & D Burr, 2004; Bertelson, Pavani, 

Ladavas, Vroomen, & de Gelder, 2000; P Bertelson, J Vroomen, B de Gelder, & J Driver, 

2000; Jack & Thurlow, 1973; Slutsky & Recanzone, 2001; Thurlow & Jack, 1973a; 

Vroomen, Bertelson, & de Gelder, 2001), and studies of prism adaptation and the 

ventriloquism aftereffect show that such a shift can persist in the absence of the visual 

stimulus (Radeau and Bertelson 1974, Knudsen and Knudsen 1989, Recanzone 1998, 
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Bertelson, Frissen et al. 2004, Bertelson, Frissen et al. 2006, Kopco, Lin et al. 2009, 

Wozny and Shams 2011). 

How the brain uses vision to accomplish this calibration is unclear. Since there 

are always many objects in view, it is puzzling how we know which visual object 

corresponds to a sound, especially when we cannot be sure exactly where the sound is 

coming from. Our study considered two specific possibilities. First, the brain might use 

temporal synchrony between sights and sounds to determine the location of a sound 

based on vision. That is, a visual stimulus that occurs at the same time as a sound, such 

as the sight of a ball hitting a bat, might be assumed to be the source of the 

accompanying cracking sound. It has long been known that timing is critical for the 

ventriloquism effect (Jack and Thurlow 1973, Slutsky and Recanzone 2001, Lewald and 

Guski 2003, Recanzone 2009), but that does not necessarily mean that this same 

mechanism explains the lasting changes observed in prism adaptation and in the 

ventriloquism aftereffect. Temporal synchrony would be expected to be most powerful 

for dynamic stimuli (those showing changes over time such as onset/offset or motion), 

in which individual temporal variation provides a basis for assessing coincidence, 

although simple simultaneity could also play a role for static, continuously present 

stimuli that overlap in time.  

An alternative involves visual feedback: what you see after you make an eye 

movement to a sound could guide learning in sound localization. According to this view, 

the brain might move the eyes to view the estimated location of a sound in order to 
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determine whether the sound location was perceived correctly. For example, if when 

you look towards where you think you heard the ball hitting the bat, you see a batter 

dropping his bat and running for first base, you have perceived the sound’s location 

correctly. If you see a pitcher looking mournful, you have missed. Next time you hear 

that cracking sound, you will adjust your estimate of sound location in favor of the 

direction of home plate and away from the pitcher’s mound. Again, such a mechanism 

could apply both to stimuli that are dynamic and to those that are static or continuously 

present, the only requirement being the persistence of the visual stimulus long enough 

to provide feedback following an eye movement initiated by the sound.  

In the real world, these two potential mechanisms often overlap: many visual 

and auditory stimuli occur synchronously and are present long enough that visual 

feedback after completing an eye movement can be obtained. In an experimental 

setting, these two mechanisms can be dissociated from each other by adjusting the 

timing of the visual stimulus with respect to the sound:  if the visual stimulus occurs 

temporally coincident with a brief sound prior to an eye movement, then only temporal 

synchrony cues are available. In contrast, if the visual stimulus is presented 

asynchronously with the brief sound, but is timed to be present immediately after the 

eye movement, then only visual feedback is available.  

2.2: MATERIALS AND METHODS – Psychophysical aftereffect paradigm in humans and 

macaques 
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Ethics statement: Eleven humans (six male, ages 18-55) and two rhesus monkeys 

(Macacca mulatta, one male, ages 4-9) participated in the studies. The human and 

animal experimental protocols were approved by the Institutional Review Board and the 

Institutional Animal Care and Use Committee of Duke University, respectively. All 

human participants provided written informed consent prior to participating in the 

study. Animal procedures were conducted in accordance with the principles of 

laboratory animal care of the National Institutes of Health (publication 86-23, revised 

1996) and involved standard operative and post-operative care including the use of 

anesthetics and analgesics for all surgical procedures.  

Specifically, prior to surgery, animals were pre-anesthetized with ketamine (I.M., 

5-20 mg/kg) or ketamine/dexdomator (I.M., 3.0 mg/kg ketamine and 0.075-0.15 mg/kg 

dexdomitor) and were maintained under general anesthesia with isoflourine (inhalant, 

0.5-3.0%). Systemic anti-inflammatory medications (dexamethasone, flunixin, or 

keterolac) were given as indicated by veterinarian. After surgery, animals were treated 

with burprenorphine analgesic (I.M., 0.01-0.02 mg/kg doses) for three days.  

Animals were housed in a standard macaque colony room in accordance with 

NIH guidelines on the care and use of animals. Specifically, the animals were housed in 

Primate Products Apartment Modules (91cm*104cm*91cm), including pair or group 

housing when compatible partner monkeys were available. Pair and group housed 

animals exhibited species-typical prosocial behavior such as grooming. Animals also had 

frequent access to Primate Products Activity Modules (91cm*104cm*183cm), allowing 
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for more exercise including a greater range of vertical motion. All animals had visual and 

auditory interactions with conspecifics in the room (~10 animals). Animals were 

enriched in accordance with the recommendations of the USDA Environmental 

Enhancement for Nonhuman Primates (1999), and the National Research Council’s 

Psychological Well-Being of Nonhuman Primates (1998), and the enrichment protocol 

was approved by the IACUC. Specifically, the animals had access to a variety of toys and 

puzzles (eg Bioserv dumbbells (K3223), Kong toys (K1000), Monkey Shine Mirrors 

(K3150), Otto Environmental foraging balls (model 300400) and numerous other toys 

and puzzles). Material from plants such as Bamboo and Manzanita was also placed in 

the cage to give the animals additional things to climb on and interact with. The 

temperature in the animal facilities was 20-25 degrees C and the colony room was kept 

on a 12hr/12hr light/dark cycle. The animals had approximately an hour of audiovisual 

contact with at least two (and often several) humans per day. The animals’ diets 

consisted of monkey food (LabDiet 5038 or LabDiet 5045) delivered twice a day, plus 

daily supplementary foods such as bananas, carrots, mango, pecan nuts, dried prunes, 

or other treats (typically acquired from local supermarkets or online vendors) to add 

variety to the animals’ diets. No animals were sacrificed during this study - at the time of 

the submission of this manuscript both animals that participated in this study are in 

good general health. 
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Figure 2: Spatial Configuration of Stimuli, Experimental Session Design, and Trial 

Types. (A) All trials began with fixation of a visual fixation target located 12 degrees 

below a row of speakers and LEDs spanning -24 to 24 degrees along the horizontal 

meridian. Spatially mismatched visual-auditory trials involved the presentation of a 

sound at one speaker combined with the illumination of an LED attached to the adjacent 

speaker. (B) Each experimental session involved an initial baseline assessment of 

performance on auditory and visual trials followed by an adaptation phase in which 

training trials with mismatched audiovisual stimuli were interleaved in proportions as 

illustrated. Performance on auditory probe trials after introduction of these mismatched 

audiovisual training trials was compared to baseline performance. (C) Three types of 

audiovisual training and auditory probe trials were assessed in different sessions. On 

synchrony-only audiovisual training trials, the visual and auditory stimuli were coincident 

in time but both were turned off during the subject’s saccade to the target, preventing 

visual feedback. On feedback-only audiovisual training trials, the sound came on first, 

but it was turned off and a visual stimulus was turned on during the saccade to the 

sound, eliminating synchrony between the visual and auditory stimulus. On feedback-

and-synchrony audiovisual trials, the auditory and the visual stimulus were turned on 

together, and were left on following completion of the saccade, thus allowing a 

synchronous visual stimulus to also provide visual feedback. Interleaved auditory-only 

probe trials differed from the corresponding audiovisual training trials in lacking a visual 

stimulus but were otherwise identical. 
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Apparatus and general procedures: Apparatus and general procedures are 

described in detail elsewhere (Metzger, Mullette-Gillman et al. 2004, Kopco, Lin et al. 

2009). Briefly, experiments were conducted in a darkened, single walled sound 

attenuation chamber (Industrial Acoustics) and lasted roughly 2-3 hours including setup. 

Participants’ heads were restrained to minimize movements via head post (Crist 

instruments) for monkeys, or chin rests for humans. For humans and animal N, eye 

position was measured with an infrared video eye tracking system (Eyelink). For animal 

F, eye position was measured using a scleral search coil (Fuchs and Robertson 1966, 

Judge, Richmond et al. 1980). In either case, the eye tracking system was calibrated 

prior to data collection using a standard five-point procedure. 

Stimuli: Stimulus delivery and data acquisition was controlled by a personal 

computer running Beethoven (Ryklin Software). The auditory stimuli consisted of 

broadband noise (each sample independently randomly generated) calibrated to 55 (+/-

1) db SPL, delivered through speakers (Cambridge Soundworks) approximately 120 cm 

in front of the participant and ranging from 18 degrees left from straight ahead to 18 

degrees right from straight ahead in 6 degree intervals. Visual stimuli consisted of LEDs 

attached to the faces of the speakers. Mismatched visual and auditory stimuli were 

presented by delivering a sound through one speaker and a visual stimulus via the 

adjacent LED, i.e. 6 degrees apart.  
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Behavior: Monkeys were trained by operant conditioning to saccade to visual 

and auditory stimuli for a liquid reward. When spatially-mismatched visual and auditory 

stimuli were presented, the animals’ reward window was centered on the auditory 

stimulus but large enough to include both (16-24 degrees in diameter). The large 

response windows ensured the animals were not explicitly forced to choose between 

the visual or auditory stimuli as the target of the saccade. Humans were instructed to 

look at the sound if it was present, or to look at the light if there was only a light. 

Because saccade endpoint was used as a dependent measure, all trials were included for 

analysis as long as there was a saccade, regardless of where the subjects looked. 

The behavioral tasks are illustrated in Figure2C. The timing of several phases of 

the trial was variable either due to the subjects’ behavior or under experimental control. 

On trials involving stimuli turning or remaining on during/following the saccade 

(Feedback-only and Synchrony-and-Feedback), these stimuli remained on for an 

additional 250 ms. 

Data Analysis: Saccades were detected using a velocity based algorithm 

(EyeMove software). All other data analysis was done in MATLAB (Mathworks). 

‘Magnitude of induced shift' was the horizontal difference between auditory saccades 

during the baseline phase and auditory saccades during the adaptation phase. The mean 

value of the induced shift for a given speaker position and session was considered a data 

point for the statistical tests, except in the longitudinal analysis depicted in figures 3C 

and 3D where each saccade to an auditory probe was considered a data point. Thus, 
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each subject contributes more than one data point to each analysis, making the analyses 

relatively sensitive compared to an analysis that treats each subject as a data point. 

2.3: RESULTS – Audiovisual training paradigm supports feedback hypothesis  

We tested these theories in humans and rhesus monkeys (Macaca mulatta) 

using audiovisual training tasks designed to dissociate these two potential mechanisms 

(figure 2C). Participants were required to make an eye movement from a fixation LED to 

a sound under different auditory and visual conditions. (Visual-only trials were included 

for calibration purposes.)  In the synchrony-only task, a visual stimulus appeared at the 

same time as a sound but too briefly to provide feedback after an eye movement to that 

sound. In the feedback-only task, the visual stimulus appeared during the execution of 

an eye movement to a sound, but was never on at the same time as the sound. A third 

task (“synchrony-and-feedback”) involved visual and auditory stimuli presented 

synchronously and for a sufficient time to provide feedback following the saccade. This 

task was included for comparison with previous studies of prism adaptation and the 

ventriloquism aftereffect in which both synchrony and feedback cues were likely to be 

available (Knudsen and Knudsen 1989, Zwiers, Van Opstal et al. 2003, Bergan, Ro et al. 

2005, Cui, Bachus et al. 2008, Recanzone 2009). In all audiovisual training trials, the 

visual stimuli were mismatched in space by 6 degrees to the left or right of the sounds 

(figure 2A), with a consistent shift direction for each session.  
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Figure 3: Robust induced shifts in Feedback condition. The mean change +/- SE in 

saccade endpoints on auditory probe trials during the adaptation phase compared to the 

baseline phase for humans (A) and monkeys (B). The data is normalized such that the 

direction of the displaced visual stimulus is always considered positive. Small red bars 

represent individual subject totals, with the human subjects ordered by their 

performance on the baseline trials (best auditory saccade precision on the left) N values 

correspond to speaker positions*sessions (see Materials and Methods). (C, D) The time 

course of the shift in behavioral performance as a function of auditory-probe trial 

number with respect to the beginning of the adaptation phase (mean +/- SE).  For 

example, trials 120-160 represent the 120th-160th auditory probe trial after audiovisual 

trials began. Each auditory probe trial is considered a data point.  The data in figure 3C-D 

is jittered on the X axis for readability. 

 

We assessed the effects of these audiovisual training trials on the endpoints of 

eye movements on interleaved auditory probe trials which were identical to the 

audiovisual trials except that only the sounds were presented. We compared 

performance on probe trials before and after the introduction of the audiovisual 

training trials (figure 2B).  

We found that the feedback-only task exerted a much more powerful effect on 

the estimation of sound location than the synchrony-only task did: on average, subjects 

altered their sound-locating eye movements in the direction of the lights’ location to a 
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greater degree when the visual stimulus was presented as feedback than when it was 

presented at the same time as the sound (figure 3A-B, analysis of variance, significant 

interaction between task type and baseline vs. adaptation phase, p<0.0001). In the 

feedback-only task, a six-degree separation between the visual and auditory stimuli 

produced an induced shift averaging 1.3 degrees (21%) in humans and 1.7 degrees 

(28%) in monkeys (post-hoc Student’s t-test, p<0.005 for humans and p<0.0001 for 

monkeys).  

Particularly in monkeys, this occurred quite rapidly: the shift was statistically 

significant within the first 40 trial bin of auditory probe trials after the introduction of 

training trials (p<0.0001, bonferroni corrected for the number of time bins tested), and 

had reached a shift value of approximately 1.2 degrees or 20% by the second 40-trial bin 

(figure 3C-D, red traces). By contrast, the behavioral shifts induced in the synchrony-

only task were not significantly different from zero overall (figure 3A-B). Note that this 

analysis considers each trial to be a data point, thus increasing the total N and therefore 

the sensitivity of the test. However, even in this less conservative case the synchrony 

condition caused no individual time bins with a significant shift (p<0.05) in the predicted 

direction (figure 3C-D, green traces). Though the effect briefly became weakly 

significant in the opposite direction of what would be expected under ventriloquism 

aftereffect, this could be a result the less conservative nature of the analysis and in any 

case is not consistent with synchrony eliciting a shift in the direction of the visual 

stimulus under the conditions of our paradigm. 
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Feedback-only also induced a larger shift in reported sound location than the 

synchrony-and-feedback task, although the latter task did produce a significant shift in 

auditory saccade endpoints toward the visual stimulus (figure 3A-B). This shift was 

statistically significant within some time bins but not others during the adaptation phase 

(figure 3C-D, blue traces, some p’s<0.05, bonferroni corrected). The smaller observed 

effect on the synchrony-and-feedback task compared to the feedback-only task 

suggests that synchrony or simultaneity may actually serve to diminish the impact of 

visual stimuli on sound calibration, perhaps because the sound is redundant when the 

visual stimulus is already present. Subjects may simply localize the visual stimulus and 

ignore the sound, and the learning process may therefore not be as actively engaged. 

Intersubject variability was modest in monkeys but greater in human subjects, as 

illustrated by the red lines in the bar graph in figure 3A-B. This variability was related to 

baseline skill at performing sound localization tasks. The individual subject bars are 

ordered by decreasing baseline accuracy of performing auditory-only saccades 

(correlation coefficient of saccade endpoint with target location ranging from 0.94 to 

0.43 in the humans and 0.81 to 0.76 in the monkeys). The human subjects who 

demonstrated less precision in their auditory saccade accuracy initially were more 

influenced by the visual stimuli in the feedback condition (red bars in feedback case of 

figure 3A increase in height; linear regression of induced shift during feedback vs. 

correlation coefficient of relationship between auditory saccade endpoint and target 

location during baseline, p<0.05).   
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This pattern of individual differences is consistent with previous studies showing 

that subjects weigh stimuli more heavily when they are considered more reliable, and 

that this weighting produces a statistically optimal estimate of location (Ernst and Banks 

2002, Alais and Burr 2004). We investigated this possibility further using subjects' 

responses on the audiovisual training trials during the synchrony and synchrony-and-

feedback sessions in which visual and auditory stimuli were presented 

contemporaneously. We calculated the predicted relative weights of the visual 

(wVispredicted) and auditory (wAudpredicted) stimuli under an optimal cue combination 

model, using the mean of the standard deviations to each speaker position per session (

 Vis and   Aud for visual and auditory saccades, respectively) as follows.  

 

Equation 2.1: wVisPredicted=
22

2

Vis1/Aud1/

Vis/1






 

 

Equation 2.2: wAudpredicted=1-wVispredicted 

 

We then calculated the ‘empirical’ visual (wVisempirical) and auditory (wAudempirical) 

weightings by comparing the actual saccade endpoints of baseline visual (Vissac) and 

auditory (Audsac) saccades to the endpoints of bimodal saccades (Bisac). 
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Equation 2.3: wVisempirical=
SacSac

SacSac

Aud-Vis

Aud-Bi
 

 

Equation 2.4: wAudempirical=1- wVisempirical 

 

The predicted visual weightings under an optimal cue combination model were 

wVispredicted=0.8383, and wVispredicted=0.9372 for monkeys and humans respectively, 

while the empirically observed visual weightings were only wVisempirical=0.6491 and 

wVisempirical=0.3779 for monkeys and humans respectively. This result suggests that our 

subjects were weighting the auditory stimulus more heavily than would be predicted 

under an optimal cue combination model. This is probably because our task instructions 

explicitly (humans) or implicitly (monkeys, through centering of reward windows) 

directed subjects to localize the auditory stimulus. Prior work where human subjects are 

instructed to locate the sound and not the visual distractor have found amounts of 

visual capture broadly consistent with ours (Kopco, Lin et al. 2009, Van Barneveld and 

Van Wanrooij 2013). Had we used the method of instructing the subjects to localize a 

single fused percept (Alais and Burr 2004), we  would expect to observe near-optimal 

cue combination in the bimodal trials in the synchrony and synchrony-and-feedback 

trial types. Our results are consistent with the hypothesis that the relative weightings of 

visual and auditory stimuli in a bimodal localization task can be near-optimal if the 
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subjects are instructed to seek a bimodal stimulus, auditory-weighted if the subjects are 

instructed to seek the auditory stimulus, or visual-weighted if the subjects are instructed 

to seek the visual stimulus. 

 

Figure 4: Results of control experiments. Visual condition and auditory shift by speaker 

position. (A) Shift on visual trials. The magnitude of the induced visual shift on visual-
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only trials during feedback sessions was calculated in the same fashion as for auditory-

only trials; that is, by subtracting the mean baseline visual saccade amplitude for a given 

target location from that of the adaptation phase, yielding one value per session and 

target. The bars represent the means of these values +/- the standard error (same 

conventions as figure 3). (B-C). Shift on auditory trials by speaker position. Magnitude of 

shift is plotted as a function of speaker location for humans (4B) and monkeys (4C). The Y 

axis is normalized such that the direction of the visual stimulus’ displacement is always 

plotted as positive. The X axis normalized such that a shift in the direction of the visual 

stimulus involves hypermetric (longer) saccades for positive X values and hypometric 

(shorter) saccades for negative X values. The feedback condition elicited a larger shift in 

the direction of the visual stimulus than the simultaneous condition did, regardless of 

whether the saccades involved were made longer or shorter. 

 

Finally, we considered whether the plasticity evoked by the visual trials was likely 

to occur within the auditory pathway or within the oculomotor pathway, or some 

combination of the two.  If changes occur within the motor pathway, they should 

generalize to saccades evoked by other target modalities. In one monkey (monkey N) 

and the humans (figure 4A), we tested whether there was any evidence of a shift in 

performance on the visual trials interleaved with the feedback training trials. The shift 

observed in humans was small and not significant (0.20 degrees). In monkey N, the shift 

was also smaller than that observed on auditory trials, 0.71 degrees, but was 
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significantly different from zero (p<0.05, Student's T test), suggesting that a modest 

portion of the plasticity may be implemented in parts of the pathway shared in common 

between visual and auditory stimuli. However, a second tendency that has been 

observed in previous paradigms involving saccade adaptation (McLaughlin 1967, 

Straube, Fuchs et al. 1997) was not observed here. In such studies, the induced shift 

tends to be larger when it involves shortening a saccade rather than lengthening it 

(Miller, Anstis et al. 1981). We did not see such an effect:  the size of the induced shift 

on auditory trials during feedback sessions was consistent across different target 

locations regardless of whether the shift involved shortening or lengthening saccades 

(figure 4B-C). Taken together, these findings suggest that although a portion of the 

plasticity may occur within the oculomotor pathway, the remainder is likely to occur 

within the auditory pathway.  One possible future experiment to further test this 

hypothesis is to assess whether the ventriloquism aftereffect will generalize to other 

types of sound localization behaviors using different motor effectors. 

2.4: DISCUSSION – Cue Belongingness, prediction error, and locus of plasticity 

Here, we considered several precisely controlled timing paradigms that limited 

when visual information is available to provide guidance over sound location 

perception, and we identified visual feedback provided at the end of an eye movement 

as a particularly important factor for recalibrating auditory space. In everyday sensory 

environments, the relative timing of visual and auditory information occurs on a 

continuum, and cognitive knowledge of the common causes of visual and auditory 
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stimuli likely plays a role. For example, if you see a refrigerator and a tree and hear a 

continuous humming noise, you may assume the noise comes from the refrigerator 

rather than the tree. Although these stimuli are simultaneous, this discrimination cannot 

be a result of that simultaneity because temporal cues offer no ability to discriminate 

between the refrigerator and the tree. Instead you may make the determination based 

on a cognitive judgment about what kinds of noise ‘belongs’ with refrigerators. These 

cognitive ‘belongingness’ cues were likely minimal for the LEDs and broadband noise 

stimuli in our study, and in any case they were held constant across the different 

conditions of our study so they could not be responsible for any observed differences. 

However, such cognitive cues may well exert their effects in concert with eye-

movement related visual feedback:  recognizing candidate visual sources of sounds will 

often require foveal vision (particularly for smaller visual stimuli such as a beeping cell 

phone or the mouth of a person speaking). 

The neural mechanisms that allow visual feedback to recalibrate auditory space 

are uncertain. Converging lines of evidence suggest that visual signals are present in 

several auditory areas of the brain (Gutfreund, Zheng et al. 2002, Brosch, Selezneva et 

al. 2005, Ghazanfar, Maier et al. 2005, Porter, Metzger et al. 2007). These signals may 

provide information about the accuracy of (or error in) attempts to localize sounds. 

Alternatively, visual areas elsewhere may produce a signal that indicates success or 

failure in foveating a target. This visual success/failure signal could then be transmitted 
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via reward-related circuitry, which is known to influence the auditory pathway (Metzger, 

Greene et al. 2006, Gruters and Groh 2012).   

Our results share similarities with two related phenomena. As noted above, 

when a visual stimulus jumps to a new position during the course of an eye movement, 

subjects gradually learn to anticipate this jump and make saccades shifted toward the 

future location of the visual stimulus, a phenomenon known as saccade adaptation 

(McLaughlin 1967, Straube, Fuchs et al. 1997, Wallman and Fuchs 1998, Collins and 

Wallman 2012). The feedback-only paradigm used here can be thought of as a cross-

modal version of this saccade adaptation task. The use of feedback occurring at one 

point in time to alter neural circuitry based on patterns of activity that occurred earlier 

suggests that visual calibration of auditory space may be thought of as a type of 

prediction error. As such, the underlying mechanism is not exclusively driven by mutual 

strengthening of co-activated visual and auditory circuits, as originally envisioned by 

Hebb as a mechanism of associative learning (Hebb 1949, Bi and Poo 1998). Instead, like 

prediction error or reinforcement learning, visual feedback may function as a 

consequence signal, e.g. a form of reward when performance is successful.   

While we failed to find a statistically significant shift of auditory perception in the 

direction of the visual stimulus under the synchrony condition, we do not make the 

strong claim that there is exhaustively no circumstance under which temporal synchrony 

can contribute to the ventriloquism aftereffect. Instead, our key findings are (1) that 

feedback can be a major driver of the ventriloquism aftereffect, and (2) under the 
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conditions of our experiment, feedback induces a stronger shift than temporal 

synchrony. 

Ventriloquists take pains to provide a synchronous visual stimulus – the puppet’s 

mouth moving in time with the puppeteer’s speech – at the location they would like you 

to perceive the voice. Why do this if synchrony is not important to the persistent 

changes involved in visual calibration of auditory space? Enhancing the cognitive 

’belongingness’ as described above is one possibility - when stimuli are dynamic, they 

should be synchronous in order to match cognitive expectation and produce the 

greatest verisimilitude.  

A second possibility is that the mechanisms that guide plasticity may be distinct 

from those that influence perception in the moment. In other words, despite the similar 

terminology, the ventriloquism aftereffect may involve separate mechanisms from 

those involved in the ventriloquism effect. Synchrony may be more important for the 

immediate perception of the ventriloquism effect (Jack and Thurlow 1973, Slutsky and 

Recanzone 2001, Lewald and Guski 2003, Recanzone 2009), but our results suggest that 

feedback is the more powerful driver of the ventriloquism aftereffect.  Future work is 

needed to investigate how feedback and synchrony-dependent mechanisms might work 

in concert with the learned associations between auditory and visual stimuli that lead us 

to expect to hear speech sounds emanating from moving mouths.  
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CHAPTER 3: EFFECTS OF ELECTRICAL STIMULATION IN THE 

INFERIOR COLLICULUS ON FREQUENCY DISCRIMINATION 

BY RHESUS MONKEYS AND IMPLICATIONS FOR THE 

AUDITORY MIDBRAIN IMPLANT 

3.1: INTRODUCTION – the rationale for a behaving primate model of auditory 

neuroprosthetics 

In this study, we investigated the percepts evoked by electrical stimulation in the 

inferior colliculus (IC), a recently introduced candidate site for prosthetics (Lenarz, Lim 

et al. 2006, Lenarz, Lim et al. 2007, Lim, Lenarz et al. 2007, Samii, Lenarz et al. 2007, Lim, 

Lenarz et al. 2008, Lim, Lenarz et al. 2008, Lim, Lenarz et al. 2009, Calixto, Salamat et al. 

2013, Lim, Lenarz et al. 2013, Lim and Lenarz 2015). IC implants have been proposed 

and tested as a means of restoring hearing in patients lacking an auditory nerve (and 

thus unable to benefit from cochlear implants; (Lim, Lenarz et al. 2009)). The IC offers 

several advantages such as surgical accessibility and a relatively early position in the 

auditory pathway compared to the auditory thalamic or cortical areas (Dobelle, Stensaas 

et al. 1973, Rousche, Otto et al. 2003, Otto, Rousche et al. 2005, Otto, Rousche et al. 

2005, Lenarz, Lim et al. 2006, Samii, Lenarz et al. 2007, Atencio, Shih et al. 2014) and it 

may therefore permit insertion of signals at a stage involving less complex or abstract 
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processing of auditory information.   Patients in a small (n=5) trial experienced a variety 

of auditory percepts and improved speech perception when assisted with lip reading 

cues, but the results for open-set speech perception were poor (Lim, Lenarz et al. 2008, 

Lim, Lenarz et al. 2009, Lim and Lenarz 2015).    

These results provide proof of concept, but suggest that there may be previously 

unappreciated challenges associated with matching the stimulation paradigm to the IC's 

functional architecture (Lim, Lenarz et al. 2009, Bulkin and Groh 2011). In particular, 

only about 17% of the IC in monkeys is tonotopically organized; the bulk of the 

remainder responds preferentially to low frequency sounds (<1 kHz) (Ryan and Miller 

1978, Bulkin and Groh 2011). A similar low proportion of tonotopic “penetrations” 

(linearly arranged sequences of voxels), 18% was reported in a human study using a 

comparable analysis of fMRI data (Ress and Chandrasekaran, 2013), and suggests that in 

the human and rhesus monkey IC may be more spatially restricted than in other species 

(Rose, Greenwood et al. 1963, Geniec and Morest 1971, Clopton and Winfield 1973, 

Merzenich and Reid 1974, Aitkin and Moore 1975, FitzPatrick 1975, Knudsen and Konishi 

1978, Moore, Semple et al. 1983, Stiebler and Ehret 1985, Poon, Sun et al. 1990, Kelly, 

Glenn et al. 1991, Casseday and Covey 1992, Malmierca, Rees et al. 1995, Miller, 

Casseday et al. 2005, Bulkin and Groh 2011, De Martino, Moerel et al. 2013, Ress and 

Chandrasekaran 2013).  In addition, neurons in the monkey IC are sufficiently broadly 

tuned that more than 30% of IC sites show responses to sounds in the range of 400-

3000 Hz at a modest sound level of 50 dB SPL (Bulkin and Groh 2011). Such sparse 
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tonotopy and coarse tuning could provide an explanation for the challenges in achieving 

consistent success with human auditory midbrain implants..  

Accordingly, we sought to test the effects of stimulation in the monkey IC, 

focusing on how stimulation-induced alterations in auditory perception correlated with 

the best frequency of the neurons at the electrode site. We found a statistically 

significant but coarse correlation between the perceptual effects of stimulation and the 

best frequency of the neurons at the stimulation site. Consistent with proposals for a 

second clinical trial (Lim and Lenarz 2015), the findings suggest that  a large number of 

electrode sites may be beneficial, either because this would permit selecting a subset of 

the most effective sites for use or because co-stimulation could be applied to multiple 

sites to better mimic the natural auditory response properties observed in the IC. 

Finally, the development of an animal model closely related to humans in which both 

physiological and perceptual measurements can be made should increase the pace of 

progress in this important field.  This work is the next logical step to build on a 

foundation of related studies in cats and rodents demonstrating the effects of 

stimulation in auditory brain areas using behavioral tasks (Gerken 1970, Gerken, 

Saunders et al. 1985, Gerken, Solecki et al. 1991, Rousche, Otto et al. 2003, Otto, 

Rousche et al. 2005, Otto, Rousche et al. 2005, Znamenskiy and Zador 2013, Guo, Hight 

et al. 2015, Tsunada, Liu et al. 2016) or physiological measures at stages either after the 

IC (i.e., auditory cortex) (Neuheiser, Lenarz et al. 2010, Calixto, Lenarz et al. 2012, 
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Atencio, Shih et al. 2014) or before it (i.e., the cochlea) (Mulders and Robertson 2000, 

Mulders and Robertson 2006, Zhang and Dolan 2006).  

3.2: MATERIALS AND METHODS – Frequency discrimination task to measure how 

inferior colliculus stimulation influences auditory perception 

Subjects: Subjects were three female rhesus macaques (monkeys M, V, and J; 

ages 3-16 years, weighing 2.8-9.3 kg. Subjects were seated in primate chairs (Crist 

instruments) and comfortably head restrained using a standard head post system (Crist 

instruments). Animal procedures were conducted in accordance with the principles of 

the Guide for Care and Use of Laboratory Animals of the National Institutes of Health 

(8th edition, revised 2011) and involved standard operative and post-operative care 

including the use of anesthetics and analgesics for all surgical procedures. All animal 

procedures were approved by the Duke University Institutional Animal Care and Use 

Committee. 

Targeting of the IC: Recording chambers were oriented toward the IC based on 

stereotaxic coordinates (Paxinos), using stereotaxic surgical instruments (Kopf). After 

the animals recovered from surgery, structural MRI images of the animals' brains were 

collected to verify the position of the recording cylinder with respect to the IC, which 

could easily be visualized and distinguished from the surrounding tissue on the MRI 

(Figure 7A-C) (Groh and Underhill 2001, Bulkin and Groh 2011).  
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Recordings were conducted using moveable electrodes (FHC, impedance 0.09-

3.29 MΩ), with a new electrode employed every few sessions. Electrodes were 

positioned using a computer-controlled microdrive (NAN Instruments) that allowed 

recording from a different location each session and across a wide range of sites in the 

IC. Electrodes approached the IC at an angle (~20 degrees from vertical in the coronal 

plane) designed to traverse the tonotopic gradient in the IC in which lower best 

frequencies are shallow and higher best-frequency sites are deeper. Such tonotopy has 

been reported in a subset of more central IC locations in the monkey (Ryan and Miller 

1978, Zwiers, Versnel et al. 2004), and occurred in about 17% of penetrations that 

entered the IC in a previous study from our group (Bulkin and Groh 2011) . We identified 

the tonotopic region in each of the monkeys used in this study. Since only the tonotopic 

region contains heterogeneity of best frequencies, we focused our data collection on 

this area, but it is likely some sites were drawn from the surrounding low-frequency 

tuned region. Examples of tonotopic penetrations are shown in Figure 7D-E.   

For some sites, we also measured eye movements via scleral search coil (Judge, 

Richmond et al. 1980) to verify that we were not recording from the nearby Superior 

Colliculus, which exhibits auditory (Jay and Sparks 1984, Jay and Sparks 1987, Lee and 

Groh 2012, Lee and Groh 2014) as well as robust saccade-related activity (Wurtz and 

Goldberg 1972, Sparks 1978). Eye movement and position-related signals are also 

observed in the IC but are not as prominent in the IC compared to the SC (Groh, Trause 
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et al. 2001, Porter, Metzger et al. 2006, Bulkin and Groh 2012). Eye movements were 

typically not monitored during the behavioral task. 

Finally, response latency measures were consistent with the bulk of the 

recordings deriving from the IC’s central nucleus.  We assessed response latency from 

peri-stimulus time histograms for each site, and defined response onset as the time at 

which the activity level exceeded three standard deviations above the mean bin height 

during the baseline period for two consecutive 3 ms bins, similar to a method we have 

used previously (Maier and Groh 2010).  The end of the first bin was defined as the 

response onset time.  The mean latency of the auditory responses of the stimulation 

sites was 15.7 ms (standard deviation 11.1 ms), consistent with the 15.3 ms latency 

reported previously for the central nucleus and shorter than the 25.1 ms reported for 

the surrounding shell region (Ryan and Miller 1978). Note that the high standard 

deviation of latencies accounts for the presence of some units that have a lower 

response latency, so it is likely those lower latency units can be detected by scalp 

electrodes and comparable methods that cannot account for heterogeneity of latency 

within a given anatomical structure. 

Behavioral task and stimuli: During recording and stimulation phases of the 

experiment, animals performed a behavioral task requiring comparison of the 

frequencies of either tones (N=385/424 included experiments, defined further below 

under “Response Properties and Inclusion Criteria”) or bandpass noise of different 
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center frequencies (N=39/424; bandwidth +/- 0.26 octaves). Stimuli were delivered 

through a midrange speaker (Cambridge Soundworks) 1.1 m in front of the animal’s 

head. Each sound was individually calibrated (to 45-65 dB SPL, a-weighted) with a 

tolerance of +/-1 dB SPL. Behavioral responses were recorded via a custom-built touch 

sensor; correct trials were reinforced via fluid rewards delivered through a tube 

positioned in front of the animal’s mouth. For most experiments (n=386/424) all stimuli 

were 55 dB SPL. For other experiments (n=38/424) we randomly interleaved 45 dB SPL, 

55 dB SPL, and 65 dB SPL stimuli.  
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Figure 5: Frequency discrimination task. Animals initiated trials by grasping a touch 

sensor.  They then heard a series of 'reference' sounds (black dots) followed by 'probe' 

sounds (red dots) interleaved with reference sounds. They reported whether the probe 

was higher (panel A) or lower (panel B) in frequency than the reference sounds. Decisions 

were indicated by either releasing ("go now") or continuing to hold the touch sensor 

during the presentation of the probe sounds; in the latter case they had to release the 

lever at the conclusion of the probe sounds when a broad band noise was delivered (gray 
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bar, "go later"). Correct trials were reinforced with a liquid (typically juice) reward. 

During experiments that included electrical stimulation, the stimulation was applied on 

50% of the trials and was delivered during the probe stimuli. 

 

 The design of the frequency discrimination task is shown in Figure 5. Two 

aspects of the task were essential for our purposes. First, the monkeys needed to 

discriminate the direction of frequency differences, rather than simply detect a change 

in frequency. We assume that pairing stimulation in the IC with the presentation of a 

sound changes the perceptual attributes of that sound in multiple ways (e.g., frequency, 

timbre, loudness, location). A directional frequency-discrimination task permits isolating 

the frequency effects; the other attributes likely add variability to performance (e.g. 

Figure 9B), but should not create a correlation between stimulation-induced changes in 

perception and the best frequency of the stimulation site.    

Another essential attribute is that the reference frequency had to be 

changeable.  By roving the reference frequency, we could ensure that the monkey was 

making a true comparison between the probe and reference frequencies, rather than 

memorizing a response matched to each probe frequency. This permitted us to assess 

how the effects of stimulation depended on the best frequency of various stimulation 

sites in relation to different points of reference in frequency space. 
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The task was a go now/go later design, ensuring that a response was required on 

every trial. Animals initiated each trial by grasping the touch sensor. After 5 repeats of a 

150 ms ‘reference’ frequency sound, up to 3 repeats of a ‘probe’ frequency were 

presented, interleaved with two additional repeats of the reference frequency (150 ms 

interstimulus interval). The repeating nature of the probe and reference frequencies 

was modeled after a frequency discrimination task used successfully in rats by Han, Bao 

and colleagues (Han, Kover et al. 2007). Our design diminished the need to rely on 

memory for task performance (Bigelow, Breein et al. 2014) and provided flexible control 

over the durations of the different phases of the task.  

Two monkeys (V, J) were trained to “go now”, i.e., release the touch sensor, if 

the probe sounds were higher frequency than the reference frequencies, and to hold 

the touch sensor until after the discrimination epoch was complete if the reverse was 

true (“go later”). One monkey (M) was trained with the opposite contingencies. Training 

animals in different sets of contingencies served to ensure that observed effects of 

stimulation were not response-motion specific. If the animal correctly completed the 

discrimination phase of a “go later” trial, it received a white noise cue (uncorrelated 

noise, 45-65 dB SPL) that indicated it could release the touch sensor to harvest the 

reward it had earned by performing correctly during the discrimination phase. Thus, all 

trials culminated in the release of the touch sensor, preventing monkeys from adopting 

a strategy of grasping the sensor throughout the experimental session and thereby 

collecting rewards on 50% of the trials.  
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This task was used for both characterizing response properties of the multi-unit 

activity at each stimulation site and conducting the stimulation experiment. For a subset 

of sites we also collected data in response to other sounds while the monkeys were 

passive/resting (there was no task), to verify that the general physiological 

characteristics of the sites (such as tonotopy, Figure 7D-E) were broadly consistent with 

previously published results in the primate IC.   

Training on the task was accomplished using operant conditioning and took 6 

months or more to achieve reliable performance for near-threshold discriminations at 

multiple reference frequencies.  

During the stimulation phase of the experiment, stimulation was applied on 50% 

of the trials (interleaved pseudorandomly). Stimulation was delivered at the same time 

as the probe sound pips (150 msec train duration). Thus, the stimulation trials included 

both acoustic stimulation and electrical stimulation. The animals were rewarded for 

responding on the basis of the actual sounds rather than stimulation; any effects of 

stimulation on perception tended to reduce the number of rewards the animals 

received.   

Recording: Neural signals were amplified, filtered, thresholded, and sorted using 

a standard system (Plexon), and the spike times were relayed to a NIDAQ card (National 

Instruments) on a desktop computer. The desktop computer ran software (Beethoven, 
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Ryklin Software) to control the stimuli, monitor the progress of the trials, and save the 

data to a hard disk. 

Response Properties and Inclusion Criteria:  We determined the best frequency 

of each site by fitting a Gaussian function (MATLAB software, the Mathworks)  to the 

spike counts observed in a 140 ms window (10-150 ms after sound onset) following 

either reference or probe sounds (tones or band-pass noise of different center 

frequencies) delivered during the performance of the frequency discrimination task. 

Best frequency was defined as the tested frequency nearest the peak of that Gaussian 

function.  Example plots of neural responses versus sound frequency can be found in 

figures 8A, 8C, 9A, and 9C. Sites were excluded from further analysis if the Gaussian fit 

was (a) not significant (p>0.05), (b) accounted for less than 20% of the variance in firing 

rate (r2<0.20), or (c) if the tuning was so broad that best frequency was not an 

appropriate metric of the response pattern (largest 25% of Gaussian sigma values).  

These frequency tuning curve inclusion criteria resulted in the inclusion of data from 

172 (N=16 in animal M, N=148 in animal V, N=8 in animal J) out of 333 

recording/stimulation sites in the data set.  

The testing involving a given recording/stimulation site is referred to as a 

“session”.  For some sessions, the effects of stimulation in comparison to multiple 

reference frequencies were tested. We refer to the data collected in regard to each of 

these reference frequencies as an ‘experiment’. A total of N=424 stimulation 
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experiments form the data set (N=32 in animal M, N=384 in animal V, N=8 in animal J). 

For some sessions, only one reference was used (N=60 sessions). When there was more 

than one reference frequency per session (N=51 sessions and 364 references), they 

could be either in separate blocks (N=111experiments) or randomly interleaved (N=253 

experiments).  For some reference frequencies, only 2 probe frequencies were used 

(N=74 experiments), typically in sessions with multiple interleaved reference 

frequencies. 

We strove to test a variety of relationships between recording site characteristics 

and task parameters. Sometimes, the reference frequency was chosen to be above the 

best frequency of the multiunit activity (N=289 experiments) and in other instances it 

was below the best frequency (N=131 experiments). Very rarely (N=4 experiments) the 

reference frequency was selected to be equal to the best frequency.  Reference 

frequencies ranged from a minimum of 400 Hz to a maximum of 4000 Hz. Some 

reference frequencies (e.g., 827 Hz) were employed more often than others to facilitate 

comparisons involving the same reference conditions (see Figure 8).  

Typically, the probe frequencies were selected to be near the reference 

frequency (Figures 8, 9). In some experiments, probe frequencies were chosen by the 

experimenter, with a total range across all experiments of 3.23 octaves below the 

reference to 2.75 octaves above the reference. In other experiments they were 

positioned symmetrically above and below the reference frequency with an increased 
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representation close to the reference and a total range of one octave. Across all 

experiments, the maximum probe frequency was 5680 Hz and the minimum probe 

frequency was 263 Hz. 

Stimulation Parameters: Stimulation consisted trains of biphasic, charge-

balanced, cathodic-leading pulses delivered through the same electrodes that were 

used for recording. A Grass S88 dual output square pulse stimulator was used to control 

the stimulation pulses in a constant-current mode. The leading cathodic phase of the 

pulse pairs was 0.2 msec and up to 80 µA (or up to 16 nC per phase). We explored 

stimulation parameters over the course of the study.  During early experiments we 

tended to choose lower currents (20 µA or less) and during later experiments we tended 

to choose stronger currents (60-80 µA). The effects as a function of current intensity are 

shown in Figure 9.  

The trailing anodic phase always matched the cathodic phase in charge.  It was 

equal in duration and amplitude to the cathodic phase in most experiments (N=390).  In 

other experiments (N=34), it lasted ten times longer but had one tenth the amplitude of 

the cathodic phase (i.e., 2 ms duration, up to 80 µA); this isolated the effect of the 

cathodic phase while still keeping the phases charge-balanced (McIntyre and Grill 2002).    

For most experiments, the pulses were delivered at 200 Hz (N=418). However, 

for a few experiments different frequencies (100-300 Hz) of electrical stimulation were 
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used (N=6). In all experiments, the onset and offset of the stimulation trains coincided 

with the onset and offset of the sounds (duration=150 ms).  

Analysis of Stimulation Effects: We quantified the magnitude of perceptual bias 

introduced by stimulation (‘stim’) as the change in the proportion of correct choices in 

trials where the correct answer was ‘high’ or ‘low’. This was then compared to control 

(‘nostim’) trials. A difference between performance in stimulation and control trials 

indicates that the simulation has caused the animal to report different perception. The 

equation for this analysis was: 

Stimulation effect index=  

(%Correcthigh,stim - %Correctlow,stim) – (%Correcthigh,nostim - %Correctlow,nostim)

 (Equation 3.1) 

A positive value of this stimulation effect index (SEI) reflects a greater proportion 

of “high” choices on stimulated than on non-stimulated trials; a negative value indicates 

the opposite. These changes are analogous to the additions of “signal” described 

previously in the visual system (Salzman et al., 1992). Each experiment was classified as 

significant or not significant based on a Fisher’s exact test. The four fields in the exact 

test were high choice stim, low choice stim, high choice no stim, and low choice no stim. 

We used a threshold of p<0.05 for these single-site tests.  When using the stimulation 

effect index for population analyses, we used a more conservative significance threshold 
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(p<0.01) because we performed various exploratory population analyses prior to the 

main results reported here.  

To quantify nonspecific interferences in performance, analogous to additions of 

“noise” described previously (Salzman, Murasugi et al. 1992), we fit sigmoidal 

psychometric functions to the behavioral data separately for stimulated and non-

stimulated trials.  From those functions, we computed the discrimination threshold, or 

frequency difference associated with a shift from 25% to 75% high choices.  We then 

computed the difference between thresholds on stimulated and non-stimulated trials, 

as a percent of the reference frequency for that session.  

Threshold shift index= (Thresholdstim) – (Threshold,nostim) (Equation 3.2) 

Reference Frequency 

 A positive value of this threshold shift index indicates that the monkey 

performed worse on the stimulated trials overall than on the non-stimulated trials.  This 

index could only be computed for sites tested with N>2 probe frequencies, so only sites 

tested with more than two probe frequencies were included in this analysis. 

We also characterized sites using logistic regression analysis (Salzman, Murasugi 

et al. 1992). However, some of the most powerful stimulation effects we observed were 

not well modeled by logistic functions. Thus, aside from using them for illustrative 

purposes in figures 6, 8, and 9, we did not use results of the logistic fits in this 

manuscript. 
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3.3: RESULTS – Significant relationship between physiology and psychophysical effect 

Behavior: We first verified that the monkeys were making judgments about 

probe frequencies in relation to reference frequencies. Figures 6A-C show examples of 

performance of each animal on the task during training (panel C) or testing (Panel A-B). 

The positive slope of each curve indicates that perceptual reports were correlated with 

probe frequency, demonstrating that the animals were performing the task as intended. 

The shifts in the curves for each reference frequency indicate that the monkeys were 

successfully making a comparison to the reference frequency rather than memorizing a 

particular stimulus-response association.  The two monkeys trained to ignore probe 

sound level were largely successful in doing so (panel D).   

IC location and frequency tuning: Stimulation at sites with a range of best 

frequencies is thought to be critical for the success of IC implants, particularly given the 

broad range of spectral content in speech sounds.  We targeted primarily the tonotopic 

region of the IC because previous mapping studies (Ryan and Miller 1978, Bulkin and 

Groh 2011) showed that sites with high best frequencies are rarely found outside that 

area.  These studies demonstrated that low frequency-responsive sites are easier to find 

because they lie both within the tonotopic region and the surrounding regions.    

Figure 7A-C shows MR images indicating the location of the sampled region of 

the IC with respect to the recording chamber. Marking wires placed in the grid for the 

purpose of the scan facilitated reconstruction of recording/stimulation locations, which 
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are delineated with orange lines superimposed on the MR images.  Sample penetrations 

with tonotopic progressions of frequency tuning are shown in Figure 7D-G.  These 

multiunit responses varied as a function of tone frequency and depth in the IC, 

progressing from preferring lower- to higher- frequencies as the electrode advanced 

(top to bottom).   

 Stimulation: example sites.  Electrical stimulation of the IC influenced the 

monkeys’ performance on the frequency discrimination task, and could produce 

different effects at sites preferring different frequencies. Figure 8 shows two example 

effects, one at a low frequency-preferring site (A,B) and the other at a high frequency-

preferring site (C,D).  For both of these sites, stimulation shifted the psychometric 

function away from veridical judgments based on the sound alone toward the best 

frequency of the stimulation site. For the low frequency-preferring site (Figure 8B) the 

filled circles/thick line corresponding to stimulation trials lie below those of the 

corresponding non-stimulated data, reflecting fewer “higher” choices and more “lower” 

choices. For the high frequency-preferring site, the stimulated curve is shifted upwards 

(or leftwards) (Figure 8D), reflecting an excess of “higher” choices. 
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Figure 6: Example psychometric curves. Individual dots indicate the percent "higher" 

judgments for a given probe frequency; each color (panels A-C) or color family (panel D) 

represents a different reference frequency. Positive slopes of logistic regressions indicate 

a greater proportion of "higher" choices for higher frequencies for a given reference 

frequency; the shifts in the curves for the different reference frequencies indicate that 

the monkeys were judging probe frequency relative to the corresponding reference 
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frequency. Trials came from testing sessions where electrical stimulation was delivered 

in other trials, which are excluded from analysis in this figure (panels A-B, D), or from 

training trials where electrical stimulation was not delivered at all during the session 

(panel C). The sound level of the reference frequency was 55 dB SPL.  Probe sound levels 

could be 45, 55, or 65 dB SPL for monkeys V and J; these monkeys successfully ignored 

this jitter in probe sound level and made judgements based primarily on probe frequency 

(panel D). 

 

At other sites, stimulation affected performance in ways that were not 

correlated with the best frequency. Figure 6 illustrates two different examples. For the 

site illustrated in Figure 9A-B, stimulation impaired performance across the entire tested 

range of probe frequencies, while only modestly shifting it. This can be seen by the 

flattened slope of the psychometric function on stimulated trials compared to non-

stimulated trials (threshold shift of 3.2%). Figure 9C-D show a “wrong way” effect – a 

case in which stimulation shifted the psychometric function in a direction inconsistent 

with the response properties of the site. That is, the site preferred sounds lower in 

frequency than the reference frequency used for this experiment (Figure 9C) but 

stimulation increased the proportion of “higher” choices (Figure 9D).   

Stimulation:  Population results as a function of frequency tuning and stimulus 

parameters.  The effects of stimulation as a function of the response properties of the 
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stimulation site across the full population of sites are illustrated in Figures 10-11. There 

was a relationship between the best frequency and bias in the animal’s report of 

frequency in comparison to the reference frequency when stimulated at these sites 

(Figure 10A, r=0.16, p=0.0013, n=424 experiments, linear regression of SEI vs. the 

difference between best and reference frequencies, expressed as octaves). However, 

the relationship between the effects of stimulation on performance and the response 

properties of the site was coarse.  52% of the sites produced effects in the expected 

direction (points in the upper right and lower left quadrants of Figure 10A), whereas 

44% were “wrong way” effects (points in the upper left and lower right quadrants).  The 

remaining 4% lay on either the SEI=0 or the BF-RF=0 lines. Accordingly, we evaluated 

several other aspects of the data to determine if a better correlation would be seen 

when taking into account these other factors. 

First, we tested whether the relationship between SEI and BF-RF held true for 

different ranges of best frequencies (Figure 10B-D). These data were generally 

consistent with the pattern of results shown in the dataset as a whole, although the p-

values were higher due to fewer data points.   
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Figure 7. Location of recording sites within the inferior colliculus (A-C) and tonotopic 

organization at example electrode penetrations (D-G). Panels A-C depict MRI scans in 

the coronal plane.  The recording cylinders were filled with saline for the scan, and can 
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be seen above the brain in white.  The dark bands within in the recording cylinders are 

the plastic grids used to hold the shaft of the electrodes as they advanced toward the IC. 

Penetration locations could be reconstructed based on the positions of marking wires 

placed in the grid for the MRI scans.   The red lines indicate the medial and lateral extent 

of our stimulation sites based on these reconstructions, and the location of the IC is 

indicated in panel B by the dashed circles on the opposite side of the brain for clarity. The 

rostral/caudal extent of the stimulation sites are indicated by the bar above the relevant 

sections.  The dorsal/ventral dimension in monkeys V and J is explored further in panels 

D-G. Each plot indicates the multiunit response properties of an IC site as the animal 

passively listened to tones.   The plots in a given column indicate the responses as the 

electrode was advanced at semi-regular intervals, from dorsal to ventral locations. Sites 

responded to higher and higher frequency sounds with increasing depth, demonstrating 

tonotopy consistent with the central nucleus of the IC, and less consistent with other 

nearby regions. Tonotopy in Monkey M was characterized in a previous study from our 

group (Bulkin and Groh, 2011). 
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Figure 8: Example effects of stimulation on frequency discrimination. The site 

illustrated in panels A and B was sharply tuned to the frequency as assessed with tones, 

exhibiting a best frequency of 600 Hz (peak of Gaussian fit, panel A). When stimulation 

was applied during performance of a task with a 3000 Hz reference frequency (panel B), 

the monkey increased its proportion of "lower" choices and reduced its proportion of 

"higher" choices. Panels C and D are for a different site, tested with bandpass noise, 

having a best frequency of 3014 Hz, which was higher than the reference frequency of 

827 Hz.  Stimulation at this site shifted the psychometric function in favor of higher 

choices. The effects of stimulation were statistically significant for both sites (Fisher's 

exact test. Panel B, n=235 trials, p=6.1*10-9. Panel D, n=1318 trials, p=1.2*10-14). 
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Figure 9: Electrical stimulation could also impair performance on the frequency 

discrimination task (A, B) or shift behavior away from the best frequency of the 

neurons at the stimulation site (C, D). The site illustrated in A had a best frequency of 

454 Hz, which was lower than the reference frequency of 827 Hz, but stimulation at this 

site produced only a small shift in the direction of the best frequency (B, Fisher's exact 

test, n=1169, p=0.022). Rather, the psychometric function was slightly but consistently 

flattened on stimulation trials compared to non-stimulated trials. Panels c-d 

demonstrates an example 'paradoxical' effect, where the stimulation exerted a shift in 

the psychometric function in the direction opposite to what would be expected based on 

the frequency tuning properties of the site. The site had a best frequency of 509 Hz, 
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lower than the reference frequency of 827 Hz, but stimulation increased the proportion 

of high frequency judgments relative to the control trials (Fisher's exact test, n=197, 

p=0.0039). 

 

Figure 10: The effect of electrical stimulation on frequency discrimination correlated 

with the difference between best frequency of the recording site and the reference 

frequency.  Filled circles represent individual experiments; some individual experiments 

fall outside the plotted range on this Y axis scale and are plotted as gray circles at the 

relevant edges of the panels, (stacked so they can all be seen).  Significance at the 
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population level was assessed via linear regression of stimulation effect index vs. 

log2(best frequency) minus log2(reference frequency) across the experiments. A positive 

slope for the population data (r=0.16; p=0.0013; n=424  indicated that the animals 

reported higher frequency percepts when stimulated at sites where the best frequency 

was higher than the reference frequency, and the animals reported lower frequency 

percepts when stimulated at sites where the best frequency was lower than the 

reference frequency. Panels B-D show the data subdivided by reference frequency, and 

reveal that the pattern was qualitatively similar for different ranges of reference 

frequencies. 

 

We next tested whether BF alone provided a better account of the stimulation 

effects than BF-RF. Although there was a statistically significant relationship between SEI 

and BF (Figure 11A) (r=0.11, p=0.009), there was a trend toward this relationship being 

weaker than that observed when the difference between best frequency and reference 

frequency were taken into account (r=0.11 for BF alone vs. r=0.16 for BF-RF).  Finally, 

the effects of stimulation was uncorrelated with RF alone (Figure 11B, linear regression, 

r=0.05, p=0.27). Taken together, we did not identify any obvious additional factor in 

stimulus conditions that better accounted for the variability in the effects of stimulation, 

beyond the difference between best frequency and reference frequency. 
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Figure 11: Further investigation of session variables. The effect of electrical stimulation 

on frequency discrimination correlated with best frequency of the recording site (panel 

A, r=0.11, p=0.009) but not with reference frequency (panel B, r=0.05, p=0.27).  Again, 

points that would like outside the axes are shown in gray circles, and are both stacked 

and slightly jittered horizontally for clarity. 

 

Stimulation: Population results as a function of stimulation strength: We next 

considered the effects of stimulation current strength. It has been theorized that 
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optimal stimulation current must be strong enough to activate a sizeable population of 

neurons, but not so strong as to activate a population of neurons with heterogenous 

tuning properties (Murasugi, Salzman et al. 1993, Groh, Born et al. 1997). Perceptually, 

increasing current amplitude might make the stimulation sound “louder” and / or 

broaden the frequency content associated with the stimulation-evoked percept. 

Our results are broadly consistent with the efficacy of stimulation increasing with 

current strength. More intense electrical stimulation increased the proportion of sites 

for which SEI differed from zero (Figure 12A, Fisher’s exact test, p<0.05). However, we 

tended to test higher currents in later sessions in which the monkeys were better 

practiced at the task. As a result, the mean number of trials per experiment tended to 

be higher for the higher currents, making the Fisher’s test more likely to reach statistical 

significance. To control for this factor, we also quantified the absolute value of the SEI as 

a function of current (Figure 12B). SEIs varied significantly with current strength 

(ANOVA, n=424, F=4.11, p=0.00022); those tested with 40 µA and above tended to 

produce slightly larger effects than those tested with 20 µA and below. There was no 

clear pattern for discrimination threshold effects over this range of currents (Figure 

12C).  The largest impairment in frequency discrimination occurred at 40 µA; at 80 µA 

there was no significant impairment in frequency discrimination.   



68 
 

 

Figure 12. Relationship between electrical stimulation current and its effects on 

frequency discrimination.  A. More intense electrical stimulation increased the 

proportion of sites where its effect was statistically significant (Fisher's exact test, 
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p<0.05). B. Stimulation tended to produce the largest systematic perceptual shifts at 

higher stimulation currents (40 µA and above).  This panel plots the absolute value of the 

stimulation effect index (SEI, equation 3.1) vs. stimulation current.  SEI indicates the 

percent "high" choices "added" by stimulation, so its absolute value captures both shifts 

in favor of more high choices and shifts in favor of more low choices. C. Stimulation-

induced changes in frequency discrimination threshold (equation 3.2) as a function of 

stimulation current. 

 

3.4: DISCUSSION – Spread in data consistent with existing studies, indicates multi-site 

stimulation approach may improve outcomes 

Previous studies have suggested that stimulation of the IC may be effective for 

restoration of hearing in patients unable to use cochlear implants (Lenarz, Lim et al. 

2006, Colletti, Shannon et al. 2007, Lim, Lenarz et al. 2008, Lim, Lenarz et al. 2008, Lim, 

Lenarz et al. 2009, Lim and Lenarz 2015). However, open-set speech reception with IC 

implants is inferior to levels observed with cochlear implants (Lim, Lenarz et al. 2008, 

Lim and Lenarz 2015). While this is not surprising for early-stage development of a novel 

prosthetic (Wilson and Dorman 2008), it indicates the need for testing in a 

behaving/perceiving animal model to accelerate the development process (Gerken 

1970, Gerken, Saunders et al. 1985, Gerken, Solecki et al. 1991, Rousche, Otto et al. 

2003, Otto, Rousche et al. 2005, Otto, Rousche et al. 2005, Znamenskiy and Zador 2013, 
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Guo, Hight et al. 2015, Tsunada, Liu et al. 2016). Our study shows that IC stimulation can 

bias auditory perceptual judgments in monkeys, and opens up this animal model as a 

test bed for improving implant design for humans. Furthermore, the use of monkeys 

with normal hearing permits comparison of the perceptual effects of stimulation to the 

normal response properties of the stimulation sites.  

A previous physiological mapping study (Bulkin and Groh 2011) provided insight 

into a critical problem observed in early IC implant recipients: limited pitch-ranking of 

electrode sites. This problem was attributed to failure to place the electrode array along 

the tonotopic axis of the IC (Lim, Lenarz et al. 2008). The tonotopic region may be a 

small target: only about 17% of penetration locations passing through the monkey IC 

encountered a tonotopic gradient (Bulkin and Groh 2011). The remainder of the 

frequency-sensitive region of the monkey IC was tuned for a consistent range of low 

frequencies and did not show much heterogeneity or organization (Figure 13A, green 

squares indicate tonotopic penetrations, red squares indicated low-frequency tuned 

penetrations; reprinted from Figure 5 of Bulkin and Groh, 2011).  
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Figure 13.  The primate IC shows limited topography and broad tuning at individual 

sites.  This figure is reprinted from figures 5 and 6 from Bulkin and Groh (2011).  In that 
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study, we mapped the IC in an awake but non-performing monkey, characterizing the 

frequency tuning properties of multiunit activity at sites spaces 500 microns apart along 

electrode trajectories passing through the IC and spaced 1 mm apart in a plane slightly 

tilted from the anterior/posterior & medial/lateral axes (see Bulkin and Groh, 2011 for 

full details). A. Only about a quarter of the penetrations passing through tone-responsive 

regions were classified as tonotopic (green squares compared to red ones), or 17% of the 

auditory responsive region as a whole. Non-tonotopic tone-responsive sites (red squares) 

responded best to low frequencies. Sites that were responsive but not selective for 

frequency were also observed (blue squares). Our present stimulation experiments were 

conducted at frequency selective sites (either low frequency tuned or tonotopic 

locations). B.  Proportion of sites responding as a function of tone frequency at 50 dB. 

Since all sites were tested at an overlapping set of frequencies and intensities, estimates 

of the proportion of the IC responding to a given tone frequency at a fixed, moderate 

intensity could be obtained. Dots on the right side of this plot show the corresponding 

information for broadband or white noise stimuli (marked WN). 

 

The most comparable evidence for human tonotopy is strikingly consistent with 

that of the monkey: an fMRI study which quantified tonotopy using the same statistical 

method as Bulkin and Groh identified about 18% of the IC as tonotopic (Ress and 

Chandrasekaran 2013); other studies reported evidence of tonotopy although they did 

not quantify its scope (Geniec and Morest 1971, De Martino, Moerel et al. 2013).  If the 
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human IC is only sparsely tonotopic, and variable across subjects (Ress and 

Chandrasekaran 2013), it will be challenging to place a single array of electrodes with 

any consistency in a tonotopic region. Indeed, plans for the upcoming second clinical 

trial include the implantation of multiple arrays of electrodes (Lim and Lenarz 2015), and 

this may increase the likelihood that the electrodes span sites with a range of different 

best frequencies.    

A second issue that emerged from the physiological mapping study was that 

tuning of IC neurons to sound frequency was quite broad. For sounds of moderate 

intensity (50 dB), a tone of 500 Hz elicited responses in 40 - 80% of the sites tested. 

Between 400 - 3000 Hz, at least ~30% of the IC was responsive (Figure 10B).  For 

broadband sounds, this proportion was higher:  at least 60% of IC sites were responsive 

(dots on right side of plot in Figure 10B).   

Thus, a challenge for stimulation in the IC as compared to the cochlear implant is 

that stimulation at a single electrode site is likely to activate a very small proportion of 

the activity that would occur naturally in a hearing subject in response to speech or 

other environmental sounds. If the IC is a sphere 4 mm in diameter, it has a volume of 

about 33 mL. If stimulation at 40 µA activates a volume of between 0.4-1 mL (Gross and 

Rolston 2008, Kuncel, Cooper et al. 2008) that corresponds to 0.012-3 % of the IC, or 

0.04-10 % of the minimum population that would be activated by a pure tone of 

moderate intensity – or somewhere between 1:2500 and 1:10. In contrast, a single pulse 
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of cochlear implant stimulation above perceptual threshold was estimated to generate 

1200 spikes in auditory nerve fibers (Wilson, Stohl et al. 2014). If every one of these 

spikes occurs in a different nerve fiber, that corresponds to 1200 fibers out of ~30,000 

total. Although the number of auditory nerve fibers activated by a given sound is not 

known, it was estimated that about 5000 fibers may be active for a click of moderate 

intensity (Kiang, Moxon et al. 1976). This suggests that cochlear implant signals more 

closely approach the size of active populations that occurs for actual sound in subjects 

with normal hearing, i.e. 1200/5000=24%, or 1:4. The implication is that more 

electrodes placed throughout the three-dimensional structure of the IC will be needed 

to produce electrically-evoked neural signals that are commensurate in scope with 

those that occur naturally. 

In light of these numbers, it is remarkable that we were able to observe 

stimulation effects at all, much less a predictable if coarse relationship between the 

frequency tuning properties of the neurons at the stimulation site and the evoked 

percept.  In auditory cortex, previous studies with electrical stimulation showed that 

rats can distinguish between stimulation at different electrode sites, that stimulation 

can substitute for auditory stimuli in task performance, and that performance is 

correlated with the frequency-tuning properties of electrode sites (Otto, Rousche et al. 

2005, Otto, Rousche et al. 2005).  However, a related study using optogenetic 

stimulation did not always yield a correlation between choice behavior and the 

frequency tuning properties of the stimulation site, depending on the particular neural 
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population being targeted (Znamenskiy and Zador 2013). A recent monkey study found 

a correlation between frequency tuning and the perceptual effects of microstimulation 

in one region of auditory cortex, the anterior lateral belt region, but not in the nearby 

middle lateral belt region (Tsunada, Liu et al. 2016).  These somewhat different results 

suggest that the relationship between neural selectivity patterns and perception may 

not be straightforward, and neurons with similar response patterns but different 

efferent connectivity patterns may play different roles.     

Why does the IC have such a large active population in response to any given 

tone, and what does this imply about the functional organization of this structure? It 

may be that the population is subdivided into groups that, while sensitive to the same 

incoming stimulus, each contribute to different aspects of auditory perception. For 

example, a subset of 1000-Hz responsive neurons might contribute to the perception 

not of a tone of that frequency but to the pitch of a harmonic complex for which 1000 

Hz is a harmonic (e.g., 1000 Hz is the 5th harmonic of 200 Hz). A region sensitive to the 

pitch of harmonic complexes has been identified in the auditory cortex of primates 

(Bendor and Wang 2005, Bendor and Wang 2006). Thus, stimulating that subset of the 

IC’s 1000-Hz responsive neurons might ultimately activate the 200-Hz sensitive pitch 

complex neurons in auditory cortex, evoking a pitch percept of 200 Hz rather than 1000 

Hz. Other subsets of neurons may specialize in encoding non-frequency related 

attributes of a 1000 Hz tone, such as location or loudness, much as a neuron in visual 

cortex responds only to stimuli in its receptive field but may also show selectivity for 
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attributes like color, contrast, or shape. As we only assessed performance in frequency 

discrimination, any stimulation-evoked contributions to non-frequency-related 

attributes would appear as variability in our results. Again, use of prosthetics containing 

a greater number of electrodes spread out over a broader volume of the IC should 

increase the probability that a sufficient number that contribute perceptual attributes 

important for speech reception can be identified.   

Another factor that may have disrupted the relationship between best frequency 

and stimulation effects concerns the relatively low frequency of stimulation in the 

present study, typically 200 Hz. IC neurons may have phase-locked to the stimulation 

pulses, producing competition between temporal and place codes. In human IC implant 

recipients, the relationship between stimulation and perceptual frequency saturated at 

250 Hz (Lim, Lenarz et al. 2008), i.e., above the frequency we used. Thus, our stimulation 

may have introduced temporal cues to pitch that would not likely correlate with a site’s 

best frequency, and might appear as variability in our results.  

In addition, electrical stimulation can affect fibers of passage (Grill, Simmons et 

al. 2005). The IC contains an extensive pattern of connectivity within and between 

laminae (e.g. (Malmierca, Rees et al. 1995)). Our recordings were likely dominated by 

signals emanating from the cell bodies and overlooked the frequency tuning properties 

of these fibers, a potentially considerable source of variability.  Human IC implants likely 

also activate fibers of passage, contributing to challenges in pitch-ranking electrode 
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sites. Optogenetic approaches might one day allow greater specificity and resolve the 

issues related to fibers of passage, but this technology is currently unavailable for this 

type of therapeutic use in humans, and many safety issues have yet to be resolved 

(Gilbert, Harris et al. 2014).  

Our work demonstrates the viability of a behaving primate model for 

comparison of electrically-evoked percepts to real sounds. Furthermore, the chronic-

acute preparation enabled testing of a large number of sites. These two factors make 

the model attractive for testing future innovations prior to use in humans. While the 

present study used stimuli with limited spectrotemporal properties, future work could 

expand to stimuli along any dimension the animals can perceive.   

The behavioral paradigm used here is appropriate for testing in any auditory 

brain region.  Of particular relevance is the ventral cochlear nucleus, another brain area 

that is already in widespread use as a human prosthetic site (the auditory brainstem 

implant) but which has been considered only a partial success (Schwartz, Otto et al. 

2008, Colletti, Shannon et al. 2012, Vincent 2012).  To our knowledge, the tonotopic 

organization of sound responses in the ventral cochlear nucleus has yet to be 

quantitatively mapped with physiological or imaging techniques in either humans or 

monkeys, thus making the problem of ensuring that electrodes are placed across a 

suitable range of best frequencies even more challenging.  The behaving monkey model 

developed here may lead to improvements in such implants. 
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CHAPTER 4: NEURAL MECHANISMS FOR AUDITORY SCENE 

ANALYSIS IN THE INFERIOR COLLICULUS: A FREQUENCY 

TAGGING APPROACH 

4.1: INTRODUCTION – The challenge of parsing environments with multiple sounds 

In the real world, the brain must process many stimuli simultaneously. 

Behavioral findings suggest that animals and humans are able to parse apart multi-

stimulus environments, ultimately allowing for the selection of attentionally-relevant or 

task-relevant stimuli (Cherry 1953, Woldorff, Gallen et al. 1993, Takahashi, Keller et al. 

2008). Information from an unattended sound stream seems to be discarded from the 

subject’s perceptual report and reduced in its neural representation in the cortex 

(Woldorff, Gallen et al. 1993). But intriguingly, a relevant stimulus, such as the subject’s 

name, can draw attention to the unattended stream (Moray 1959). This finding suggests 

that the brain is continuing to maintain separate, intact representations of both 

stimulus streams at a subconscious, and perhaps subcortical, level. 

An interesting observation is the precedence effect. In the precedence effect, 

multiple stimuli are presented at a temporal offset, and human listeners tend to 

perceive the earlier sound but not the subsequent sound (Wallach, Newman et al. 1949, 

Gaskell 1983, Goupell, Yu et al. 2012). The precedence effect is of particular theoretical 
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importance for short duration sounds such as clicks, because for such sounds it may be 

ecologically advantageous to disregard the second sound, which could represent an 

echo. 

Prior studies have examined the ability of human listeners to enumerate sound 

streams for longer duration stimuli. If two sound streams are identical in both frequency 

and envelope, human listeners tend to incorrectly enumerate the stimuli, perceiving 

them as a single sound occurring at a location in between the two actual sounds (Perrott  

and Williams 1970). However, a difference in either the temporal envelope of the 

stimuli or the carrier frequency can permit observers to correctly enumerate two sound 

stimuli (Perrott 1984, Stellmack 1994). 

There is a methodological difficulty in examining the aforementioned hypothesis 

that the brain contains separate, intact representations of both stimulus streams at a 

subcortical level. A researcher attempting to determining which stimulus evoked a 

particular pattern of neural activity in a scene containing multiple stimuli faces a 

problem of reverse inference: he has no way of knowing which stimulus evoked a 

particular aspect of a neural signal, without assuming that some aspect of the neural 

code in the single-stimulus case transfers to the multiple-stimulus case. This problem is 

often compounded by the fact that sensory processing regions (even early ones) often 

contain multisensory responses or non-circumscribed response fields (Meredith and 

Stein 1983, Groh, Trause et al. 2001, Ghazanfar and Schroeder 2006, Maier and Groh 
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2009), and the primate auditory system and IC in particular has broad tunings for 

location with many neurons either entirely spatially indiscriminate or sensitive to very 

wide regions of space, including monotonic responses (Recanzone, Guard et al. 2000, 

Groh, Kelly et al. 2003, Zwiers, Versnel et al. 2004). Furthermore, while some IC neurons 

contain sharp frequency tuning functions, other neurons contain very broad 

representations of frequency space (Bulkin and Groh 2011). This breadth of spatial and 

frequency tuning means that when two sounds are presented, they may activate 

overlapping populations of neurons. Thus, one or both of the sounds might contribute 

to the activity level of a given neuron, but that activity level does not provide direct 

information about which stimulus evoked it. 

Here, we demonstrate a frequency-tagging approach that can circumvent this 

problem in domains where spike timing codes can be used as an alternative way to 

relate neural activity to stimuli. In our experiment, we tag auditory stimuli with different 

amplitude modulation (AM) frequencies, and take advantage of the natural tendency of 

inferior colliculus (IC) neurons to phase-lock their spike timings to the sound that evoked 

them (Langner, Schreiner et al. 1987, Langner and Schreiner 1988, Schreiner and 

Langner 1988, Langner 1992, Schreiner and Langner 1997, Burger and Pollak 1998, 

Krishna and Semple 2000, Peruzzi, Sivaramakrishnan et al. 2000). This allows me to 

determine which sound triggered spikes by examining which sound those spikes 

phaselock to. 
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In our paradigm, we consider both the case where the carriers have overlapping 

frequency content (‘same-frequency condition’, experiment 4.A) and the case where the 

sounds have nonoverlapping frequency content (experiment 4.B). Thus, experiment 4.B 

provides the brain with the possibility of segregating the scene based on frequency 

cues, while experiment 1 does not.   

Our results suggest that when the carriers are spectrally distinct (experiment 

4.B), the IC parses multiple sound scenes according to the same tonotopic axis it uses to 

represent single sounds. Thus, despite the broad tuning of many units in the single-

sound condition, the dual-sound condition caused a ‘crowding out’ of the nonpreferred 

stimulus, which lost a relatively greater percentage of its spikes than the preferred 

stimulus (or, informally, ‘the poor frequency gets poorer and the rich frequency gets 

richer’, when scenes with multiple stimuli that have nonoverlapping frequency content 

are presented). 

However, when we introduce an overlap in the frequency content of the carriers 

(experiment 4.A), the IC adopts a new parsing scheme based on sound location, where 

each part of the IC preferentially entrains to a particular (contralateral) stimulus location 

– even if it had stronger entrainment or firing rate to the stimulus at the other location 

previously. 

Both of these results suggest that incoming signals are gated differently in the 

single sound case than the dual sound case, and one available interpretation of this 
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differential gating is shrinkage of receptive fields in the dual-sound case (see discussion). 

We speculate that the function of this receptive field shrinkage may be to better 

maintain the representation of multiple sound objects in a cluttered environment. 

Broadly, our results also suggest that at least in certain domains, a stimulus-tagging 

approach may be useful for resolving the problem of reverse inference that intrinsically 

afflicts attempts to study the neural representations of scenes containing multiple 

stimuli. 

4.2: MATERIALS AND METHODS – Multiple free-field stimuli delivered to passive 

macaques while measuring inferior colliculus neurons’ entrainment to each source 

General procedures. All animal procedures were approved by the Duke 

Institutional Animal Care and Use Committee. All animal methods and surgical 

procedures were conducted in accordance with the principles of the Guide for Care and 

Use of Laboratory Animals of the National Institutes of Health (8th edition, revised 

2011) and involved standard operative and post-operative care including the use of 

anesthetics and analgesics for all surgical procedures. 

Subjects were two female rhesus monkeys (Macacca mulatta, animal Y and 

animal V). Animal V was used in prior related experiments (Pages, Ross et al. In press). 

The animals’ heads were restrained in a standard primate chair and head post 

configuration (Crist Instruments) during data collection. Sounds were passed through 

filters and amplifiers (Rane corporation) and then delivered through free-field speakers 
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(Cambridge Soundworks) inside an echo-attenuating chamber (Industrial Acoustics). 

Each sound was individually calibrated to 45 dB SPL (A-weighted). Calibration was 

conducted using an automated routine with a tolerance of 0.2 dB, to minimize the 

possibility of a systematic confound between frequency and intensity. Animals were at 

rest during data collection: no behavioral task was required nor were the animals 

anesthetized. 

The inferior colliculus has been demonstrated to contain reward-related signals 

(Metzger, Greene et al. 2006), so the absence of a rewarded behavioral task permits the 

examination of auditory processing in isolation from other signals. Furthermore, the IC 

contains eye position signals (Groh, Trause et al. 2001, Maier and Groh 2010, Bulkin and 

Groh 2012). Like the experiments described in chapter 3 of this dissertation, we did not 

impose a fixed eye position during experiments. However, in one of our animals (animal 

Y) we measured eye position in some sessions (n=29) using a scleral search coil system 

(Judge, Richmond et al. 1980) (Riverbend). We computed the average horizontal eye 

position on each trail. We then tested for a relationship between eye position and 

number of spikes, Bonferroni corrected for n=29 comparisons. Broadly consistent with 

prior published results, we found that 3 of our sites exhibited a statistically significant 

correlation between eye position and number of spikes (p<0.05). By contrast, we failed 

to find any sites with a correlation between eye position and vector strength. While a 

null result never conclusively rules out a relationship, we were unable to find any 

influence of eye position on phaselocking in our single-sound data. 
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Targeting of the IC. For these studies, great care was taken to verify that the IC, 

rather than some other nearby brain structure, was targeted by the electrodes. In 

stereotaxic surgery, recording chambers were placed at coordinates from a brain atlas 

(Paxinos) to target the IC. After surgery, an MRI scan was performed to determine the 

alignment of the cylinder to the IC. A grid was placed in the recording chamber, which 

allowed us to fine-tune the targeting of the IC based on the MRI results. For both 

animals, tonotopy was detected in the penetrations as the recording electrode was 

advanced, characteristic of the central nucleus of the IC. For both animals we found 

robust auditory responses with <25 millisecond latency, typical of the ICC (Ryan and 

Miller 1978), rather than the longer onset latency typical of other subunits of the IC. In a 

related series of studies (Bulkin and Groh 2011, Pages, Ross et al. In press), we 

stimulated and recorded in the IC of three animals, and demonstrate frequency 

selectivity, fast response latency, and the presence of tonotopy in a central area of the 

IC. Electrical stimulation produced changes in auditory behavior but not low-latency eye 

saccades, which would be expected if we stimulated in the nearby SC. Furthermore, 

after the conclusion of animal V’s participation in those experiments we conducted a 

new MRI scan and we found clear evidence of electrode tracks approaching the tectum. 

Recording. On most days, several IC recording sites were assessed in a single day. 

For most experiments, this was done by lowering the electrode through a particular grid 

hole, conducting an experiment at the dorsal edge of the IC. We then advanced the 

electrode 500 microns, conducted a new experiment, advanced another 500 microns, 
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conducted another experiment, etc. until the ventral edge of the IC was reached. In all 

experiments, either a single unit or a multi-unit was recorded, depending on what was 

available at the site, following previously described methods (Bulkin and Groh 2011). 

This approach reduces the prevalence of single-unit data in the data set, but ensures a 

broad sampling along the dorsal-ventral, tonotopic axis of the IC. While sampling bias 

can never be completely eliminated from studies of this nature, the sampling strategy 

described above was designed to reduce the potential for confounds associated with 

sampling bias. For some experiments in animal Y, a unit was isolated for a behavioral 

task not discussed here. After the conclusion of that experiment, the animal was then 

exposed to the stimuli for this experiment, with the electrode in the same position.  

Exclusions. N=12 data points across three days were excluded from further 

analysis because the recordings did not exhibit vigorous auditory phaselocking 

responses to any tested single-sound auditory stimulus (defined as less than 5% 

phaselocking to all stimuli tested in the single-sound conditions). The remaining N=68 

data points comprised the data set. 

Stimuli. Auditory stimuli consisted of a carrier, which was broadband 

(uncorrelated) noise (experiments 4.A and 4.C), or narrowband noise (experiment 4.B), 

sampled at 44.1 kHz. The algorithm to generate these noises was run repeatedly, using a 

different seed for pseudorandomization of the stimuli at each speaker location to 

ensure we did not artificially introduce correlations between the stimuli (in other words 
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we took care to avoid using the same ‘frozen’ noise at each speaker). Due to the filtering 

properties of our hardware, most energy was in the range of 400 Hz to 8 kHz. AM 

consisted of a series of half-sinusoids applied to the amplitude of the carrier at either 36 

Hz or 68 Hz. These frequencies were chosen to be low frequency enough to cause a 

reasonable percentage of units to entrain, low enough to have relatively modest effects 

on the perceptual pitch of the stimulus, high enough to ensure that an appreciable 

number of cycles could occur across each stimulus presentation, and not integer 

multiples of one another to minimize aliasing. Stimuli were delivered from free-field 

speakers positioned approximately 1.1 meters in front of the animal’s head. The 

animal’s head position and head orientation were fixed, so the speakers were at a 

constant +24 degrees and -24 degrees with respect to the midline of the animal’s head 

(in other words, one was in front and to the left of the animal, while the other was in 

front and to the right of the animal). 

Each site was tested with the high amplitude modulation frequency (AMF) on 

the left and the low AMF on the right. Each site was also tested with vice versa stimuli 

(that is, low AMF left and high AMF right), thus each site contributed two data points to 

the population level data analyses. Importantly, this ensures that data is collected with 

each AMF in both the contralateral and ipsilateral hemifield, preventing AMF sensitivity 

of the sites from being a systematic confound at the population level. For each 

recording site, all stimuli were pseudorandomly interleaved based on a random number 

generator. 
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Narrowband noise (experiment 4.B) was constructed first by generating 

uncorrelated noise, then applying butterworth filters 0.35 octaves above and below a 

target center frequency (1100 Hz or 1632 Hz). Stimulus duration was 500 msec. 

For experiment 3, visual stimuli were used as well. These stimuli consisted of 

green LEDs in front of the animal, fixed directly to the front of the speakers. The onset 

and offset of these stimuli coincided with the onset and offset of the acoustic stimuli. 

The timing and delivery of stimuli, as well as the saving of data files to disk, was 

handled by the ‘Beethoven’ software package (Ryklin software) running on a personal 

computer. 

Data Analysis. It has long been known that neurons in the auditory pathway 

phaselock, or align their spikes, to periodic stimuli that elicit them (Goldberg and Brown 

1969, Crow, Rupert et al. 1978). This is sometimes referred to as ‘entrainment’ to the 

stimulus. Phaselocking was assessed through a vector strength metric previously 

described (Gumbel, Greenwood et al. 1953, van Hemmen 2013) that measures the 

alignment of spike events to the phase of the stimulus waveform at the time the spikes 

occurred. This metric has become accepted widely for use in the auditory pathway and 

beyond and is mathematically equivalent to the normalized Fourier component at a 

frequency of interest (Joris 2006, van Hemmen 2013). For experiment 4.A, we 

supplemented this analysis with autocorrelation of the stimulus to the firing rate, in 1 μs 

bins. All statistics and data analysis were performed in MATLAB (The Mathworks). All 
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spikes during stimulus presentation were included for analysis. We double-checked the 

circular statistics results against a published circular statistics toolbox (Berens 2009). 

4.3: RESULTS – Neurons selectively entrain to stimuli in a multi-sound environment, 

creating topographic map of auditory scene 

 

Figure 14: Example recording site in same-carrier condition, experiment 4.A. Panel A 

shows a PSTH of the response of an inferior colliculus multiunit to a broadband noise 
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presented through a free-field speaker in the contralateral hemifield with an AM at 68 

Hz. The neurons robustly and significantly phaselock to the stimulus (17%). Panel B 

shows the response of the same multiunit when presented with a broadband noise 

through a free-field speaker in the ipsilateral hemifield with an AM at 36 Hz. This 

example multi-unit phaselocks even better to the ipsilateral sound, with phaselocking of 

29%. It is common in our data that the neurons respond and phaselock both to 

contralateral and ipsilateral sounds: that is their spatial tuning was broad. Panel C shows 

the multi-sound case, where the same site is recorded while the animal is presented with 

the stimuli from panel A and panel B simultaneously. The phaselocking to the 

contralateral sound is relatively preserved (17% decreases to 15%), while the 

phaselocking to the ipsilateral sound is greatly reduced (29% decreases to 5.3%). This 

suggests that even though the site responds to both free-field stimuli in the single-sound 

case, in the dual-sound case the response to the ipsilateral sound is suppressed, 

consistent with shrinkage of its spatial receptive field. Panels D-F show the same multi-

unit, with the AM frequencies swapped in spatial location. The same trend toward 

receptive field shrinkage in favor of the contralateral stimulus is observed. 

 

EXPERIMENT 4.A. This experiment represents the condition where the two 

sounds had overlapping frequency content in their carriers. We found that in the single 

sound condition, most IC neurons phaselocked robustly to stimuli presented in any 



90 
 

region of space. In the dual sound condition, IC neurons tended to favor the 

contralateral stimulus, abolishing their previous representation of the ipsilateral sound 

in the single sound condition. 

Figure 14a-b shows an example extracellular recording in the IC, while the animal 

was exposed to amplitude modulated acoustic stimuli. The site significantly phaselocks 

to either contralateral or ipsilateral stimuli, for both frequencies used (Rayleigh test, 

p<10-50 for all conditions in this example site). In panels 14a-b, its phaselocking to the 

ipsilateral sound was 29%, while its phaselocking to the contralateral sound was 17%. 

Thus, its receptive field comprised both hemifields of auditory space. However, when 

presented with simultaneous ipsilateral and contralateral stimuli (panel 14c), the 

phaselocking to the ipsilateral sound is reduced (29% to 5.3%, or 18% of its original 

value) while the phaselocking to the contralateral sound is relatively intact (17% to 15%, 

or 88% of its original value). Panels 14d-14f demonstrate that the same unit exhibits 

similar reduction in ipsilateral representations if the amplitude modulation frequencies 

are switched. If other units exhibited this same property, it would allow a sorting of the 

dual-sound scene such that each sound is represented in a relatively discrete population 

of neurons.  

Indeed, we found that at the population level there was shrinkage of receptive 

fields toward the contralateral hemifield (figure 15). Specifically, we found that the 

phaselocking to the ipsilateral stimulus (Y axis) was greatly reduced, while the 
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phaselocking to the contralateral stimulus (X axis) remained much more intact. This 

effect was statistically significant (signed-rank test, contra as percentage of contra 

baseline vs. ipsi as percentage of ipsi baseline, p=9.13*10-14). 

 

Figure 15: Population data in same-carrier condition, experiment 4.A. The X axis 

indicates the preservation of contralateral phaselocking under the dual sound condition - 

the example site from figure 14 (indicated in red) maintained ~88% of its single-sound 

contralateral phaselocking. The Y axis is the preservation of ipsilateral phaselocking. The 

example site maintained ~18% of its single-sound ipsilateral phaselocking. At the 

population level, the median of the data is significantly beneath the unity line, 
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suggesting that the receptive field changes in favor of the contralateral stimulus in the 

dual-sound condition. 

Under these same-carrier conditions, IC units tend to prefer contralateral stimuli 

over ipsilateral stimuli in the firing rate domain even when there is a single sound. In our 

data, many sites show a strong preference for the contralateral sound, while other sites 

show weak or no spatial preference. This is consistent with prior literature on spatial 

representation in the primate IC, which demonstrates that only some units are sensitive 

to auditory stimulus location, and those that are sensitive typically have monotonic 

rather than circumscribed receptive fields (Groh, Kelly et al. 2003). We wondered if 

these units could be responsible for the present results. That is, we wondered if the 

subset of IC neurons that have strong spatial preferences, firing many more spikes for 

the contralateral stimulus than the ipsilateral stimulus, were the ones driving the 

observed effect. This would indicate competitive suppression in the sites that preferred 

the contralateral single sound that was responsible for the change in entrainment in the 

dual-sound condition. 

To evaluate this possibility, we sorted the data by the strength of its preference 

for the contralateral stimulus, color-coding it accordingly in figure 16a. This represents 

the number of spikes evoked by the stimulus, which could potentially include effects of 

AM frequency tuning, so we took care to counterbalance AM frequencies across 

conditions (see methods). If the IC neurons with strong preferences for one stimulus 
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over the other (E.G. because of spatial tuning) are the ones driving the effect, we should 

expect them to exhibit larger effect sizes than the less spatially tuned cells. Qualitatively, 

we found no systematic trend of the sites with the strongest spatial tuning (red/hot 

colored dots) driving our effect. To quantify this, we analyzed the same data in figure 

16b, plotting the magnitude of the receptive field shrinkage toward the contralateral 

hemifield (larger positive numbers meaning more receptive field change) as a function 

of the site’s preference for contralateral sounds in the single-sound condition. There is 

no statistically significant positive trend in this data set (correlation coefficient, 

r=0.0677, r 95% upper confidence bound=0.305, p=0.589), thus the data set contains no 

evidence that the single-sound firing rate properties of the cell are related to the 

magnitude of the receptive field change. 

To further analyze the hypothesis that firing rate is a key mediating variable, we 

performance an analysis of covariance (MATLAB ‘aoctool’ function) on phaselocking 

reduction (from single sound to dual sound). The data set for this analysis includes one 

point for every session*speaker position (that is, it splits up the 68 data points into 132 

data points by considering each speaker separately) with a continuous factor for degree 

of single sound firing rate preference for the speaker in question, and a Boolean factor 

for whether the speaker is contralateral or ipsilateral. For the factor of speaker position, 

f=40.2, p=3.63*10-9. For the factor of firing rate preference, f=0.324, p=0.570. For the 

interaction between the two factors, f=7.44, p=0.0073. Overall, this analysis casts 
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additional doubt on the hypothesis that preferences for contralateral sounds are a key 

mediating variable in the observed phaselocking effects.  
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Figure 16: Absence of evidence for a relationship between preference for contralateral 

sound and receptive field change under dual-sound condition in experiment 4.A. Panel 

A shows the data from figure 15, color-coded by firing rate preference for single sound. 

Darkest blue (0) indicates no preference, while darkest red (1) indicates double firing rate 

for contralateral sound over ipsilateral sound. If firing rate preference for the 

contralateral sound was the driver of the changing receptive fields in the dual sound 

condition, it would be expected that the red-colored dots are in the lower right of the 

graph, while the blue colored dots are concentrated around the unity line. Instead, there 

qualitatively appears to be no systematic relationship between position and color. To 

quantify this, we show the same data in panel B, but now the color scale from panel A is 

instead used as the X axis and the distance from unity line (contra phaselocking as % 

single sound minus ipsi phaselocking as % single sound) is used as the Y axis. The red line 

is best regression fit between these two variables. If single sound preference for the 

contralateral sound is the decisive factor, we should expect to observe a significant 

positive slope. The relationship is not significant (linear regression, p>0.05). 

 

Next, we examined the autocorrelation between the stimulus waveform and the 

neural activity. A single site example is depicted in figure 17. For this analysis, the neural 

data is divided into 1 μs bins and cross-correlated with the waveform of a selected 

stimulus at various latencies. The peak of this function represents the latency at which 
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the stimulus best corresponds to the firing rate of the site. For this example site, we find 

that the autocorrelation analysis reinforces the vector strength analysis by 

demonstrating increased peak autocorrelation to the contralateral sound in the dual 

sound condition. At the population level, we find that the bias toward cross-correlating 

to the contralateral sound (over the ipsilateral sound) is significantly greater in the dual-

sound condition than the single-sound condition (two-sample t-test, contra-ipsi single 

vs. contra-ipsi dual, p=7.02*10-12). Furthermore, there is significantly more variance in 

the data from experiment to experiment in the dual-sound condition (two-sample f-test, 

contra-ipsi single vs. contra-ipsi dual (or informally ‘distance from unity line’), 

p=1.58*10-8). 

EXPERIMENT 4.B. We wondered whether the cells would continue to favor the 

contralateral stimulus even when provided another cue to differentiate the stimuli, such 

as carrier frequency. Therefore, we repeated the conditions of experiment 1 using 

narrowband stimuli of different frequencies, rather than broadband stimuli of the same 

frequency. For each trial, one sound had a low narrowband frequency carrier (centered 

at 1100 Hz), while one had a higher narrowband frequency carrier (centered at 1632 

Hz). Otherwise, the data collection, analysis, and figure conventions are identical to 

figure 16. However, figure 19, depicting the data from experiment 4.2, show a strikingly 

different pattern of results. The cells’ receptive fields do not shrink toward the 

contralateral stimulus (figure 19A, signed-rank test p>0.05), but instead shrink toward 

the preferred frequency (figure 19B, linear regression r=0.788, p=3.66*10-5, r 95% lower 
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confidence bound=0.530). Thus, there is a double dissociation between the same-

frequency stimuli in experiment 4.A and the different-frequency stimuli in experiment 

4.B. 

EXPERIMENT 4.C. Previous work suggests influence of visual stimuli on the 

representation of space in the auditory pathway (Radeau and Bertelson 1974, Knudsen 

and Knudsen 1985, Recanzone 1998, Porter, Metzger et al. 2007, Bulkin and Groh 2012, 

Gruters and Groh 2012, Pages and Groh 2013). Thus, we sought to examine whether the 

addition of an ipsilateral visual stimuli could alter or reverse the shrinkage of receptive 

fields toward the contralateral stimuli. However, we found no effect of the addition of a 

visual stimulus to the ipsilateral hemifield (figure 20, paired-samples signed-rank test, 

p=0.134). 

4.4: DISCUSSION – Receptive field shifting and implications 

Parsing apart stimuli in an auditory scene is a complex problem for the auditory 

system. In the free-field case, this presents a challenge for the brain. Thus, it is of 

interest to understand the basis on which the brain is able to segregate these stimuli. 

Prior work in humans suggests that sounds of a particular frequency exert lateral 

inhibition, and that this lateral inhibition is mediated by descending fibers (Scharf, 

Magnan et al. 1994). This lateral inhibition in the frequency domain could help explain 

our results in the different-frequency experiment, where the cells’ responses shift 

toward the preferred frequency. 
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Figure 17: Single-site example of crosscorrelation analysis, experiment 4.A. Panels A-B, 

crosscorrelation of two individual sounds at different locations and different AMFs, 

contralateral (panel A) and ipsilateral (panel B). Panel C, crosscorrelation of the neural 

response to the combined stimuli from panels A+B against the waveform of the 

(contralateral) stimulus delivered in panel A. Panel D, crosscorrelation of the combined 

stimuli from panels A+B against the waveform of the (ipsilateral) stimulus delivered in 

panel B. Note the preserved crosscorrelation for the contralateral sound and the 

diminished crosscorrelation of spikes to ipsilateral sound, demonstrating that even under 

an entirely different analysis, there is evidence of shrinkage of the receptive field away 

from ipsilateral space. Panels E-H, as panels A-D but with contralateral and ipsilateral 

frequencies switched, demonstrating the same shift toward contralateral even when the 

contralateral stimulus is higher in modulation frequency rather than lower in modulation 

frequency. In all cases the largest peaks were statistically significant (statistical 

significance thresholds indicated with dark horizontal lines near the bottom of the 

figures). The presence of multiple peaks in each panel is reflective of the periodic 

structure of the stimulus. 
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Figure 18: Population results for crosscorrelation analysis of experiment 4.A. On 

average, single sound trials (red dots) demonstrated comparable peak crosscorrelation 

to both contralateral and ipsilateral stimuli. However, dual sound trials (blue dots) 

demonstrated a significant shift toward higher peak crosscorrelation with the 

contralateral stimuli, and significantly greater overall variance in terms of difference 

between contralateral and ipsilateral (distance from unity line, depicted in green). 
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Figure 19: Population results from experiment 4.B, different-frequency experiment. 

Panel A: data collection, analysis, and figure conventions identical to figure 16A, except 

now with different-carrier stimuli. Note the absence of a systematic bias toward the 

contralateral stimulus. Panel B: data collection, analysis, and figure conventions identical 

to figure 16B, except now with different-carrier stimuli. Unlike the same-carrier stimuli, 

we find a significant positive relationship between single-stimulus frequency preference 

and dual-stimulus entrainment. 

 

Our results suggest several important points about the IC. First, using broadband 

stimuli in experiment 4.A, we found that the receptive fields of IC neurons can shift 

toward a contralateral free-field stimulus in the dual-sound condition with same-carrier 

stimuli, but this shift is absent in the single-sound condition with same-carrier stimuli. 

This was demonstrated using both a vector strength metric and a related 

crosscorrelation analysis. Second, we could find no evidence that this shift was a result 

of the single-sound spatial preferences of the cells. 

In experiment 4.B, we used narrowband stimuli, crucially allowing me to explore 

the role of frequency representation. In this experiment, we found no receptive field 

shift toward the contralateral stimulus. Instead, we found that the shifts that occurred 

could be accounted for by the single-sound frequency preferences of the cells. The 

frequency that evoked the most spikes in the single sound condition was most likely to 
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have its temporal code preserved in the dual sound condition, while the stimuli that 

evoked fewer spikes had its temporal code degraded in the dual sound condition. 

Informally, under the different-carriers condition, the dual sound condition appears to 

cause the ‘rich’ stimulus get richer and the ‘poor’ stimulus get poorer. Thus, there is a 

clear double dissociation between the pattern of receptive field changes in the same-

carriers stimulus condition versus the pattern of receptive field changes in the different-

carriers stimulus condition. This double dissociation is of importance – it demonstrates 

that the neurons are parsing the dual-sound environment differently depending on 

which cues are available. One possible explanation of these results is a change in gating 

upstream of the inferior colliculus. 

Finally, in experiment 4.C, we find no evidence that an ipsilateral visual stimulus 

alters how neurons in the IC change their receptive fields in the dual-sound condition. 

This null result should be interpreted cautiously. It may be that the visual stimulus was 

of insufficient cognitive relevance to alter the parsing of a dual sound environment – a 

future study might examine the role of a stimulus paired to a reward using classical or 

operant conditioning. A second possibility is that visual influences on auditory scene 

analysis are more pronounced in the cortex but of marginal importance in the IC. A third 

possibility is that the visual influences on receptive field changes were present in the IC, 

but our methods were underpowered to detect it. However, our methods were if 

anything overpowered for detecting the auditory scene parsing in the auditory 

condition, so this third possibility is most consistent with an extremely small visual 
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influence, possibly one of negligible relevance at the level of the organism. A final 

possibility is that auditory scene analysis is primarily driven by mechanisms that are 

independent of vision. Further work will be required to distinguish between these four 

possibilities. 

Consideration of other variables. We do not claim that the present results are 

the only brain changes that correlate with a dual sound environment; indeed a wealth of 

literature exists on this subject e.g. (Hillyard, Woldorff et al. 1987, Woldorff, Gallen et al. 

1993, Narayan, Best et al. 2007, Schroeder and Lakatos 2009, Middlebrooks and Bremen 

2013). However, the present study offers a number of novel contributions. First, the 

frequency tagging approach (which measures entrainment to stimuli rather than 

quantity of neural activity) circumvents logical problems of reverse inference (Poldrack 

2006) associated with interpreting most neurometric data in multi-stimulus conditions: 

relating the data to the behavior in single-stimulus conditions requires assuming that 

the receptive field/representational format does not alter between the dual sound and 

single sound conditions. Indeed, the present results suggest the possibility that the 

representation may change, with receptive fields becoming more circumscribed in the 

dual sound condition, and this would be difficult to detect using a conventional spike 

counting approach. Second, our study demonstrates a large effect size in a relatively 

early brain region, the IC. Note in particular the high crosscorrelation values in many of 

the recording sites in figures 17-18: the absence of subtlety in these neural effects is 

suggestive that they may be highly relevant at the level of the organism, and these large 



106 
 

and reliable effect sizes make the approach an attractive one for future investigations. 

Third, these results were obtained in an unanesthetized primate. Anesthesia has been 

shown to influence responses in the auditory pathway (Dodd and Capranica 1992, 

Cheung, Nagarajan et al. 2001), so studying information flow in the unanaesthetized 

preparation is advantageous. 

There are a large number of variables that can comprise any given auditory 

stimulus, and the number of possible experimental manipulations increases dramatically 

when one considers scenes containing multiple auditory stimuli. Therefore, we did not 

attempt to exhaustively map all possible stimulus combinations, but controlled for or 

held constant variables that could present a potential confound on the conclusions and 

only manipulated variables critical to the scientific question. These variables will be 

discussed further in the following paragraph. 

Location of stimuli. In all experiments, location of stimuli was held constant 

across conditions at -24 and +24 degrees. This served the purpose of the present study 

by ensuring a feasible number of experimental conditions and ensuring that effects of 

location could readily be isolated. Note that, as figure 16 demonstrates, in experiment 1 

the contraction of a neuron’s receptive field toward contralateral space in the dual 

sound condition does not correlate with its spatial tuning in the single sound condition. 

However, as experiment 2 demonstrates, our methods are sensitive to an effect of 

single-sound tuning when such tuning is present. Thus, we favor the interpretation that 
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the dual sound condition exerts a receptive field change, rather than the interpretation 

that the single-sound preferences are simply ‘grandfathered’ into the dual sound 

condition by a passive mechanism. A question of scientific interest for future studies is 

how receptive fields change with different eccentricities; for example, would there be a 

similar shift in favor of the more eccentric contralateral stimulus if both stimuli were 

contralateral? 
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Figure 20: Results from experiment 4.C: Ipsilateral visual stimulus does not reverse 

shrinkage of receptive field toward contralateral stimulus. For these sites, we included 

randomly interleaved trials containing a visual stimulus, presented in the ipsilateral 

hemifield. Overall, both the auditory and the AV sessions were to the lower right of the 

unity line (panel A, all figure conventions identical to figure 16A), indicating shrinkage of 

the receptive field toward the contralateral stimulus. In panel B, the same data in 

histogram form, subtracting its position on the Y axis of panel A from its position on the 

X axis of panel A. The trials with ipsilateral visual stimuli tended to show a weaker 

contralateral shift in receptive field as predicted, but this effect was not statistically 

significant (paired samples signed-rank test, p=0.134). 

 

Spectral frequency of the stimuli. In experiment 4.A and experiment 4.C, all 

stimuli were matched for spectral content, thus excluding spectral frequency preference 

as an explanation of results. For experiment 4.B, stimuli of different spectral frequencies 

were used, and our conclusion is that spectral frequency of the stimulus does affect 

receptive field changes under this context. This is not a trivial result: recall that the data 

in figure 16 are normalized to the single-sound condition. Thus, our results suggest that 

the frequency preference (as measured by the neuron’s spike timing code) becomes 

significantly sharper in the dual-sound condition than in the single-sound condition, 

which did not have to be the case and may be beneficial for parsing the auditory scene. 
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 AM frequency of the stimuli. Neurons in the auditory system, including the IC, 

change their firing rates based on the AM frequency of a stimulus (Hewitt & Meddis, 

1994; Muller-Preuss, Flachskamm, & Bieser, 1994; Schreiner & Langner, 1988). Thus, an 

important aspect of our experimental design was to ensure that in all cases the AM 

frequencies were counterbalanced, with each frequency tested in both the contralateral 

and ipsilateral hemifield (compare figure 14a-c to figure 14d-f for an example). This 

helped mitigate the possibility that AM frequency tuning could present a systematic 

confound in our results. 

 Intensity of the stimuli. In the present experiment, all stimuli were 

counterbalanced for intensity (45 dB). Note that our calibration procedure is intended to 

minimize systematic confounds between frequency and intensity (all frequencies were 

of similar intensity). 

Receptive fields and coding formats. We propose that the present results can be 

interpreted as alterations in the receptive fields of the neurons: while in the single 

sound condition the cells have broad receptive fields, those receptive fields narrow 

toward one stimulus in the dual sound condition. Receptive field changes have attracted 

a great deal of attention, especially in the context of vision and saccades (Duhamel, 

Colby et al. 1992, Colby, Berman et al. 2005, Sommer and Wurtz 2008), due to their 

profound implications in terms of the functioning of the brain. Those discoveries are of 

great significance because they demonstrate that a given pattern of neural activity may 

represent a different stimulus under different contexts – providing a wealth of new 
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challenges and opportunities for neuroscience. One possible definition of ‘receptive 

field’ is ‘the region of space where the stimulus correlates with the neural response’: by 

this definition, the present study demonstrates shifting receptive fields in the inferior 

colliculus when a dual-sound stimulus is presented. We acknowledge that a more 

restrictive definition of the term ‘receptive field’ (such as a definition restricted to only 

apply to particular representational formats) might lead to a different characterization. 

Regardless of how receptive fields are defined, the simplest available 

interpretation of our results is that stimuli are gated differently in the dual-sound 

condition than they are in the single-sound condition. This finding is of fundamental 

computational importance for understanding how the brain processes scenes containing 

multiple sounds. 

It is also true that despite the attenuation of representation of the ipsilateral 

stimulus in the same-carrier condition, there is still a statistically significant amount of 

information about the ipsilateral stimulus present (see figures 17D-H). Thus, while the 

stimuli are generally channeled into separate neural populations this process is 

incomplete and there is a detectable amount of overlap. So we do not make the claim 

that representation of the ipsilateral stimulus is entirely absent in the dual-sound 

condition: only that the cell is relatively much more selective in the dual sound 

condition than the single sound condition. 
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Unlike the primate IC, the barn owl IC has circumscribed receptive fields. Thus, it 

is much better understood how the barn owl can represent multiple sound objects 

simultaneously (Keller and Takahashi 2005, Takahashi, Keller et al. 2008). One intriguing 

line of speculation stemming from our results is that under conditions of multiple 

sounds, the primate IC ‘shrinks’ its auditory receptive fields to reduce overlap, so they 

more closely resemble those of the barn owl. Only in the single-sound case do primate 

IC receptive fields expand to encompass a greater portion of space, perhaps because it 

is advantageous to devote additional neural resources to the processing of a stimulus if 

those resources are available. Future work building on the current results, examining a 

greater number of different stimulus locations, will be needed to explore this possibility 

further. 

Perception and perceptibility. The brain uses three different types of cues to 

determine the location of an auditory stimulus (Grothe, Pecka et al. 2010). The first is 

interaural timing difference (ITD), or the delay in arrival time from one ear to the other, 

the second is interaural level difference (ILD), or the difference in loudness from one ear 

to the other. The third is spectral cues, or the differential filtering of sound sources 

based on their location. For the stimuli in experiment 2, the brain could parse the 

different stimulus streams by frequency and then use ILD and ITD cues within each 

spectral range to locate each stimulus. In experiments 1 and 3, the brain can in principle 

still determine the location of the stimuli by using spectral cues, as well as different 

timing profiles during changes in stimulus amplitude: in the case of a single stimulus (for 
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example straight ahead), each ear would experience the change in amplitude once. In 

the case of a dual stimulus with two laterally presented freefield stimuli, a change in 

amplitude will involve two steps at each ear: one step reflecting the change in the 

stimulus near the ear, then one (delayed) step reflecting the change in the stimulus far 

from the ear. Furthermore, our results demonstrate empirically that the inferior 

colliculus does in fact use these cues to discriminate the stimuli (figures 14-18). Thus, 

this discriminability is relevant at the level of physiology. 

It has long been known that at the level of behavior, humans can use attention 

to select an auditory stimuli from among a scene (in other words, a two-sound stimulus 

is perceptually bistable – the so called ‘cocktail party effect’). This extends to both 

behavior and the physiology of the forebrain (Cherry 1953, Woldorff, Gallen et al. 1993, 

Best, Gallun et al. 2010, Shinn-Cunningham 2013, Shinn-Cunningham 2013). Thus, the 

present study and the literature overall suggests at least three distinct stages of 

processing: First, the level of the ear canal, free-field acoustic stimuli are jumbled 

together, with each sound arriving at each ear. Second, the present results demonstrate 

that by the level of the midbrain two (relatively) segregated representations are 

maintained in the neural tissue. Third, at the level of the forebrain and behavior, the 

stimuli are bistable and attention is used to select a stimulus. We tentatively conjecture 

that this selection occurs from among the segregated representations in the midbrain. 

However, aside from findings established by existing literature we remain agnostic 

about particular perceptual qualia which might (or might not) be associated with dual-
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sound stimuli: such hypotheses are not directly addressed by our measurements of 

physiology. 

Closing comments: A key finding in this study is the double dissociation: we find 

that when two sounds with the same carrier are presented, entrainment in the IC shifts 

toward the contralateral stimulus, indicating a spatial sorting of the auditory scene. 

When two sounds with different carriers are presented, entrainment in the IC shifts 

toward the preferred frequency, broadly indicating a frequency-based sorting of the 

auditory scene. This finding is novel and of high relevance to our understanding of the 

operation of the auditory system in environments containing multiple sound objects. 

Additionally, the present study demonstrates the viability of a stimulus tagging 

approach for understanding the brain’s processing of multiple stimuli. This frequency 

tagging approach has been used successfully in EEG data, E.G. (Ding, Sperling et al. 

2006), but to our knowledge our study is the first demonstration of a frequency tagging 

method for spike data. This method yielded large effect sizes, suggestive of its versatility 

and the robustness of the underlying neural phenomenon. 
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CHAPTER 5: CONCLUSIONS 

5.1: Major findings 

From the present research, I draw several central conclusions. 

First, I explored visually-induced auditory plasticity (the ventriloquism 

aftereffect). This is a paradigm in which the subject is trained with repeated 

presentation of combined audiovisual stimuli at different spatial locations. After many 

training trials, the subject is probed with an auditory-only stimulus and mis-reports the 

location of that stimulus because of the prior training. In my paradigm, I sought to 

explore the relative contributions of different aspects of the task structure to the 

observed plasticity. I find that the ventriloquism aftereffect does not require the 

temporal synchrony that elicits visual capture (the ventriloquism effect). In fact, visually 

induced auditory plasticity can be evoked with entirely asynchronous stimuli under a 

paradigm that is essentially a multisensory version of saccade adaptation. Furthermore, 

under our experimental conditions the asynchronous stimuli with motor adaptation 

elicited significantly greater plasticity than the entirely synchronous stimuli. We found 

the same general pattern of effects in two species of primate – human and rhesus 

macaque, consistent with a conserved mechanism of auditory system plasticity. 

Second, I investigated the integration of auditory signals with artificial, electrical 

signals generated by electrodes placed in the inferior colliculus of the rhesus macaque. I 
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find that the stimulation introduces an additional signal into the animal’s 

decisionmaking in a forced-choice auditory frequency discrimination task, and that this 

signal weakly correlates with the response properties of the recording site. 

Third, I investigated the role of the inferior colliculus in representing scenes 

containing multiple stimuli, using a frequency tagging approach. The stimuli were each 

‘tagged’ with different frequencies of amplitude modulation, allowing us to gain greater 

insight into the behavior of inferior colliculus neurons: many inferior colliculus neurons 

are not spatially sensitive at all in the single sound condition. If such a neuron 

phaselocks to a particular stimulus when two are presented, we infer that that the 

unrepresented stimulus must be somehow blocked or gated out as a result of the dual-

sound condition. 

We find that when frequency cues are available to distinguish the carriers, IC 

neurons block or gate out signals from the nonpreferred frequency, showing diminished 

phaselocking to the nonpreferred stimuli but preserved phaselocking to the preferred 

stimuli. 

In the condition where the carriers have overlapping frequency content, the IC 

neurons instead block or gate out signals from the ipsilateral region of space. This effect 

does not seem to be driven by the subpopulation of inferior colliculus neurons that 

prefer the contralateral hemifield, suggesting it is mediated by an entirely different 
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mechanism than spatial preferences and is instead a conditional gating of space to help 

parse a multi-stimulus scene. 

These lines of research are linked by their common emphasis on stimulus 

integration. Next, I will consider how they relate to existing theoretical work examining 

models of cue combination in the brain. 

5.2: Models of Cue Combination 

Several theoretical models have been proposed in the literature to characterize 

cue combination in paradigms similar to the ones I describe. I consider them in the 

context of each of the three major lines of research I present in this document. 

Ventriloquism: Bayesian optimal cue combination model has been employed 

(Ernst and Banks 2002, Alais and Burr 2004) to characterize the perception of fused 

percepts in ventriloquism effect paradigms. In essence, each cue is weighted according 

to its reliability when the subject reports the location of a fused percept. If the task 

instructions are changed such that the subject is instructed to report the location of a 

single stimulus in the presence of a distractor, the distractor still exerts some influence 

(Van Barneveld and Van Wanrooij 2013), but the influence is less than would be 

predicted under optimal cue integration. 

Could the ventriloquism aftereffect likewise be characterized by a Bayesian 

optimal cue integration model, in which the post-training report of the auditory stimulus 
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is based on the pre-training weights of the auditory and visual stimuli? Computational 

modeling work suggests that this would result in a near-complete capture of the visual 

stimulus and would only result in a ventriloquism aftereffect for relatively proximate 

stimuli (Sato, Toyoizumi et al. 2007). However, as the authors point out, the model does 

not predict observed results wherein the ventriloquism aftereffect is present even for 

high spatial disparities (Lewald 2002). 

For studies that have assessed the ventriloquism aftereffect in primates, the 

literature is inconsistent. Do more proximate stimuli result in a near-complete capture 

after sufficient training? Primates typically locate the visual stimuli used in 

psychophysical paradigms more precisely than the auditory stimuli used in 

psychophysical paradigms (though certain special visual stimuli are exceptions, such as 

those used in (Alais and Burr 2004)), and therefore an optimal cue integration model 

would predict that after training to asymptote, the estimate of stimulus location would 

be more than halfway toward the visual stimulus. Many studies have found that the 

learning curve of the ventriloquism aftereffect rapidly approaches an asymptote 50% or 

less of the visual displacement (Frissen, Vroomen et al. 2005, Kopco, Lin et al. 2009, 

Frissen, Vroomen et al. 2012), which would seem to suggest that some model other 

than Bayesian optimal cue integration best characterizes the ventriloquism aftereffect. 

However, some studies report larger effect sizes under the ventriloquism aftereffect 

(Recanzone 1998). This variability in the literature may reflect methodological 

differences across laboratories.  For example, different laboratories may deliver or 



119 
 

configure their stimuli differently, which could impact the reliability of each stimulus, 

and in turn the Bayesian weightings applied to each. More research is needed to fully 

understand the impact of stimulus reliability on the ventriloquism aftereffect. 

 One observation that supports the importance of stimulus reliability for cue 

combination in the ventriloquism effect is the observation that reliability can change 

which stimulus is captured. In the ventriloquism effect, it is not necessarily the case that 

the visual stimulus will always capture the auditory stimulus. Under normal conditions, 

vision has higher spatial acuity then audition, and in these cases the visual stimulus 

‘captures’ the auditory stimulus. However, if the visual stimulus is distorted in such a 

way as to be localized less accurately than the sound, the effect reverses, and the visual 

stimulus is captured by the sound (Alais and Burr 2004). It is unknown if there is an 

associated aftereffect on vision. Another example of auditory capture is temporal 

ventriloquism, in which the perception of the timing of a visual stimulus can be altered 

by a temporally mismatched sound. For this paradigm, there is an associated temporal 

aftereffect on vision (Recanzone 2003). Tactile stimuli can also spatially capture auditory 

stimuli, and there is an aftereffect for tactile-auditory capture (Bruns, Spence et al. 

2011). Indeed, spatial capture need not even be bimodal – under saccade adaptation 

paradigms, a visual stimulus is covertly replaced by another visual stimulus while a 

visually-guided saccade is in flight. For these paradigms, the more reliable postsaccadic 

visual stimulus ‘captures’ future saccadic eye movements, causing a persistent shift in 
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future visual orienting (Miller, Anstis et al. 1981, Straube, Fuchs et al. 1997, Wallman 

and Fuchs 1998, Collins and Wallman 2012). 

Stimulation: I consider a combination of a ‘natural’ stimulus delivered to the 

sensory organs with an artificial stimulus delivered (in my experiments, electrically) to 

sensory regions of the brain. Similar paradigms have been discussed previously in the 

central visual (Salzman, Britten et al. 1990, Born, Groh et al. 1995, Seidemann, Zohary et 

al. 1998) and central auditory (Znamenskiy and Zador 2013, Tsunada, Liu et al. 2016) 

systems. In general, these types of paradigm are most often modeled based on a series 

of straightforward assumptions: first, that the stimulation may have some disruptive 

effect, adding more ‘noise’, or increased variability to the animal’s perceptual decision. 

This could be caused by the insertion of unnatural patterns of activity, or percepts 

dissimilar from those in which the animal was trained, causing uncertainty in its 

perceptual decision. Second, that the stimulation may have an additive effect, adding 

more ‘signal’ or a systematic shift in the animal’s perceptual decision. This is believed to 

be indicative of activation of the system in a manner that causes the animal to interpret 

the artificial percept as part of the natural signal and integrate it into the task in the 

same way. 

The third, and most theoretically salient assumption is that any additive effect or 

‘signal’ that is occurs as a result of stimulation should strongly correlate with the 

response properties of the stimulated site. That is, if a site correlates with a particular 
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stimulus, we assume that electrically exciting that site should cause the animal to 

respond as if that signal had actually occurred. This relates to a fundamental assumption 

underpinning a great deal of neuroscience in general and auditory neuroscience in 

particular: the assumption that if a signal is correlated with some event in a task, that 

signal must be causally related to processing that event. 

Unfortunately, we find only limited support for that assumption. While we find 

widespread additive effects or ‘signals’, those signals only weakly correspond to the 

response properties of the site. This is consistent with other studies of the central 

auditory pathway, which likewise show only a weak correspondence between evoked 

percept and response properties in nonspecific stimulation paradigms (Lim, Lenarz et al. 

2009, Znamenskiy and Zador 2013, Tsunada, Liu et al. 2016). However, findings in the 

central auditory pathway are in contrast to stimulation in the auditory periphery (Wilson 

and Dorman 2008, Shannon 2014) and the central visual pathway (Salzman, Murasugi et 

al. 1992), or various motor systems e.g. (Robinson and Fuchs 1969, Schiller and Sandell 

1983), where a robust and widely consistent relationship is observed between response 

properties and evoked percept. Recent work has suggested that multi-site stimulation 

may help overcome some of the challenges in the central auditory pathway (Calixto, 

Lenarz et al. 2012, Lim and Lenarz 2015), but a remaining open puzzle is why the central 

auditory system requires such a stimulation strategy but other parts of the brain do not. 

The central visual system performs many transformations throughout its processing 

hierarchy, allowing it to encode derived features of a stimulus - for example while the 
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receptors encode position, area MT encodes both position and the first derivative of 

position: motion (Mikami, Newsome et al. 1986). One possibility is that the field’s 

understanding of the transformations that occur in the central auditory pathway is 

relatively immature, so the auditory tasks/stimuli in use during stimulation paradigms 

relatively poorly equipped to highlight the discrimination of more derived features of 

auditory stimuli. Additional work will be needed to investigate this possibility. 

Different species, different codes: For any spatial paradigm, our interpretation of 

results is going to depend on how the structure in question represents space. In some 

systems, such as the barn owl IC and the barn owl SC there is a ‘map’, or circumscribed 

representation, of auditory space where each neuron responds to a narrow range of 

space including large numbers of neurons with peaks of responsiveness in the frontal 

region of space (Knudsen 1984, Wagner 1993, Feldman and Knudsen 1997, Gutfreund, 

Zheng et al. 2002). These interaural timing differences correspond to an interaural 

timing difference that is physiologically relevant for the animal, as they would be 

produced by natural sounds in space (see figure 21a).  

These maps are distinct from the a monotonic, meter-like auditory 

representation observed in the primate IC and SC (Groh, Kelly et al. 2003, Lee and Groh 

2014), and the human IC (Ress and Chandrasekaran 2013). Not all IC units in the primate 

are spatially sensitive, but those that are possess monotonic codes (see figure 21b). 
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Barn owls also exhibit behavioral and physiological shifts in auditory receptive 

fields in response to the ventriloquism aftereffect (Knudsen and Knudsen 1989, Feldman 

and Knudsen 1997, Bergan, Ro et al. 2005). 

The map observed in the barn owl tectum alters what types of mechanisms 

could potentially be involved in the ventriloquism aftereffect, assuming that these 

structures are critical (for example, the global gain adjustment mentioned above could 

not even in principle function in the Barn Owl). One mechanism that would work in the 

barn owl is a remapping of projections from one auditory map to another, and there is 

evidence that this may be the case in barn owls (Feldman and Knudsen 1997). This work 

has shown that exposure to mismatched audiovisual stimuli, such as when the owl 

wears vision-displacing prism goggles, causes the receptive fields of auditory neurons to 

shift in space – that is, the map is remapped. This type of plasticity appears to require a 

remapping of synapses – that is, an enhancement of one synapse at the expense of 

another. 
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A  

B  

Figure 21: Coding formats for sound location in primates and birds. Panel a shows an example 

primate inferior colliculus neuron (Groh, Kelly et al. 2003). Note that the firing rate steadily 
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increases with increasing contralateralness of the stimulus, up until the maximum contralateral 

azimuth physically possible (90 degrees) is reached. This is called a monotonic coding scheme, 

and it appears to be the primary code for sound location in the primate auditory system. Panel b 

shows an example neuron from the avian homologue of the inferior colliculus (Moiseff and 

Konishi 1983). This neuron has a tightly circumscribed receptive field for interaural timing 

difference, a cue used by the barn owl to determine the position of stimuli in space. 

 

Some evidence suggests that a remapping could also potentially explain 

observed behavioral results in primates (Recanzone 1998), but it should be noted that 

this study did not directly observe a shift in auditory spatial receptive fields in concert 

with the ventriloquism aftereffect – indeed, to my knowledge, direct physiological 

observations of such a remapping have not yet been reported in primates. Due to the 

different encoding of auditory space in the primate IC, if the evidence is present it would 

take the form of a shifting of the slope or inflection points of monotonic curves, rather 

than a remapping of a spatial map. Indeed, since the primate brain appears to contain 

meters of space rather than maps at both cortical and subcortical levels, it may be more 

appropriate to search for a ‘remetering’ of space than a remapping of space. 

Multiple sound environments: For animals such as the barn owl that possess 

circumscribed spatial receptive fields, it is relatively simpler to understand how the 

brain could process multiple simultaneous sounds in parallel (Takahashi, Keller et al. 

2008). However, if a firing rate is used to represent sound location in the primate (Groh, 
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Kelly et al. 2003), a neuron cannot have more than one firing rate, so at first blush it 

might seem impossible to maintain a representation of more than one sound. So how 

might the primate auditory system solve this problem? 

One possibility is that the cortex selects an attentionally relevant stimulus and 

simply discards the others. Indeed, plentiful evidence exists that even in early cortical 

areas there is attentional filtering of auditory streams (Hillyard, Woldorff et al. 1987, 

Woldorff, Gallen et al. 1993). However, behavioral evidence suggests that there is 

processing of the unattended stimulus, occurring at a preconscious and possibly 

precortical level (Moray 1959). Thus, we investigated the rhesus macaque inferior 

colliculus (a relatively late precortical structure) to examine its capacity to retain a 

presentation of multiple sound items. 

5.3: Closing Comments 

The ventriloquism aftereffect is an excellent example of the brain’s great 

capacity for self-improvement. This ability is necessary to cope with change in the world 

and with uncertainties in sensory systems. This recalibration relies on the brain’s ability 

to detect a discrepancy or error between the visual and the auditory stimulus. This 

stands in contrast with the ventriloquism effect, which is the binding of the stimuli – 

that is, the failure of perception to detect a discrepancy or error between the auditory 

stimulus and the visual stimulus. The neural mechanism(s) underlying the ventriloquism 
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aftereffect in primates is an exciting and underexplored topic of research that may give 

us important insights into the brain’s self-improvement abilities in general. 

We found a relationship between the response properties of the stimulation site 

and the evoked percept when stimulating in the primate inferior colliculus, but the 

correlation coefficient was relatively small and this effect required averaging across 

many recording sites before it became apparent. This is consistent with proposals to 

improve human IC implants by stimulating at multiple sites in the same isofrequency 

lamina (Lim and Lenarz 2015), in effect allowing the brain to average across many sites. 

A remaining puzzle open to future investigation is why such multi-site stimulation is 

required when brain systems do not appear to require such a strategy. 

The real world is staggeringly complex, and a reductionist approach to 

neuroscience has been immensely successful in allowing us to understand how the 

brains of even complex animals such as mammals process and respond to single stimuli 

under controlled conditions. This approach has historically been assumed to have 

external validity; that is, the brain response to a given stimuli under controlled 

conditions was assumed to be generalizable to more complex situations up to and 

including the real world. However, a number of challenges have begun to emerge to this 

assumption, showing that the receptive field, or the meaning of a given neuron’s 

response may change with small and simple changes to the task conditions (Duhamel, 

Colby et al. 1992, Nakamura and Colby 2002, Crapse and Sommer 2008, Wurtz 2008, 
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Crapse and Sommer 2012, Zirnsak, Steinmetz et al. 2014). My work in the frequency-

tagging project adds to this literature by demonstrating a shift in response properties 

from the single sound condition to the dual sound condition. 

It appears that nature does not grant me an opportunity for a single overarching 

model to describe multi-stimulus processing in the above three paradigms. Instead, the 

brain appears to adjust its approach according to the circuitry of the particular system 

being investigated, and in some cases even according to the cues available in the 

stimulus. Thus, there may be nearly as many different plausible models for combining 

stimuli as there are possible combinations of stimuli the brain can receive. This is a 

mixed blessing for neuroscience, as it suggests that understanding how the brain 

combines and parses the multitudinous stimuli in the real world remains a challenge and 

a tremendous opportunity for new discovery. 
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