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Resumo 

 Tomar decisões é uma capacidade essencial à vida de todos os animais, incluindo o Homem; 

e decisões baseadas em informação sensorial são particularmente ubíquas. O uso de modelos 

animais para o estudo de tomada de decisão requer não só a criação de um paradigma 

comportamental que permita ao animal reportar uma decisão baseado no que percepciona, mas é 

também necessário assegurar que outras fontes de incerteza têm pouca influência no 

comportamento. 

 Este trabalho foca-se numa tarefa baseada num paradigma de escolha forçada com duas 

alternativas, desenvolvido para o estudo das relações entre comportamento e actividade neuronal 

originados por decisões numa tarefa que tinha como objectivo localização de uma fonte de som no 

eixo horizontal através de diferenças de nível interaural. Foca-se ainda em algumas das possíveis 

fontes de incerteza que podem influenciar a tomada de decisão para além do estímulo. 

 Neste trabalho, quatro animais foram treinados para executarem a tarefa e a sua performance 

foi analizada durante manipulações do volume do som, da natureza do som, motivação e tempo de 

reacção. Dependências entre ensaios e efeitos de expectativas temporais foram também estudados. 

Estas manipulações mostraram pequenos efeitos na performance dos animais, permitindo concluir 

que dados os factores analizados, a tarefa criada tem como principal fonte de incerteza o estímulo e 

que pode ser usada para o estudo da percepção. 

 

Palavras-chave: tomada de decisão; difereças de nível interaural; incerteza; discriminação; 

detecção. 

  

  

 

  



   

Abstract 

 Decision-making is an essential process for the life of all animals, including humans; and 

decisions based on perceptual information are particularly ubiquitous. If one wishes to use animal 

models to study how perception influences decision, it is not only necessary to develop a behavioral 

task that allows the animal to report based on their percepts, but also to ensure other possible sources 

of uncertainty have little influence on the behavior. 

 This work focuses on a two alternative forced-choice (2AFC) task developed to study the 

neural and behavioral correlates of decision-making for sound source localization with interaural level 

differences (ILDS); and in possible sources of uncertainty, besides stimuli, that may influence 

performance and, thus, the behavioral read-outs.  

For this study four animals were trained to perform the task and their performance was 

analyzed through manipulations regarding sound level, nature of the sound, motivation and reaction-

time. Intertrial dependencies and effects of temporal expectancy were also analyzed. These 

manipulations showed little effect on the animals’ performance, allowing for the conclusion that, in 

relation to the factors studied, the task created has the stimulus as its main source of uncertainty and 

the behaviors that characterize it may be used as a proxy for perception. 

  

 

Keywords: Decision-making; Interaural level differences (ILDs); uncertainty; discrimination; 

detection.  
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Chapter 1 

 
Motivation and Aim 

1.1. Motivation 

Decisions, and in particular perceptual decisions, are a vital part of life for animals. They must 

make decisions concerning what to eat, when and where to sleep, the best course of action to escape 

and avoid predators, etc. And all those have great impact in their ability to survive. This makes the 

study of decision making and its neural correlates a vital part of neuroscience. There are, however, 

many factors that may influence decision-making besides the animals’ percepts, constituting sources 

of uncertainty that do not allow for a direct link to be established between the choice made by the 

animal and neural activity as it relates to perception. 

Even though one can study the neural processes inherent to decision-making in humans, 

animal proxies allow for a higher degree of control over experimental conditions, genetic 

manipulations and the use of invasive methods of study. However, it is not possible to ask about what 

motivates them to choose, requiring behavioral tasks where conditions and stimuli are highly 

controlled enabling researchers to trust that the registered behaviors reflect the stimuli and not 

extraneous factors – the sources of uncertainty have little influence on the animal’s choices.   

The motivation of this thesis was this requirement to design a behavioral task where it would be 

possible to show the variability of responses in the decision-making process is due to a variability in 

perception; meaning the task is highly independent of extraneous factors and the main source of 

variability lies with the stimuli, allowing for the assumption that the behavior is a translation of the 

percept created in response to the stimuli presented. Thus potentially allowing a greater 

understanding of the decision-making process.  

 

1.2. Aim of the Project 

This work aims to show that the behavioral task presented allows for quick learning and has the 

presented stimuli as its main source of uncertainty, making the behavioral read-outs trustwothy 

proxies for perception and the task itself an appropriate tool for the study of decision-making.  

More specifically, this work aims to showcase a design for a behavioral task for the study of ILD 

discrimination; and to investigate how different sources of uncertainty contribute to the behavior of the 

animals. 
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1.3. Outline 

 The outline of this thesis is as follows: 

 Chapter 2 provides a summary introduction to the field of decision-making, particularly 

perceptual decision-making and how the decision-making process that relies on perceptual stimuli 

may be studied through behavioral tasks, presenting the basics of behavioral tasks design to some 

depth.  After establishing the use of auditory stimuli for this work, this chapter also provides an 

introductory overview of the auditory system and its usefulness for perceptual studies, with a special 

focus on the specific stimulus used for this work. 

 Chapter 3 describes the materials and methods employed to accomplish this work, referring 

to the behavioral setup and training procedures but also to the surgeries performed and, finally, to the  

manipulations of the original paradigm that allow the study in question. 

 Chapter 4 is where the obtained results are shown and discussed. At first the training results 

are showcased, followed by the basic paradigm of the task and the manipulations performed on the 

task. Other parameters of the task, such as reaction-times are also analyzed. 

 Chapter 5 focuses on the concluisions drawn from this work and possible future directions 

one may take.  
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Chapter 2 
 

Introduction 
 
2.1. Decision Making 

A decision is a valuable ability for animals and consists of a commitment to a categorical 

proposition which may take into account not only immediate evidence but also factors such as the 

quality of the evidence for a particular option, prior knowledge concerning the relative merit of each 

option and other costs concerning the gathering of evidence, such as the cost of elapsed time. 

Decisions always involve a certain measure of uncertainty due to external sources of 

information unrelated to the relevant stimulus - noise - diminishing the ability of the subject to perceive 

the stimulus (Kepecs, 2013), but also due to internal sources of variability and unreliability associated 

with the neuronal processes of decision making (Knill and Pouget, 2004). Given the prevalence of 

uncertainty, the nervous system adopts coping strategies (Kording, 2007), such as the increase of 

attention (Dayan et al. 2000). 

Deciding on the categorization of a stream of noisy information is an important skill of the brain 

as beings are constantly exposed to external and internal input that requires classification. For this 

reason it is considered important to study decision making. 

Several mathematical models of decision making have been developed, providing a 

mechanistic account of the decision process capable of describing and predicting choice behavior 

(Mulder et al., 2014). 

 

2.1.1. Perceptual Decisions 

These are choices based on sensory evidence that is used to guide behavior and can be seen 

as a form of statistical inference. The necessary information for the decision is gathered through the 

senses, evaluated and integrated according to the current goals and internal states of the subject and 

finally, used to produce a specific motor response. 

Perceptual decision-making, or psychophysics constitutes a classical approach linking physical 

characteristics of stimuli with the percepts they originate, used to characterize perceptual and 

cognitive processes (Gomez-Marin et al. 2014). From these tasks one seeks the behavioral read-out 

of a judgement that is meant to be perceptual but that may be affected by other factors that originate 

externally - irrelevant stimuli - or internally - noise in the neural representation of the stimuli (Britten et 

al. 1992). 

There are many factors that may influence decision-making, constituting sources of uncertainty, 

among them: 
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• The strength of the stimulus signal with reference to noise (SNR); 

• The subject’s sensitivity to the signal; 

• The subject’s sensitivity to features of the stimulus other than the one to be studied; 

• The relative frequency of occurrence of the signal; 

• The subject’s level of motivation; 

• The costs associated with hits and false alarms; 

• Individual bias of the subject. 
Decision-making to study perception seeks to answer several questions, not all concerned with 

the processing of perceptual information in the sensory cortex but with timescale and neural circuits 

for evidence integration, how do decisions interact amongst themselves and how previous experience 

biases current decisions (Romo and Salinas, 2001; Romo et al., 2004; Pardo-Vazquez et al. 2014).  

Several cortical areas are involved in decision-making, such as the posterior parietal cortex 

(PPC), which integrates sensory input received form auditory, visual and somatosensory areas of the 

brain; is important for the transmission of information referring to navigation and working memory; 

supports the accumulative models as its activity gradually increases during the accumulation of 

sensory information; and shows persistent activity while the animal decides (Harvey et al. 2012). Other 

cortical regions are important: the sensory areas mentioned, such as MT (Mazurek et al., 2013) and 

auditory cortex (Znamenskiy and Zador, 2013); associative areas, such as the sensorimotor 

association area of the parietal lobe (LIP) (Mazurek et al., 2013); the orbital frontal cortex, that 

receives input from the PPC (Romo and Salinas, 2001), regions of the midbrain (Felsen & Mainen, 

2012), the premotor cortex (Romo et al., 2004, Pardo-Vazquez et al., 2009), the agranular cortex and 

the anterior cingulate cortex (Carandini and Churchland, 2013). 

 

2.1.2 Perceptual Decision-Making Tasks 

To understand perceptual decisions and the underlying neural processes that characterize 

them, animals must be trained to perform sensory-guided tasks, their responses and percepts 

manipulated to influence behavior and their neural responses measured (Carandini and Churchland, 

2013; Gold, 2007). And so, psychophysical experiments have been designed with the aim to describe 

how sensory perceptions affect the decision-making process, allowing a mechanistic understanding of 

the process in which components of the task are isolated and able to be manipulated. (Gomez-Marin 

et al. 2014) 

The data that is obtained from the experiments is analyzed according to models of perceptual 

decisions, such as signal detection theory (SDT) or sequential analysis (SA), that provide a 

mathematical link between behavioral observations - perceptual decisions - and brain 

activity. (Carandini and Churchland, 2013; Gold, 2007) 

 

Choice of the Animal 

Precise measurements of the motor response made by the subjects in response to the stimuli 

and the possibility to measure the impact of the task on relevant sensory neurons are important 
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aspects of sensory tasks. For this purpose, the use of animal models is important, as only limited 

means are available for the explanation of this link in humans (Carandini and Churchland, 2013). 

Several species are used for behavioral experiments, such as primates, rodents and other mammals, 

and other animals such as owls. 

While experiments performed with primates are still the standard for the study of perceptual 

decision making, rodents are becoming increasingly important as they are considered ideal for the 

study of learning, working memory and processing of spatial navigation, reward and punishment. And 

particularly well-suited for the employment of circuit targeting and manipulation techniques such as 

optogenetics (e.g. Cohen at al. 2012; Znamenskiy and Zador, 2013). Rodents are also relatively easy 

to breed and have simple husbandry needs. Mice are the most commonly used species when genetic 

manipulation is necessary, and so, are advantageous for certain studies. However, rats seem to be 

faster learners and manage to perform in more complex tasks in longer training sessions than mice. 

Their brain is also well-characterized and known to show similar processing to that of humans for 

decision-making, combining multi-sensory information over time in the same manner (Carandini and 

Churchland, 2013).  

For these reasons and their larger size compared to mice, which allows them to support the 

implants necessary for the task used for this work, rats were used as subjects in this task. 

 

Task Structure 

Task structure, specifically deciding on the amount of stimuli and possible responses, is one of 

the vital portions of a psychophysics experiment. 

The simplest design involves one stimulus and one possible response - “go/no-go” task. This is 

a detection task in which the subject reports on the presence or absence of a particular stimulus or 

stimulus attribute by executing or withholding one possible response and is commonly used with 

rodents. This type of task is highly dependent on the motivation of the animal to obtain the reward, its 

decrease being able to affect conclusions regarding the subject’s abilities. Certain analysis models, 

such as SDT, allow to compensate for this by taking into account not only the rate of correct trials, but 

also the rate of false alarms (trials where the animal reported as “go” but in which the stimulus it is 

supposed to respond to was not present). This is translated into a measure of detectability - d’ (d 

prime) (Carandini and Churchland, 2013). 

One way to solve the issues with the go/no-go task is to increase the complexity with a 

detection task that includes one stimulus but two possible responses (“two-alternative forced choice” 

task, or 2AFC task) - one response for the presence and another for the absence of the stimulus. Also 

commonly applied to rodent experiments and usually comprehending a symmetric physical layout. 

This design is immune to changes in the animal’s motivation as the subject must report a decision on 

every trial. However, it is still vulnerable to changes in the decision criterion as the animal can show a 

bias towards the presence or absence of the stimulus being studied. Increasing the complexity even 

further to two stimuli and two possible responses, one reaches a design immune to the presence of 

unknown or changing decision criteria as in a task involving two stimuli, subjects cannot have a bias 

for the presence or absence of a stimulus or attribute as for each stimulus they must associate its 
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presence to one response, to one location, and its absence to the other location. Animals may have a 

bias towards one of the stimuli, but it will be obvious in the data (Carandini and Churchland, 2013, 

Raposo et al., 2012). 

For this work a “two-alternative forced choice” (2AFC) task was employed, allowing the animal 

to report to the left or right given two possible types of stimuli - sounding “to the left” or “to the right”. 

 

Sensory Environment 
Besides the choice paradigm of the task, the environment in which the animal performs the task 

and how it is able to interact with this environment are also of vital importance. It depends on the 

animal, the stimuli to be presented and on the data one wishes to acquire.  

In some cases it is preferred to keep the animal head-fixed, for instance, to monitor pupil 

response. In other cases it may be useful for the animal to be able to freely move, allowing the 

analysis of data not available otherwise such as movement times, trajectories and the monitoring of 

natural behaviors such as grooming. Permitting the animal to freely move is especially useful when 

studying brain regions involved in motor execution or planning that may not be as active if the head is 

fixed. A compromise between these two alternatives is a task paradigm in which the animal is head-

fixed but walking on a treadmill (Carandini and Churchland, 2013). 

The task presented in this work features freely moving rats, this allows them to explore their 

environment, becoming less stressed and makes possible the analysis of parameters such as 

movement times. It also enables the study of the animals’ trajectories if such is wanted in the future. 

 

Set of Stimuli 

An important aspect of these experiments is the precise control over the stimuli presented and 

their delivery; this allows the experimenters to minimize the contribution of non-sensory factors to the 

decision process. Creating a task for which the main source of uncertainty are the stimuli is an 

important step to study perception, as it allows a higher level of confidence that the neural correlates 

of behavior express the percept the animal creates based on the stimulus (Carandini and Churchland, 

2013). 

The choice of stimuli to be used in a behavioral task depends greatly on what behaviors and 

neural correlates one wishes to study. Olfactory (Zariwala et al., 2013), somatosensory (Romo et al., 

2004, among others), visual (Newsome et al., 1989; Leon and Shadlen, 1998; Pardo-Vazquez et al., 

2009; among others) and auditory stimuli (Raposo et al., 2012; Brunton et al., 2013; Jaramillo and 

Zador, 2014) have been used. 

Auditory stimuli are useful for perceptual tasks because the auditory system is well 

characterized in several species (e.g. cat - Imig and Morel, 1983; barn owl – Peña and DeBello, 2010; 

Knudsen and Konishi, 1978; mice – Willott, 2001), including the rat (Malmierca, 2003; Sally and Kelly, 

1988). And, specifically, the use of ILDs as the main cue for sound source localization in the horizontal 

axis is also well documented (e.g. Wesolek et al., 2010; Kyweriga et al., 2014; Grothe et al., 2010). 

Sound localization is an instinctive behavior for animals, important in the wild, which facilitates 

training. Another important characteristic is the fact that the threshold for azimuth discrimination 
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(midline) is hardwired in the brain and not dependent on an association created by the task - it does 

not need to be communicated to the animal – facilitating training when a spatial responses is needed, 

as it has been shown that training animals to make a spatial response to a non-spatial stimuli is harder 

(Heffner and Heffner, 1990; Lawicka, 1969). 

From a more technical standpoint, stimuli consisting of sounds are also relatively easy to 

generate electronically and to deliver in an accurate and controlled manner; making them very useful 

for the study of perception and perceptual decision-making. 

The number of stimuli to be presented is also a dominant feature and the classical physiological 

approach is to present several intensities of the stimulus feature that is to be discriminated. This 

allows the presentation of fairly easy stimuli that maintain the subject’s motivation high; and harder 

stimuli showing how the subject performs near threshold. Easier stimuli are usually associated to 

higher performances, showing the animal understands the task  and that mistakes near threshold are 

indeed due to sources of uncertainty, such as the stimulus, and not due to confusion about the 

principle of the task (Carandini and Churchland, 2013, Ding and Gold, 2013). 

However, the presentation of several intensities delays the training process and so there must 

be a balance between the amount of intensities and the need for a fast training process and strict 

behavior control, which may be achieved allowing enough training time for the animal to engage in 

exploratory behavior, diminishing it later on (Carandini and Churchland, 2013). 

 

Reward and Punishment 

The feedback given to the animal influences the value it associates with the decision and its 

motivation to perform and so, it affects the duration of both training and each individual test session. If 

the feedback supplied to the animal is not appropriate to the effort needed it is possible the animal 

loses motivation as the payoff is not enough. Losing motivation might mean the animal no longer 

performs properly, or, in the case of our task where it is free to start trials at will, that it no longer 

executes the behavioral sequence required. If motivation does not last, it may take longer to train the 

animal and to obtain the necessary amount of data. 

Punishments, such as electrical shocks (e.g. Phillips and LeDoux, 1992) or air-puffs (e.g. Paton 

et. al, 2006), are commonly used for experiments with rodents. Implied danger is also used in other 

studies, such as fear of drowning, present in the experiments that use the water maze and its 

variations. The use of punishing methods allows for a fast learning process of simple tasks. However, 

these may cause high levels of stress to the animals, which may prevent them from engaging in more 

complex behaviors (Carandini and Churchland, 2013). 

To avoid causing stress, one may use rewards for feedback, for instance, pellets ! J ringof food 

(e.g. Wise et al. 1978) or access to water (e.g. Bruton et al. 2013), the amounts available controlled by 

the experimenters. Water may be particularly appropriate as it is easily quantifiable and allows for 

neural recordings without the added artifacts associated with chewing. One should aim for a 

consistent water intake across time to avoid giving rise to disparities in motivation (Carandini and 

Churchland, 2013). 
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Training Duration 

Usually the training time reflects the difficulty of the task but it depends heavily on the animal 

used as subject. With rodents, tasks can be trained in a relatively small period of time, some taking 

only a few days; while the training of primates takes a lot longer, sometimes years, for proficiency 

(Carandini and Churchland, 2013). 

It is in the investigator’s best interest to train the animals as fast as possible, saving time, effort 

and also avoiding “overtraining”. “Overtraining” itself is not a comprehensively defined notion, but the 

hypothesis is that longer training periods may elicit unwanted plasticity or even change the brain 

region in charge of learning the task.  

However, shorter training periods mean higher variability for behavior parameters such as 

reaction and movement times, decreasing one’s ability to understand the variability of the neural 

responses. It is also more complicated to interpret the responses given - for instance, if the mistakes 

the animal makes are due to bias, confusion about the stimulus or confusion about the actual task. 

Well-trained animals making less mistakes of the later kind, and so their neural activity during an 

incorrect trial may be interpreted as reflecting a bias or confusion regarding the stimulus (Carandini 

and Churchland, 2013). 

 

2.2. Coding of Sensory Information 

The main function of the sensory system is to provide information about the outside world, 

creating a constantly updating representation of the outside world in the central nervous system. 

Sensation is the process by which the senses gather this information, while perception is the 

Sensory Input Nerve Impulses Transduction 

Neural Processing 

Non-conscious Use Conscious 
Experience 
(Perception) 

Figure 2.1: Simplified schematic representation of the pathway from sensory stimuli to perception. 

Sensory Input 
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interpretation of the data (Figure 2.1). 

For the transduction necessary to convert sensory input into neural signals (Figure 2.1), 

receptor cells are necessary. These are specialized cells, sensitive to one particular stimulus type that 

causes them to change their membrane potential creating nerve impulses. 

These cells “filter” the environment, detecting only one stimuli modality and responding only to 

some stimulus energies. For auditory stimuli, the receptors are responsive to the changes in pressure 

that convey the sounds and are tuned to respond to particular frequencies. 

The spatial distribution of sensory neurons activated by a stimulus conveys information about 

the stimulus. The subset of the sensory space that responds to the stimulus forms the receptive field.  

As the stimulus intensifies, the firing rates of responsive cells increase and a greater number of 

receptors is activated.  The temporal properties of receptors are coded by changes in the frequency of 

the firing rates of neurons. Sensory processing is hierarchical process, comprising many relays and as 

the information goes through the ascending pathway there is a convergence of inputs and receptive 

fields increase in size and complexity. 

Perception is defined by a mixture of both ascending mechanisms (as receptor activation) and 

descending mechanisms (such as attention); and so it can change even if the sensory input remains 

the same. 

 

2.2.1 Auditory System 

Sound can be defined as mechanical waves causing vibrations transmitted through an elastic 

medium such as the air. These waves are collected and amplified by physical structures in the 

external and middle ear for transfer to the inner ear, where they are decomposed into sinusoidal 

waves so that component frequencies, amplitude and phase can be encoded in the firing patterns of 

receptor cells. 

The information transduced by the cochlea is transmitted through hair cells to the neurons of the 

spiral ganglion, preserving the tonotopy. At the level of the cochlea, tonotopy meant the basilar 

membrane presented place coding for frequency, according to which different frequencies generate 

maximal membrane vibrations at different points. At the neuronal level, tonotopy means the fibers are 

frequency tuned, i.e. for certain frequencies, sounds of very low magnitudes around 20dB or less are 

enough to evoke a measurable response. The displacement and velocity of the basilar membrane are 

very similar to the tuning curve close to the frequency the fibers are tuned to.  (Schnupp et al., 2011; 

Malmierca, 2003). 

The vestibulo-cochlear cranial nerve terminates centrally in the cochlear nucleus, CN in Figure 

2.2, in the rat, laterally and superficially in the brainstem where it splits into two branches Schnupp et 

al., 2011; Malmierca, 2003). 

Following the cochlear nucleus, the fibers with information from both ears converge on the 

superior olivary complex, SOC in Figure 2.2, a vital structure for spatial (stereophonic) perception of 

sound. This complex is very variable between species but in the rat it includes several nuclei 

(Schnupp et al., 2011; Malmierca, 2003).  
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The SOC projects mainly to the nuclei of the lateral lemniscus (structures with the LL 

termination in Figure 2.2), which project to both ipsilateral and contralateral inferior colliculus (IC in 

Figure 2.2), being of great importance to both monaural and binaural localization processes 

(Malmierca, 2003). The IC receives input from lower and higher auditory centers as well as from non-

auditory structures and from this point in the midbrain on to the cortex, the neurons are more strongly 

excited by sounds presented to the contralateral ear. The ICs from both hemispheres communicate 

amongst themselves, providing further binaural interactions. The central nucleus of the IC has a 

characteristic laminar organization that provides the structural basis for its tonotopic organization and 

projects to the ventral division of the Medial Geniculate Body (MGB). The MGB represents the main 

auditory center of the thalamus and the last center for auditory processing before the inputs reach the 

auditory cortex (Malmierca, 2003). 

 

 

Figure 2.2: Simplified representation of the pathways of the ascending auditory system for a 

mammalian. The pathway begins in the interior end of the middle ear with the stapes (S) upon the oval window 

(OW) and the round window (RW) beneath. Following these there is the cochlea (C), connected to the cochlear 

nucleus (CN), the first auditory nucleus of the brain through the auditory nerve (AN). Information on perceived 

sounds then travels through the acoustic striae (AS) and superior olivary complex (SOC), the nuclei of the 

lateral lemniscus, the inferior colliculus (IC), medial geniculate body (MGB) and through the auditory radiations 

(AR) to the auditory cortex (AC). [Squire et al. 2012] 
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Auditory Cortex 

The auditory cortex is an area in the posterolateral neocortex (Figure 2.3) that can be located 

using the lateral suture and the blood vessels on top of the cortex as reference points. In the case of 

the rat, this area of the cortex is divided into separate fields according to “gray level index”, patterns of 

thalamocortical and corticothalamic connections and callosal input, as well as physiological responses 

(Malmierca, 2003; Sally and Kelly ,1988; Kolb and Tees, 1990). 

It is composed by a central core (area 41 according to Krieg, Te1 according to Zilles or Au1), 

with a lot of myelinated fibers; and second-order areas, or belt, including the Te2 and Te3 areas, less 

granular and not so heavily myelinated. These regions can also be individualized according to their 

connectivity pattern with the thalamus (Malmierca, 2003; Kolb and Tees, 1990). 

While Te2 and Te3 lack differentiation, Te1 is a differencitated layered structure about 1.1 to 1.2 

mm in thickness, where 6 layers can be identified. Layer I contains few neurons and extends about 

from the pial surface to about 140 µm. Layer II is 125 µm thick and contain a lot of densely packed 

small neurons. Layer III is about 190 µm thick and comprised both of pyramidal and non pyramidal 

neurons with dendritic arbors of several orientations. Layer IV is only about 100 µm thick and 

populated by small and densely packed stellate neurons. Layer V is the thickest of the layers and at 

270 µm it represents about 25% of the total thickness of the cortex, beginning approximately midway 

through and is populated by larger and less densely packed cells than layer IV. Finally, layer VI is 245 

µm thick, corresponding to 22% of the cortical depth, and is populated by both pyramidal cells and 

non-pyramidal cells, closely packed (Malmierca, 2003). 

The auditory cortex can also be subdivided according to electrophysiological studies performed 

with acoustic stimulation that elicit specific neural responses, establishing a primary area, A1; other 

tonotopically organized areas, the anterior auditory field (AAF) and the posterior auditory field (PAF), 

and other surrounding areas that do not present a tonotopic organization (Kolb and Tees, 1990; Doron 

et al. 2002).  

The core auditory cortex receives fibers from the MGB, creating a tonotopic region (Kolb and 

Tees, 1990). To each cell or group of cells a characteristic frequency (CF) may be associated,which, 

similarly to what was mentioned in relation to other regions, is the frequency at which a neural 

response requires its lowest sound pressure level. Studies have shown that high frequencies are 

Figure 2.3: Representation of the rat auditory cortex, highlighting certain regions as the auditory portion of the 

córtex (Miller, 2009) 
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located rostrally and low frequencies caudally in the A1, with neurons at different dorsoventral 

positions having similar best frequencies, so for each rostrocaudal location one can establish 

dorsoventrally oriented isofrequency contours, that, in the rat extend about 1 mm across the cortical 

surface (Doron et al. 2002; Malmierca, 2003; Kolb and Tees, 1990). 

Most of the surface of the core region of the auditory cortex of the rat (80%) is devoted to 

frequencies above 8 kHz and most cells show a short-latency response (8 to 14 ms) and monotonic 

rate-intensity functions. The dynamic range of these cells is usually from 5 to 35 dB (although it can be 

as large as 60 dB). Non-monotonic cells are also present and their dynamic range is larger, usually  

from 30 to 40 dB (sometimes reaching 80 dB) (Kelly and Phillips, 1991). 

 

Neural Basis of Sound Localization 

The ability to locate sound sources is a critical skill for a large number of animals, mammalians 

among them, allowing them to localize predators and other dangers, prey, food and water (Grothe et 

al, 2010). 

For spatial localization of sound animals require both ears for binaural cues as what is 

topographically represented in the sensory epithelium (cochlea) is the frequency and not spatial 

information, which means the neural representation of auditory space does not correspond to a 

topographic map, a sort of “space-map”, but the localization of the source is encoded by a population 

of relatively broadly tuned spatial channels in both hemispheres (Rees and Palmer, 2010; Grothe et al, 

2010). 

The size and shape of the whole body are relevant for sound perception influencing the 

difference in the length of the path travelled to each ear, resulting in an interaural difference in time of 

arrival, magnitude of sound and possible differences in phase. Depending on their wavelength, 

incident sounds may be reflected by the head and may suffer diffraction before reaching the ear in the 

opposite side from their source, which lies within an acoustic shadow cast by the head (Schnupp et 

al., 2011; Rees and Palmer, 2010). 

The important cues for locating a sound source in the horizontal plane are interaural level 

differences (ILDs), interaural time differences (ITDs) and the head-related transfer function (Grothe et 

al, 2010). These cues are not equally effective over all frequencies, giving rise to Rayleigh’s duplex 

theory, according to which ILDs are more effective for high frequencies and ITDs are more effective 

for low frequencies (Schnupp et al., 2011; Rees and Palmer, 2010). 

To encode ITDs the brain uses information about the difference in the time the sound reaches 

each ear, information which, for pure tones, is encoded by the phase locking of the auditory nerve 

fibers, which is limited to low frequencies (in mammals it’s limited to 3 to 4 Hz). (Schnupp et al., 2011 

Rees and Palmer, 2010). 
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As to ILDs, their magnitude changes considerably with the wavelength of the sound and so 

these are also affected by sound frequency, as shown in Figure 2.4.. At low frequencies the sounds 

propagate around the head without much interference because the wavelengths are so much larger 

than the size of the head that it poses little to no interference. At higher frequencies, wavelengths are 

smaller, of similar dimensions to the head, and ILDs are larger, and above 3 kHz they become a 

reliable source of information to sound source localization (Schnupp et al., 2011). However, it can 

happen that low frequency sounds create ILD cues if the sounds source is close to the head (Rees 

and Palmer, 2010). 

For animals like the rat, that hear primarily in the high-frequency range, from about 6kHz to 

about 48kHz (Kelly and Masterton, 1977; Heffner and Heffner, 2007), ILDs provide the main cue for 

horizontal sound localization (Kyweriga et al., 2014; Wesolek et al., 2010). 

There are two classically employed methods to study ILD encoding. The first methods calls for 

the change in the ILD to be made by maintaining the level of the excitatory ear constant while varying 

the level of the sound presented to the inhibitory ear. This technique is useful in order to ascertain 

wether the increase of the level of the sound presented to the inhibitory ear causes increased binaural 

suppression - if the non-excitatory side is inhibitory (Rees and Palmer, 2010). 

The second method varies ILDs by choosing an average binaural level for both ears that then is 

decreased to one ear and increased in the same amount for the opposite ear. This is the method that 

is most similar to what happens in reality when a sound source is moved around the head in the 

horizontal plane (Rees and Palmer, 2010). 

ILD encoding happens first at the level of the Lateral Superior Olive, LSO, where cells are 

inhibited by stimulation of the contralateral ear and excited by the stimulation of the ipsilateral ear - IE 

three conditions; the original intact measurements !head
+pinna", measurements after pinna removal !head only", and
the difference between the intact and pinna-removed mea-
surements !“pinna only”". The pinna only data show that the
pinna significantly contributed to the DTF gain, but only at
high frequencies above 20 kHz. The pinna by themselves
generate up to 5–12 dB of gain for frequencies from
20 to 35 kHz. Below 20 kHz, the gain produced by the pinna
is generally small, !2 dB. The pinna also produced substan-
tial attenuation, some of which was shown in Fig. 5 where
pinna removal eliminated the spectral notch cues. The spec-
tral notches !i.e., regions of low gain surrounded by rela-
tively higher gain" are particularly evident for frequencies of
20, 25, and 30 kHz in the head+pinna and pinna only acous-
tical gains !Fig. 6, left and right columns, respectively". The
notches are not apparent in the head only condition !Fig. 6,
middle column".

The pinna also contributed to the location of the acoustic
axis. Examination of the head only condition shows that the
gain produced by the head is largely symmetrical about the
midsagittal plane and tends to monotonically increase as
source location moves in azimuth from contralateral to ipsi-
lateral. The head only acoustical axis tends to occur in the
area from #45° to 90° at the ipsilateral ear and around 0°
elevation. The acoustic axis with the pinna present does not
obey this symmetry, suggesting that the directivity of the
pinna at high frequencies determines the acoustic axis.

B. ILDs

1. Variation of ILD with frequency

The difference between left and right ear DTF gains
!e.g., Fig. 6" results in the ILD spectra. ILD cues varied with
frequency and source location. Positive and negative ILDs
indicate higher DTF gain for left and right ears, respectively.
Figure 7 shows for two animals !left column, R016; right
column, R004" the ILDs at five different elevations when the

azimuth was fixed at 0° !top row" and for five azimuths when
the elevation was fixed at 0° !bottom row". ILDs varied with
changes in source azimuth and frequency, but not with
changes in source elevation. The distinctive positive and
negative peaks in the ILDs between 15 and 30 kHz for
sources varying in elevation are due to slight asymmetries in
the spectral notch frequencies at the left and right ears !Figs.
3, 4, and 6". These positive and negative peaks systemati-
cally moved to higher frequencies with changing azimuth
angle and constant elevation consistent with the movements
of the first notch frequencies !Figs. 3, 4, and 6" Also, as a
function of azimuth, ILDs are small, on the order of a few
decibels, for low frequencies, and become systematically
larger for frequencies up to #20 kHz. For frequencies from
#20 to 30 kHz, the spectral notches that are primarily
present in the contralateral ear !farthest from the source" help
to create very large ILDs approaching 40 dB for some fre-
quencies. Note also that for some source azimuths and fre-
quencies, ILD was negative due to the first spectral notch at
the ipsilateral ear.

2. Variation of ILD with azimuth and frequency

Figure 8!a" illustrates the way that the ILD cues for
different frequencies vary with azimuth along the horizontal
plane !i.e., at a constant elevation of 0°". The data are the
mean !" standard error of the mean" ILDs computed across
the six animals as a function of azimuth at six different fre-
quencies. In general, ILDs symmetrically varied about the
midline. At 5 kHz, the ILD steadily increased from −7 to
+7 dB as the azimuth changed from −90° to +90°. For 10,
15, and 20 kHz, the ILDs varied from #"10, #"17, and
#"26 dB, respectively, for azimuths between #"70°, but
then tended to slightly decrease for larger azimuths. For 25
and 30 kHz, the ILDs varied from #"30 dB as the azimuth
changed from −90° to +90°. Finally, the ILDs at 35 kHz
were "15 dB. At 35 kHz, the ILD cues were quite variable
from animal to animal, leading to smaller average ILDs at
each azimuth. The maximum mean ILDs across the six ani-
mals for sources along the horizontal plane in the frontal
hemisphere were 7 dB at 5 kHz, 10 dB at 10 kHz, 17 dB at
15 kHz, 26 dB at 20 kHz, 28 dB at 25 kHz, 27 dB at
30 kHz, and 15 dB at 35 kHz.

For most frequencies examined, the ILD cue was largely
symmetric in azimuth about the midline !at 0° elevation" and
also varied approximately linearly for sources between
"30°. We noticed that as the frequency increased, the rate of
change of the ILD cue with changes in source azimuth, the
ILD slope, also increased. Figure 8!b" plots the slope of the
ILD cue !dB/deg" for sources between "30°. The slope
steadily increased from #0.03 dB /deg for frequencies
!1.5 kHz up to 0.42 dB /deg by 18.5 kHz. For higher fre-
quencies, particularly between 18 and 30 kHz where the
spectral notches occur, the ILD slope considerably varied
from animal to animal. This can also be appreciated in the
across-animal variability in ILD in Fig. 8!a".
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FIG. 7. The ILD spectrum for two animals !R016 and R004". ILD spectrum
is the frequency-by-frequency difference between left- and right-ear DTFs at
a given location. Positive ILD indicates higher gain at the left ear than the
right. ILDs do not change as with source elevation along the midsagittal
plane !top row" but do substantially change with source azimuth along the
horizontal plane !bottom row". ILDs for some frequencies and some loca-
tions may be as large at 40 dB.
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Figure 2.4.: ILD spectrum for two animals. The ILD spectrum is the difference between left- and right-ear 

DTFs at a given location in a frequency-by-frequency basis. Positive ILDs indicate a higher gain for the left ear. 

It is possible to observe ILDs do not change with source elevation along the midsagittal plane on the top plots 

but do change with source azimuth along the horizontal plane bottom plots (Koka et al., 2008). 
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interaction (Rees and Palmer, 2010). A neuron from the LSO will not show a significant response to a 

sound coming from straight ahead, which would be of equal intensity on both ears. But if the sound 

source moves, for instance, to the ipsilateral side, the sound intensity in the contralateral ear will 

diminish due to the acoustic shadow created by the head, this leads to lower firing rates of the 

neurons in the contralateral anteroventral region of the cochlear nucleus, AVCN, causing a reduction 

of the inhibitory inputs to the LSO, so that its responses become stronger. When the sound moves to 

the contralateral side, the LSO receives less excitatory inputs but more inhibitory ones, suppressing its 

firing (Schnupp et al., 2011; Rees and Palmer, 2010). 

The response of the LSO to ILDs usually corresponds to sigmoid functions where “negative 

ILDs” represent stronger stimuli in the inhibitory ear and “positive ILDs” represent stronger stimuli to 

the excitatory ear (Grothe et al., 2010). 

After the LSO, the IE interaction is converted to an EI interaction - responsiveness to 

contralateral monaural stimuli but not to ipsilateral (Rees and Palmer, 2010). This means that from the 

midbrain on the central auditory systems responds preferably to contralateral stimuli (Schnupp et al., 

2011). 

At higher levels other instances of binaural processing take place, increasing the complexity 

level of the processing in relation to what happens in the LSO, showing responses to sound pressure 

level among other cues (Rees and Palmer, 2010). 

Evidence for the part played by the auditory cortex for sound source localization comes from 

lesion studies and studies where the cortex is reversibly deactivated.  

Jenkins and Merzenich (1984), showed that a unilateral lesion in the primary auditory cortex of 

the cat led to selective loss of sound localization capabilities regarding the contralateral sound field. 

Similar deficits were found for other species, such as ferrets (Kavanagh and Kelly, 1987) and primates 

(Thompson and Cortez, 1983). This loss of abilities would also show frequency selectivity when 

certain isofrequency contours were targeted (Schnupp et al., 2011, p. 209; Rees and Palmer, 2010). 

If both sides of the cortex are affected, the animals perform badly regarding sound localization 

in both lateral fields, while retaining some ability to distinguish between sound sources positioned on 

either side of the midline (Schnupp et al., 2011, p. 209; Heffner and Heffner, 1990; Heffner and 

Masterton, 1975; Jenkins and Masterton, 1982; Jenkins and Merzenich, 1984). 

Regarding the effects mentioned, Heffner proposed an auditory-motor disconnection syndrome, 

caused by cortical ablation (Heffner, 1978; Fay, 2013, p. 252-256), according to which, cortical 

ablation may not disrupt all ability to localize sound sources and the animals are still able to indicate 

direction in regards to the midline, however, they are unable to specify localization of sound sources 

within the same hemifield, even if broadly spaced (Heffner and Masterton, 1975; Fay, 2013, p. 252-

256).  

 It is also possible to observe more pronounced effects of cortical disruption for animals with a 

more well-developed cortex, such as primates (Schnupp et al., 2011, p. 209). Specifically for rats, no 

inactivation studies have yet been performed, but data from bilateral lesion studies suggest minimal 

effects, contrary to what was found for monkeys, dogs and cats, thoguht to be related to their degree 

of cortical development (Kelly, 1980). It is, however, important to mention that even though 
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performance shows the same progression for control and lesioned animals in the study mentioned, it 

is possible to observe differences in performance for the harder conditions, 0 and 10 degrees of 

speaker separation in Figure 2.5.  

 

According to Koka et al. (2008), a separation of 10 degrees between sources, the equivalent to 

an azimuth at 5 dregrees, equals to an ILD cue of about 5dB (Figure 2.6.). This ILD cue corresponds 

to the hardest conditions tested in the previously mentioned lesion study for rats (Kelly, 1980) and are 

well above the minimum ILD value the rats featured in this work are able to discriminate. It is then 

possible that no significant effect of the auditory cortex on sound source localization was previously 

found because the stimuli used were not ideal. 
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FIG. 8. Performance of animals tested with filtered noise stimuli. Psychophysical curves are shown for normal 
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Turning now to the performance of ani- 
mals tested with filtered-noise stimuli, we 
find again that both normal and brain- 
damaged animals are able to localize single 
pulses at 180 and 60” speaker separation. 
Performance levels for normal animals at 
angles of 60” and below are shown as 
psychophysical curves in Fig. 8A and C (for 
low and high frequencies, respectively). As 
expected, performance levels dropped at 
smaller angles of separation and clustered 
around the 50% level when loudspeakers 
were at O”, i.e., mounted directly above one 
another. For all other angles, 10, 20, 40, 
and 60”, individual performance levels 
were above that expected by the binomial 

distribution for sample sizes of 50 (trials), 
i.e., 63.9% at a confidence interval of P 
= 0.05. Thresholds for localization in the 
horizontal plane as estimated from this 
performance level were 5, 9, and 6” for low 
frequencies and 3, 6.5, and 4” for high 
frequencies. 

Psychophysical curves for animals with 
cortical lesions are shown in Fig. 8B and D. 
Performance levels for small angles, 10 and 
20”, were on the average lower than those 
for normal animals and, therefore, the 
estimates of thresholds were in some in- 
stances higher for brain-damaged animals 
than controls. For example, at low frequen- 
cies, the thresholds were 7.5, 26, and 6”. 

Figure 2.5.: Performance of animals tested with filtered noise stimuli. Normal animals in A and C; and lesioned 

animals in B and D, for low (800 Hz) and high (20kHz) frequencies, respectively (Kelly, 1980). 

3. Spatial distribution of ILD at various frequencies

The data presented above indicate how ILD varies as a
function of azimuth and frequency along the cardinal azi-
muthal dimension. Similar to the DTF gains, however, the
ILD cue is actually a complex function of azimuth, elevation,
and frequency. The spatial distributions of ILDs at various
frequencies were studied by similarly plotting them to the
monaural DTF gains !e.g., Fig. 6". Figure 9 shows the ILDs
calculated at seven frequencies for two animals !R016 and
R004". As was seen in Fig. 8!a" for the across-animal aver-
age ILDs, the ILDs were, in general, symmetrical between
the right and left hemispheres for frequencies up to
#15–20 kHz, but were more complex for higher frequen-
cies. This is due, in part, to the role of the pinna, which
generate the spectral notches !Figs. 3, 4, and 6" and contrib-
ute to the DTF gain and location of the acoustic axis !Fig. 6".

In particular, for the frequency ranges of the prominent first
notches !#15–30 kHz", the spatial distribution of ILDs can
be quite complex.

4. Spatial distribution of directions with maximum
and minimum ILDs

Like the monaural acoustical axis, the spatial location of
the maximum ILD was dependent on frequency. Figure 9
shows the directions of maxima and minima in the ILD cue
for different frequencies for animals R016 and R004. We
defined the minimum of the ILD cue at each frequency as the
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animals varies as a function of azimuth along the horizontal plane and
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FIG. 9. Spatial distribution of ILDs at seven different frequencies for two
animals !R016 and R004" for locations in the frontal hemisphere. Positive
ILDs indicate higher gain at the left ear !−90° " than the right ear !+90° ".
Color bar indicates ILD magnitude in dB.
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Figure 2.6.: (A) Mean ILD cue as a function of azimuth. (B) Rate of change of the ILD cue (slope) with 

changes in the azimuth. (Koka et al., 2008) 

(A) (B) 
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Besides primary auditory cortex, other auditory cortex fields show not only tonotopy, as referred, 

but also influence in the sound localization abilities and it has been shown that even though A1 is 

necessary it is no sufficient for sound source localization, for instance, Lomber and Malhotra (2008) 

showed the influence of the PAF and AAF for sound localization - reversible cooling of the PAF 

resulted in deficits performing a spatial localization task, while reversible cooling of the AAF resulted in 

deficits performing a temporal pattern discrimination task (Lomber and Malhotra, 2008; Rees and 

Palmer, 2010). 
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Chapter 3  

Methodology 

3.1. Behavioral experiment: Auditory localization in the 

horizontal axis 

3.1.1. General Parameters Of The Task 

Animals 

 Four female Long-Evans rats 12 weeks-old (at beginning of training) and weighting between 

300 and 400 grams at the beginning of training and between 200 and 300 grams throughout training, 

their weight being monitored after every training session.  

Animals had free access to food but only had access to water while working. 

 Motivated animals performed 800 to 1000 trials per session. 

  

 Training Environment 

A
. 

B
. 

Figure 3.1: A. Picture of the modular cage used for behavior inside the larger sound-proof box. Also pictured is 

the camera used to look into the box while the animals are performing the task. B. Schematic representation of 

the pokes present in the right-side wall of the box. 

2.5 cm 

5 cm 

8 cm 
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The animals were trained in a Coulbourn Instruments modular metallic and acrylic cage [30.48 

cm x 25.4 cm x 30.48 cm] as depicted in Figure 3.1 A., equipped with three metallic nose pokes, 1.5 

cm deep, equipped with infra-red sensors structured as depicted in Figure 3.1 B.. The two lateral 

pokes included a water spout for the delivery of reward and placed under each of them one sound 

speaker. This behavioral setup was placed inside a larger sound-proof box illuminated by infra-red 

lights and equipped with an infra-red camera to observe the animals during the sessions. 

 
Stimulus 

The stimuli presented to the animals consisted of bandpass noise (5-20 KHz) and 10kHz pure 

tones, produced by two cellphone speakers placed beneath the lateral pokes or on the headphones 

placed on the head of the rats and controlled by a RP2 TDT processor and MATLAB. These cellphone 

speakers are calibrated using a Brüel & Kjær Free-field ¼" microphone, placed in front of the central 

poke for the calibration of the box speakers and at approximately 5mm from the speakers in the 

headphones – distance the speakers will be from the ear when the headphones are placed in the 

head of the animal. Calibration provides the parameters for the speakers’ response to the voltage 

supplied in terms of amplitude (level), allowing to control the level of sound presented to the animal. 

For a large portion of the study the stimuli progressed according to a linear scale, but when the 

animals were already performing the discrimination task at goal level (80% performance), the ILD step 

progression was changed from linear to logarithmic and the number of conditions was changed from 8 

to 10. According to this paradigm, the possible ILDs (in absolute value) were no longer [1.5, 3, 4.5, 

6]dBs but [1, 1.682, 2.828, 4.757, 8]dBs. 

Working with sound, its intensities measured in decibels, the ILDs presented to the animal 

always progressed according to a logarithmic scale, taking advantage of the known relationship 

between response magnitude and stimulus intensity as described by a power law (Goldstein, 2009).  

 However, the goal of this modification was to allow a more thorough sampling of performances 

close to the midline, corresponding to the slope of the psychometric function, while still presenting the 

animals with more “easy” conditions, allowing them to reach a maximal performance, corresponding to 

an asymptotic behavior of the psychometric function at its extremes. 

 A change in performance was not expected or analyzed but this scale allowed for a better 

sampling of the intensities of the stimulus closer to the midline and to chance level, and for a better 

sampling of the slope of the psychometric function, as evidenced in later chapters. 

For this manipulation, the animals were initially exposed to blocks with 8 conditions as 

previously (the limit of the logarithmic scale of stimuli being 8 dB) and then to blocks of 10 conditions, 

in order to achieve a better sampling of intensities (the limit of the logarithmic scale of stimuli also 

being 8 dB). 
 

 Description of the Behavioral Task 

In its most general form, the sound localization task employed for this work consists 4 steps: the 

animal pokes in a central poke for a minimum amount of time (Figure 3.2 A.); sound plays form one of 
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the sides (Figure 3.2 B.); the animal responds to one of the sides, a correct response being the one 

where the animal pokes to the side the sound originates from (Figure 3.2 C2.) and an incorrect 

response to the opposite side (Figure 3.2 C1.); if the response was correct the animal receives water 

from the poke where it responded to (Figure 3.2 D.). 

 

3.1.2. Training Process 

The animals were first placed on water deprivation for 3 to 4 days before their first session, with 

free access to food. 

 Following their initial water deprivation period, they were trained in the 2AFC task illustrated in 

Figure 3.2. This task required them to poke their head into a central poke for 10 ms, following which 

they were presented with a 50dB SPL white noise burst from one of two speakers, one placed below a 

right poke and the other one below a left poke. The sound was permitted to play until the rat 

completed the behavior or the sound file reached its end (180 seconds). The sound being completely 

lateralized, with and average binaural level (ABL) of 25 dB (-50 dB or 50dB taking the midline as 

reference). The target behavior was for the rats to poke, again for 10 ms, in the poke on the side from 

where the sound originated. When the sound is completely lateralized as described, the animal 

performs a detection task. 

 For the first sessions, they were placed in the box overnight, with access to food. 

Lateral  
Poke 

Lateral  
Poke 

Central  
Poke 

A. 

B. 

C2. 

D. 

C1. 

Figure 3.2: Illustration of the Sound Localization task in its most basic form. A. Rat pokes in the central poke 

for a period; B. Sound plays from a speaker under one of the lateral pokes: C1. The rat responds incorrectly 

and pokes in the lateral poke opposite from were the sound comes from. C2.The rat responds correctly and 

pokes in the lateral poke on the side the sound originates from. D. Reward in the form of water is delivered in 

the lateral poke of the correct response. 
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 The possible outcomes for the task were: Correct Trial, Incorrect Trial, Abort due to no 

fixation, Abort due to broken fixation in the central poke, Abort due to broken behavioral response and 

Abort due to failure to respond. 

 Incorrect trials and aborts were initially penalized with a 10 ms penalization period in which the 

animal could not start another trial; during this period, for incorrect trials, a light flashed. The aborted 

and incorrect trials were repeated so that the animal was exposed to the same stimulus until the trial 

was correctly completed. 

 For every correct trial the animal received water form the spout in the lateral poke 

corresponding to the side the sound originates form, as illustrated in Figure 3.2 D. (approximately 

0.01 ml of water per correct trial). Also with every completed trial, required time for fixation was 

increased by 0.5 ms, until it reached 300 ms.  

 To avoid the development of stereotypic patterns (rhythmic behaviors) by the trained rat 

(Zariwala, 2007), when this timing of 300 ms was reached a random period between 0 ms and 50 ms 

was added for each trial, 350 ms being the maximum fixation time required as shown in Figure 3.3; 

the incorrect trials are no longer repeated and the penalization period was gradually increased until 10 

seconds. Furthermore, in the last stages of training, when the animal stopped its poking in the central 

poke the sound stopped playing, so the animals decided how long they were exposed to the stimulus. 

 When the animal managed to perform the task with a performance of at least 80%, the task 

became a discrimination task and the stimulus was changed to ILDs. These were presented with the 

ABL of 50 dB and comprising 8 conditions, 4 of them corresponding to sounds lateralized to the right 

and 4 to the left (this means that the outer conditions corresponded to higher ILDs, and so, to easier 

Figure 3.3: Schematic representation of the task stating the important time periods such as the fixation, 

reactions and movement times. This scheme shows the changes that these periods undergo as training 

progresses, the time form start trial to the moment of start of fixation being at 180 seconds at the beginning 

of training and at 6 seconds by the end; and fixation time varying from 10 milliseconds to 300 milliseconds 

according to the same timeline. 

ms 

10 -350ms 
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conditions, progressing to the middle conditions meant progressing towards the midline, to harder 

conditions of smaller ILDs). The progression of the ILDs form the midline was linear and in multiples of 

a chosen step. The initial step was of 4 dB; i.e. the stimuli set consisting of the following ILDs: -16, -12, 

-8, -4, 4, 8, 12, 16 (negative values corresponding to sounds seemingly form the left). 

 A session was divided into blocks and in each block, for each of the 8 conditions 10 trials were 

presented.  

 The ILD steps were then decreased in -1 to -0.5 dB increments, when the animal reached a 

performance of 80%, until 1 dB or 1.5 dB.  
  

3.1.3. Surgeries for Implantation 

 When the animals were performing the task at the level mentioned in the previous section, 

they were implanted with a plastic base (Figure 3.4) containing a magnet to allow them to be 

equipped with headphones, Figure 3.5. 

 

Surgery setup 

 The surgery was performed in a setup placed inside a different sound-proof box from the one 

used for the behavior setup and able to slide to the exterior to facilitate the surgery process. 

 The setup includes a stereotaxic frame where the animal can be fixed with ear-bars and 

mouthpiece for a precise and stable surgery. 

 

Surgery procedure 

 

A. B. 

C. 

Figure 3.4: Photograph of the components implanted into the animal: A. Resin well; B. Base where the 

headphones will fit. C. Portion of the implant that is visible form the outside. In the opening on top a cubic 

magnet is placed, allowing the headphones to be able to attach and then be removed. Design by José Pardo-

Vazquez. 
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 For the surgery, anesthesia was induced by inhalation of isofluorane at a concentration of 3-

4% (oxygen at 2 liters per minute) and maintained by an intraperitoneal (IP) injection of 

ketamine/xylazine (0.1/100g). More isofluorane was occasionally administered for longer surgeries if 

the animal exhibited a response to the pinching of the paw indicating that it was feeling pain. 

 The animal was shaven, fixed to the stereotaxic frame and eye-ointment was applied to the 

eyes. 0.2 ml of lidocaine were injected subcutaneously at the incision site before the incision was 

made for local anesthesia. The local for the incision was cleaned using iodine and an incision of 

approximately 2 cm through the scalp midline was performed and the skin displaced laterally, 

exposing the surface of the skull. After cleaning the top region of the skull by blunt dissection, drilling 

holes were made and titanium screws (3 mm in length , 1 mm thread diameter) were attached to the 

skull (4 to 6), allowing for most of their length to remain outside of the skull. Cement was poured on 

top of these screws, ensuring it reached the space between the screws and skull for a secure 

attachment. A plastic/resin hollow cylinder (Figure 3.4. A.) was placed on top, in between the screws 

and then filled with more dental cement, acting as a well, where the resin base for the headphones 

(Figure 3.4. B.) was then placed, secured with cement inside the cylinder.  

Figure 3.5: Photograph of the different componentes that assembled comprise the headphones. On the top all 

the pieces are sperated and on the bottom assembled in a non permanent manner. Design by José Pardo-

Vazquez. 
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 The displaced skin was stitched around the base, only allowing the necessary structures for 

the attachment of the headphones to remain visible (Figure 3.4. C.); and the antibiotic Convenia®, 

0.1ml/100g) and analgesics (Rimadyl®, 0.1ml/100g; with anti-inflammatory effect as well) were 

injected (I.P.) after the surgery.  

The metal grid was removed from the cage and paper towels were added on top of the normal 

bedding. Soft food (gel) was provided for 2-3 days. 

A week was provided to the animal for recovery with free access to water and food. After the 

recovering week, the animal was again put under anesthesia with isofluorane for the assembly and 

adjustment of the pieces that comprise the headphones (Figure 3.5). 

With the animal under anesthesia, the non-permanently assembled resin pieces, as in the 

bottom section of Figure 3.5, (already with the cellphone speakers set in place and their connections 

made) are placed on the implanted base (Figure 3.4 C.) and the different angles between the parts 

are adjusted so that the speakers are placed at about 5mm from the opening of the animal’s ear. The 

pieces are then fixes with superglue, removed from the animal and covered in Sugru, providing extra 

fixation to the resin parts and protection to the electrical cables that connect the speakers, creating the 

headphones shown in Figure 3.6.  

Figure 3.6: Final headphones ready to be used for one specific animal. 
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3.1.4. Behavioral Task 

 After the surgery described in the previous section, the stimuli were presented through the 

headphones shown in Figure 3.6. 

 After being implanted with the base and equipped with the headphones the animal was no 

longer left in the box overnight due to the possibility of removing them, but was allowed to work during 

the day until it no longer showed motivation and stopped initializing trials of its own accord.  

 The headphones were employed to better control the delivery of the sound to the animals, 

preventing them from utilizing other strategies for sound localization that do not rely on the perceived 

ILDs alone, such as head movements, that would distort the stimuli created; and are placed on top of 

the head, fitting the implanted base and fixed by magnets present both in the base and the 

headphones. They were connected to the sound presentation system through a cable that exits the 

behavior box through an opening in its top panel and care was taken to ensure this cable does not 

constrain the movements of the animal.  

 The stimuli were maintained in what concerns the ILDs presented, but the ABLs changed form 

50dB to 20 dB, 40 dB and 60 dB, in alternating blocks, as show in Figure 3.7. 

 The different ABLs employed mean the animal is now presented with 8 ILDs for each ABL, 

completing 24 different stimuli, organized as in Figure 3.8. 

1 Block (80 trials) 

1 Session (1000-1400 trials) 

40dB 60dB 20dB 

Figure 3.7: Diagram of the possible organization of one session of training. 

Figure 3.8: Diagram of all the possible stimuli presented to the animal. Each group of dots will correspond to 

the ILDs presented in one block. 
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 Initially, the animals were working only every two days and were not provided with water in the 

days they were not working. This meant that at the beginning of each session they were stressed and 

anxious to have access to water, which lead to a large number of aborts due to an inability to achieve 

the required fixation time. To try and solve this issue, at the beginning of the sessions the animals 

were presented with three blocks of detection, providing easy access to water. This lowered the 

amount of aborts and increased their performance through the session. As the training progressed, it 

became possible to train the animals daily (5 days a week). With more regular access to water their 

sessions decreased in duration, as expected, because their motivation was lower, this meant that the 

initial detections blocks were no longer useful and could even decrease the amount of useful 

discrimination data as the animal was able to get easy reward at the beginning of the session. 

Therefore, the initial detection blocks were abandoned. With daily training  the animals drank between 

5 ml and 15 ml a day, keeping their weights above 200 grams.  

 The basic task then suffered through several modifications in order to ascertain its strong 

dependence on the stimuli and low dependence on extraneous factors such as motivation.  

 

 

 The amount of trials obtained by combining all sessions for each animals shown in Table 5.1. 

Each animal accomplished an average of 14,100 trials since they finished their training and began 

performing the task with the headphones (February/March 2015). Rat 04 only reached 2220 trials as 

its implant fell due to infection in the site (March 26th, 2015). 

 

3.1.5. Analysis of Behavioral Data 

Data were analyzed using MATLAB® and GraphPad Prism software was employed specifically 

for the fitting of the psychometric functions. 

It should be noted the analysis of these data is still ongoing and so the statistical significance of 

the effects found so far has yet to be determined. 

 

3.2. Issues Encountered During This Work and Some Solutions 

This section seeks to address some issues found during the execution of this work. Some of 

them have been dealt with to some extent, while others are to be studied further in the future. 

 

Table 3.1: Size of the Data set, in trials, obtained for each rat. 

RAT 01 

RAT 02 

RAT 03 

RAT 04 

18,480 trials 

17,940 trials 

17,760 trials 

2,220 trials 
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3.2.1. ILDs as Stimuli 

It was established in previous sections (namely the Introduction, chapter 2), that ILDs are a 

useful stimulus for tasks that feature sound localization in the horizontal axis because these are the 

cues rats would use in the wild with a similar goal.  However, as it was also previously mentioned, 

ILDs are dependent on the frequency of the sound (Figure 2.4.) (Koka et al., 2008). 

The stimulus presented for this work corresponded to an interaural level difference, an ILD, but 

a constant one across frequencies, therefore, it differed greatly from what the animal would find the 

wild, not sounding as an actual sound source would. 

Accounting for this fact and changing the ILDs according to the frequency of the sound would 

most likely only affect the behavior of the animals in a positive manner and seeing as they reach such 

high performances it does not seem to be necessary to make the cues more similar to what would be 

heard in nature. 

Besides what was previously mentioned, there is a whole ILD spectra (Koka et al. 2008) 

created, not by different sources, but by the head transfer function and its directional componentes, 

that alter the sound that is reaching the animal due to the contours of the head and outer ears. This 

means the strategy for sound localization depends on the path the sound follows to reach the ears, as 

shown in Figure 3.9. However, both with the headhpones and with the speakers in the box, a level 

difference between the two ears is created using two sound sources and not a single source as one 

would find in the wild, therefore, the sounds reaching the two ears and their difference do not 

necessarily correspond to what the animal would find in nature. The difference in level created in this 

task assumes the shadow created by the head on the opposite side of each sound source is total – no 

sound from one speaker reaches the opposite ear. This is an approximation and probably does not 

correspond to what one finds in nature, where the sound from one speaker still reaches the opposite 

ear. This approximation means that in the current task the ILDs are indeed bein overestimated and the 

animals are even more precise in their discriminations.  

1981; Kelly and Sally, 1988; Finlayson and Caspary, 1991;
Kelly and Phillips, 1991; Li and Kelly, 1992; Irvine et al.,
1995; Kelly et al., 1998; Irvine et al., 2001!, and develop-
ment "Silverman and Clopton, 1977; Clopton and Silverman,
1977; Kelly and Judge, 1985; Kandler and Gillespie, 2005!
of sound localization mechanisms. However, aside from
some spatially and spectrally sparse measurements of the
ILD cues by Harrison and Downey "1970!, little is actually
known about the localization cues available to rats. To fill
this void, here we measured the directional transfer functions
"DTFs! "Middlebrooks and Green, 1990!, the directional
components of the head-related transfer functions "HRTFs!,
for adult rats. From the DTFs, the primary acoustical cues to
location were computed and examined, including the spectral
“notches” "Rice et al., 1992!, ITDs, and the spatial and fre-

quency dependence of the ILD cues. The acoustic gains of
the DTFs were examined at individual frequencies to deter-
mine the “acoustical axis,” the spatial location of the maxi-
mum gain at a particular frequency. Finally, the role of the
pinna in generating the cues was examined by repeating the
acoustical measurements after surgical removal of the pinna.
Our measurements confirm that the three typical acoustical
cues that are available to most mammals are also available in
rats. Moreover, we demonstrate that the pinna substantially
contributes to the formation of all three of the primary cues
to location.

II. METHODOLOGY

A. Animal preparation

Six adult female Sprague Dawley rats were used "mean
weight of 287!12 g!. All surgical and experimental proce-
dures complied with the guidelines of the University of
Colorado Health Science Center Animal Care and Use Com-
mittees and the National Institutes of Health. Rats were eu-
thanized with sodium pentobarbital "100 mg /kg, i.p.! prior
to acoustic measurements. We adapted the technique of
Obrist et al. "1993! and Wotton et al. "1995! in their study of
the acoustical cues in bats in which the euthanized animals
were frozen prior to the acoustic measurements. Here, the
euthanized rats were frozen before performing the experi-
ments. Care was taken to ensure that the head position rela-
tive to the body and the pinna position relative to the head
were maintained in a natural posture during freezing. Freez-
ing the tissue facilitated the consistency of the insertion of
the probe tube microphones to deeper portions of the ear
canal. The weight, head diameter, and pinna height and
width #Figs. 1"a! and 1"b!$ of each animal were measured
after freezing. Measurements of four animals before and af-
ter freezing showed that these dimensions were not signifi-
cantly changed by freezing "paired t25=−1.26, p=0.22!. The
acoustic measurement procedure lasted %1 hour during
which the animals remained frozen. Similar techniques have
been used to measure the acoustical cues in frozen "Obrist
et al., 1993; Wotton et al., 1995!, formaline-fixed "Fuzessery,
1996; Aytekin et al., 2004; Firzlaff and Schuller, 2003; Koay
et al., 1998!, alcohol-fixed "Obrist et al., 1993!, and cadaver
"Harrison and Downey, 1970; Moore and Irvine, 1979;
Middlebrooks and Pettigrew, 1981; Coles and Guppy, 1986;
Martin and Webster, 1989; Chen et al., 1995; Maki and Fu-
rukawa, 2005! animals.

After the linear measurements of the head and pinna, a
small hole was made in the wall of posterior aspect of pinna
with a 14-gauge needle. A 50-mm-long flexible probe tube
"Bruel and Kjaer, part no. AF-0555, 1.65 mm outer diameter!
was inserted into the hole so that the tip of the tube was just
within the ear canal and fixed in place with super glue. The
animal was then placed in the center of the sound-attenuating
room "see below!, with its interaural axis aligned in the arc
of loudspeakers by using three lasers, two at the poles and
one at "0°,0°!. To examine the role of the pinna, after taking
the first set of acoustic measurements, the pinnae of three
animals were removed and the measurements were repeated.
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FIG. 1. The dimensions of the animal subjects. Across the six rats, the
average head diameter "FG! was 29.6!1.3 mm, the average pinna width
"DE! was 11.4!0.5 mm, and the average pinna lengths "AC! and "BC!
were 16.8!0.8 and 17.7!1.7 mm, respectively.
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FIG. 2. Examples of the three primary acoustical cues to sound location,
spectral notches, interaural time differences "ITDs!, and interaural level dif-
ferences "ILDs!, for five sources in azimuth along the horizontal plane. At
each location, the directional transfer functions "DTFs, top panels! and im-
pulse responses "lower panels! are shown for the left "light gray lines! and
right "dark lines! ears. Spectral notches are apparent in the DTFs, ITDs are
given by the delay between the left- and right-ear impulse responses, and
ILDs are given by the difference in the left- and right-ear DTFs.
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Figure 3.9: Examples of how the three primary sound localization cues in the horizontal plane are used 

according to the angle between the animal’s head and the source of the sound (Koka et al. 2008). 
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3.2.2. Use of Headphones 

Influence of the Headphones on the ILDs 

The use of headphones was established to prevent inconsistencies in sound perception due to 

motion and placement of the rat in the setup and other sound localization strategies that do not use 

ILDs alone, thus minimizing sources of uncertainty in our task. 

However, movements of the ears are still possible and they may change the cue the animal 

ears for a particular trial. While this may not be a major effect, it is worth noticing and controlling for as 

much as possible.  

In any case, the headphones do control sound presentation better than the speakers fixed on 

the setup, accounting for placement of the animal in the box and motion of the head. But if the goal is 

the exclusive use of ILDs for sound localization they do not ensure it. Plus, it is also possible for this 

task to be employd for research that does not require the exclusive usage of ILDs, in which case, the 

headphones also do not allow for an easy usage of alternative strategies, for instance, head 

movements would not be allowed to influence the sound as in a natural environment. 

 

Influence of the Headphones on the Behavior of the Animals 

Efforts were made to make the headphones light and the least cumbersome as possible for the 

animals to behave as much as possible like they would without them, but they do add extra weight to 

the head of the animal and can affect their poking. Innitially, the pokes used were deeper and allowed 

the animal to place a large portion of its head on the inside, even though the water spout was flush 

with the outer border and the infrared sensors were close to this border as well. It was also noticeable 

the headphones were left with scuff marks from bumping the metal frame of the box. It is not known to 

which extent this altered the animals’ behavior, but it is likely the impact of the headphones’ frame on 

the metal box caused the animals some discomfort as it impacted their head implant holdin the 

headphones. This could discouradge them from working or from poking in a particular poke if one side 

were experiencing more pain than the other, effectively biasing the animals. 
From a previous setup configuration, the pokes were made shallower, as shown in Figure 3.10 

and the diameter of their openings was also decreased. This allowed the animal to place a smaller 

portion of their heads inside the poke and no longer impacted the headphones’ frame. 

The cable connecting the headphones to the system, for sound presentantion, might also affect 

behavior. This is a long cable that enters the box through an opening on the middle of its top panel 

and its lenght may be adjusted according to each animal’s requirements not to limit their range of 

motion in the horizontal plane. However, as the rats explore the behavioral box they occasionally  

stand up on their hind paws, oftentimes looping the cable through the headphones and effictively 

becoming stuck in that position. When this happens, and although the headphones are removed and 

replaced on the animal or the cable merely unlooped, the animal tends to stop working afterwards. It 

might be that the animal only explores when experiencing low motivation, but it may also be that the 

animals accidentally loop the cable on the headphones a due to the distress becoming stuck causes 

them loose their motivation, not getting as much water as they normally would and not generating as 
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much data as possible. Strategies to cope with this lie with a perfect length for the cable or a different 

material, but have yet to be reached. 

Even though the rats featured in this work were not affected by this problem,  rats trained 

previously experienced the fall of their implants. Several animals had their implants fall due to infection 

or seemingly only due to the force applied on them. This instability of the implants not only decreases 

the time during which the animals are able to train, but may also affect their behavior for an unknown 

time before falling due to instability or pain. This motivated changes to the surgical procedures and to 

the set up, as is described in the section that follows. 

Implantation of The Base For The Headphones 
The surgeriy required for the implantation of the headphones’ base has suffered some 

adjustments since its onset, as some of the animals being trained before the ones featured in this 

work lost their implants.  

Even though some of the animals showed clear signs of infection, others appeared to simply 

lose their implants. This could be due to excessive force required to remove them, force being applied 

on the headphones when the animal hits the cage or issues during the surgical procedure that lead to 

a weak implantation. To counter these problems some changes were made, both to the setup and to 

the surgery.  

The material used for the headphones and bases was changed from a more porous plastic to 

the resin being used at the time of this work, as the more porous material created more friction while 

removing the headphones after training, pulling on the base and potentially dislodging the screws. 

The pokes used in the behavioral setup became less deep, as described in Figure 3.10, no 

longer allowing the headphones to hit the frame, diminishing the amount of stress they are subjected 

to. 

Figure 3.10: Photograph of the two pokes used. The poke on the left is a plastic version of the metal one that 

was used in a previous setup; it was deeper, reaching 3cm in depth, with the same outer diameter, while the 

poke on the right, the newer version, only reaches a depth of 1.5cm with an outer diameter of 2.5cm. 
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As to the surgical procedure, more  screws were implanted in the skull of the animals featured 

here, between 4 and 6, instead of 3 to 4 as before, potentially increasing the stability of the implant. 

The resin well (Figure 3.4 A.) to place the actual base was also implemented, allowing the portion of 

the base that remains underneath the skin, to be completely surrounded by cement,  ensuring a better 

fixation. 

Although it was still unclear at the time this work was finalized what the original problem was 

that made the implants fall, the new strategies implemented appear to have increased the lifetime of 

the implants, allowing for longer training periods and more stable implants. 
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 Chapter 4 

Results and Discussion 
 
 In this chapter, results from the behavioral task are presented, showing this is a task the 

animals manage to master relatively fast and the manipulations made to task in order to control for 

sources of uncertainty other than the intended dimension of the stimulus, and their results. 

 

4.1. Initial training  

4.1.1. Detection Task 

 The behavioral paradigm of detection was used for the initial training - the sound was 

completely lateralized with an intensity of 50dB to each side and originated from the speakers in the 

behavioral box, as explained in Chapter 3. This allows for the animals to learn quickly, which is made 

clear by the fact that starting from the first session the animals immediately perform the task, as 

shown in Figure 4.1. From this figure it is also clear that the amount of correct trials increases overall 

as the session progresses and also in relation to the number of incorrect trials. These data show that 

the animals were able to understand the behavior that was required of them during the first time they 

were subjected to the paradigm. 

 Comparing the plots on the left with the ones on the right of Figure 4.1, the first ones show 

fewer correct trials (in green), more incorrect trials (in red) and more aborts (in black). Aborts due to no 

fixation and incorrect trials were anticipated for this first session, as the animal explores its 

environment but does not know what it needs to do. As the fixation and behavioral response times 

begin at 10ms it is is to be expected the aborts due to broken fixation or broken behavioral response 

are not prominent features of these first 200 trials. 

Progressing to the final 200 trials of the first session, there is a prominent decrease in the 

amount of incorrect trials, as the animals begin to associate the origin of the sound to the 

corresponding lateral poke, committing fewer mistakes.   

However, there is also an increase in the number of aborts, mainly due to broken fixation, as the 

time required for the fixation to be achieved has increased. These aborts also suggest the animal is 

actively initiating the trials by poking in the central poke. This indicates the animals understand the 

principle of the task even if initiated with this degree of complexity.  
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 Other works begin the training of the animals with an approach reliant on classical 

conditioning paradigms to get them to poke in a reliable manner. According to this approach, a 

stimulus related to the one in the final task is associated to reward delivered in the sites for response 

in the actual task. After this initial condition is when the animal trained to initiate the trials (Brunton et 

al. 2013 Supplementary Materials). For our particular task this approach did not seem necessary as 

the ability to initiate and respond to trials by poking seemed to be quickly acquired. It also did not 

seem necessary to supply the animals with a cue as to where to poke to initiate a trial, which is 

sometimes done using a cue of a different modality than the stimulus (Brunton et al. 2013). 

 As depicted in Figure 4.2, the animals perform above chance level (0.5) from the first session, 

indicating they understand the principle of the task from the beginning. Their performance is above 

Figure 4.1: Representation of the number of trials for a particular outcome in the first 200 trials of the first 

session of training - plots on the left -; and the last 200 trials in the first session - plots on the right - for all the 

rats. As mentioned in the Methods section, these were long session where the animals remained in the 

behavioral setup overnight. 
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90% for all animals in the second session, indicating a complete understanding of the paradigm for the 

detection task.  

 Although fixation time starts at 10 ms it increases form the first session on with each 

completed trial and all rats were fixating for over 200 ms by the end of the first session, reaching the 

intended maximum of 300 ms by the second training session. 

 An additional randomly added fixation time between 0 and 50 ms was imposed, making 

fixation time a variable period from 300 to 350ms, to verify the animal is actively focused in waiting for 

the sound and not poking for an amount of time it memorized. As expected from the literature, the 

animals managed to perform reaching the required fixation time (Zariwala et al., 2013; Brunton et al. 

2013). 

 This quick learning might be due to several characteristics of the task paradigm: the animal 

model in use; the use of one single modality of stimuli; the modality used being auditory; and the 

attribute of the stimulus that is meant to be used as the main cue to solve the task.  

 The use of other animals as subjects usually requires more elaborate setups and may involve 

the learning of behaviors that do not tap on instinctive actions, usually also causing increased stress to 

the animals.  Due to these circumstances, those studies are usually associated with longer training 

periods, for instance, monkeys may train for months (Britten et al. 1992) or even longer than a year 

(Gold et al. 2010), taking at least weeks to reach a stable performance even for the first stages of 

training (Britten et al. 1992). Other rodents, such as mice, may reach similar performance levels in 

Figure 4.2: Plot of the performance of the rats across the first two training sessions - sessions with detection 

task alone. The rats are always above chance level and improve their performance from the first to the second 

session, performing above 90% in the latter session. Bars show the mean of the four animals and error bars 

show the standard error of the mean. 



   33 

similar tasks but take longer to learn (Jaramillo and Zador, 2014) and given the fact that this is an 

auditory task is also important to consider that certain mice strains suffer from early loss of hearing 

sensitivity (Zheng et al. 1999). 

 Tasks where multiple stimulus modalities are combined are more complex and thus harder to 

train. The fact that more that one modality is presented often leads to a segmented training according 

to which the animal is at first trained only with one of the stimuli and later, as it reaches a stable 

performance, the remaining modalities are then introduced (Raposo et al. 2012).  

 The short training time might also be partly due to the stimulus modality chosen. The kind of 

auditory stimuli employed for this task is particularly useful for the training of a behavioral task to be 

quick, as sound localization is an instinctive behavior, which facilitates training.  Having ILDs as the 

intended cue for performing the task is also useful as this, as mentioned before, is the main cue for 

sound localization for rats (e.g. Wesolek et al., 2010; Kyweriga et al, 2014; Grothe et al, 2010). 

 Another important characteristic of this particular auditory stimuli is the fact that the threshold 

for azimuth discrimination (midline) is hardwired in the brain. Even though our goal while presenting 

ILD stimuli is not to recreate a particular angle of azimuth in relation to the animal but just take 

advantage of the fact rats use this binaural cue, their midline for the comparison of the intensities from 

the two ears is still pre-determined and not dependent on an association created by the task - it does 

not need to be communicated to the animal. This would also be the case for visual tasks that rely on 

lateralization or any other cue with a natural midline (for instance Britten et al. 1992), or tasks such as 

the ones that rely on the counting of clicks originating on the sides (Brunton et al. 2013). However, it 

would not be verified for modalities that are not subjective to natural lateralization (for instance, odor 

discrimination tasks such as the one in Uchida and Mainen, 2003, where the association of a 

particular odor to a side must be taught to the animal) or for other kinds of auditory stimuli, such as the 

cloud of tunes used in Znamensky and Zador, 2013, or differences in the frequency of the stimulus 

(Jaramillo and Zador, 2014).  

  

4.1.2. Discrimination Task 

 From the third session on the animals started being trained in a discrimination paradigm of the 

initial task, with an ABL of 50dB.  

 According to this paradigm, the sound was coming from both sides at the same time but it 

presented a difference in intensity, creating an ILD and a percept of lateralization. 

  Initially, the differences in intensity between the two ears (step) were large - minimum of 4dB - 

but it decreased as animals reached a performance of at least 80% on at least one block for each 

step, as shown in Figure 4.3. 

 To estimate the animal’s sensitivity to the ILDs, psychometric curves relating the intensity of 

the ILD to the proportion of times the animal chose the left poke were analyzed. To plot contrast on a 

single axis stimuli lateralized right were plotted as positive and stimuli lateralized left as negative. 
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 The intended the final step was of 1.5dB or 1dB. As some of the animals were not performing 

in a stable way at 1dB steps only data for trials with 1.5dB steps is presented for this work.  

 For the blocks with 1.5dB steps - that encompass ILDs from -6dB to -1.5dB (lateralization left) 

and 1.5dB to 6dB (lateralization right), it is possible to verify the animals experienced perceptual 

learning - improvement in performance (Gold et al. 2010) - on an individual basis, as seen in Figure 

4.4. The differences lie on the slope, threshold and asymptotes of the fitting. For all animals in Figure 

4.4 the slope becomes steeper as performance near the midline (0.0 dB of ILD) improves and the 

easier conditions tend to form an asymptote, also more pronounced in the second day of training at 

1.5dB steps. 

 It is possible to verify that Rat 01 is biased to the left, but shows some improvement in 

performance in trials to the right form day 01 to day 02, evidenced by a more evident asymptote to the 

right as well as to the left. The fact that there was a decrease in performance for the easier conditions 

on the left may simply reflect a decrease in motivation from day 01 to day 02, resulting in an increased 

lapse rate as the animal errs for the easier conditions, possibly due to lack of attention. Still, one can 

see the performance for these easier conditions is quite asymptotic and reaches above 80%, 

indicating the animal understands the task and decreased performance in other conditions is indeed 

due to increased difficulty and natural bias of the animal. 

 Rat 04 shows a decrease in its bias from day 01 to day 02, indeed, for this second day, the 

midline at 0.0dB is very close to a chance level performance (0.5) on the fitting. There is also an 

improvement in sensory threshold, especially to the right (Law and Gold, 2008). 

 Looking at a mean fitting for all four animals, Figure 4.5, however, one does not see 

improvement from day 01 to day 02 and indeed there is also no difference in threshold and bias. This 

seems to show the differences exhibited by the individual animals are different across rats, possibly 

Figure 4.3: Performance (left axis) across blocks as the ILD step (right axis, dBs) decreases, which 
corresposnds to an increase in the difficulty of the blocks. The animal keeps a performance above 70% for all 
blocks, including the ones with steps of just 1dB. Data for an example animal. 
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cancelling each other out, but also small, no longer noticeable when a larger amount of data are 

pooled. 

Figure 4.5: Fitting of psychometric function for a mean of all four rats for the first training session comprising 

blocks with 1.5dB steps and the following session (second session in these conditions). Error bars show 

standard error of the mean. 

Figure 4.4: Fitting of psychometric functions for all 4 rats for the first training session comprising blocks with 

1.5dB steps and the following session (second session in these conditions). All animals show differences in 

the slope and asymptotes of the fittings from the first sessions to the second, indicating some evolution of an 

underlying process (Gold et al. 2010). In all plots the dotted lines mark the chance level of performance, for 

0.5 and the levels of performance corresponding to 75% for each side (0.75 for left and 0.25 for right), which 

constitute a possible sensory threshold - halfway between chance level and 100% performance (Law and 

Gold, 2008). Error bars show standard deviation. 
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 By the end of the training, i.e. the last session before the headphones are implanted, the 

animals were still performing the discrimination task with 1.5dB steps, the performance is as shown in 

Figure 4.6, on average reaching above an 80% proportion of correct trials for the easiest conditions - 

the ones in which the interaural level difference reached 6dB. 

 From Figure 4.6 it is also possible to observe that the standard deviation shown for each of 

the intensities of the stimulus is larger for the conditions closer to the 0 midline, which is as expected 

occurrence as these stimuli are near the threshold and so more subject to variable perceptions when 

the same stimuli is presented. 

 However, because the sound is being delivered through the speakers placed in the wall of the 

box it is not possible to account for other possible strategies the rat might employ to localize the sound 

source and accomplish the behavior, such as turning the head, moving the hears, or even changing its 

position in the box relative to each of the speakers, which may affect the perceived sound as sounds 

that follow a more direct path to the interior of the ear - passing through fewer structures of the 

external ear - are perceived as louder (Hofman et al. 1998). Due to these possible strategies the 

headphones are implanted; at approximately 5mm from the rat’s pinna and adapted to each animal.  

Figure 4.6: Psychometric functions for each of the rats for an average binaural level of 50dB and average of the 

four rats. This is the psychometric function for each of the rats last session without headphones with 1.5dB 

steps. Most of the curves do not reach an asymptotic progression for the presented stimuli intensities but the 

animals perform at above 80% for the easier conditions. For rat 04, however, it is possible to observe its 

performance becomes asymptotic after an ILD of 3dB. 

Error bars show standard deviation for the data from the individual rats and the standard error of the mean for 

the average data. Last session of training, corresponding to: Rat 01 - session 07; Rat 02 - session 06; Rat 03 - 

session 14; Rat 04 - session 05 
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 After a period of about a week with free access to food and water for the animal to recover 

from the surgery, it goes back to performing the discrimination task with 1.5 dB steps between 

stimulus intensities, now with the headphones. 

 It is important to mention that this training procedure was not automatized. The transitions 

from one training stage to the next were performed taking quantified improvements into account but 

they were always executed at the discretion of the researchers and on a case by case basis. Other 

training protocols are automatized (Brunton et al. 2013; Raposo et al. 2012) and have more detailed 

and quantified differences between training stages (Jaramillo and Zador, 2014), ensuring the final 

results are more easily reproducible. 

 

4.2. Manipulations To The ILD Discrimination Task 

 This section focuses on the main version of the behavioral task: the stimuli are still the same 

as in the previously described discrimination task paradigm - broadband noise presented 

simultaneously from both sides but with different intensities to create a percept of lateralization of the 

sound source. However, after the implantation surgery the animals underwent, the stimuli are now 

presented through the headphones the animal is equipped with at the beginning of each session. The 

goal of this section is to show that indeed the task studied for this work allowed the experimenters to 

measure perception and was unaffected by the extraneous factors studied. Manipulations were 

performed on the task in order to establish that the rats’ performance was stimulus driven and not due 

to other strategies. 

 To conclude that indeed the main source of uncertainty limiting the animal's behavior depends 

on a noisy perception of the stimulus, it should be possible to verify from the behavioral data that: 

• The animal follows the intended rule and does not employ other stimulus 

associated strategies; 

• Changes in motivation do not alter performance ; 

• The animal does not employ alternative strategies not related to the stimulus, 

such as stimulus unrelated priors; 

 This task intends to use ILDs to create a percept of lateralization for sound source localization. 

To verify the animals’ performance was indeed due to the use of the presented ILDs and not to any 

stimulus independent or dependent alternative strategies, it was important to verify they could 

generalize their performance across both stimulus intensity and identity (presentation of different ABLs 

and use of pure tones instead of broadband noise, discussed in sections 4.3.1. and 4.3.2.). But also 

that their performance was stimulus driven and not ruled by any other incentive. For this purpose the 

motivation was manipulated through changes to the amount of “easy” and “hard” trials; and through 

changes in the reward given to trials based on their level of difficulty, both discussed in section 4.3.3. It 

was also verified there were little history effects - prior trials has little effect on current one, discussed 

in section 4.3.4.. 
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 4.2.1. Level Invariant Discrimination of ILD 

 The intent of the task presented in this work is to study sound localization using ILDs, 

therefore, it is essential to ensure the performance of the animals is indeed due to their use of ILDs.  

 Assuming the animals do use sound to solve the task, it is important to ensure the 

characteristic of the sound they use are the ILDs, the difference in the intensity for both ears and not 

only the intensity of the sound presented to one of the ears. The different ABLs employed in the task 

(20dB, 40dB and 60dB) allow to test for this. 

A. 

C. D. 

ABL 
ILD 

B. 

Figure 4.7: Schematic diagram of possible decision criteria. A. By presenting only one ABL and several ILD 

intensities, it is not possible to understand what dimension of the sound cues is the animal using. B. 

Presenting 3 ABLs allows us to understand that animals are using more than one monaural threshold, 

otherwise they would only be able to perform for one of the ABLs and all stimuli to the left of the solid line at 

40dB would be classified as originating to the right, regardless of the difference in sound level from one ear to 

the other. C. However, presenting multiple ABLs as in B. does not allow to be sure that the animal does not 

simply compute different thresholds for the different ABLs, using only monaural cues for each average level. 

D. Intended cue used for the task, taking into account the ILDs across ABLs. 
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 For only one ABL, even with multiple ILDs, animals could be using a variety of possible cues 

for the localization of sound source, as in Figure 4.7 A.. If they were merely using the intensity 

provided to the contralateral ear as a cue for sound localization, they would decide based on a 

decision criterion regarding one intensity of sound, for instance, the one marked in Figure 4.7 B., 

corresponding to 40dB. If the decision criterion were based on the monaural intensity of the sound, all 

sounds that had an intensity below the criterion to the contralateral ear would originate choices to a 

specific side, regardless of the difference in intensity between the two ears. 

 However by presenting the animals with multiple ABLs, this possibility is accounted for and 

indeed verify that the animals perform for all the presented ABLs,  as shown by the psychometric 

fitting in Figure 4.8.  

Figure 4.8: Psychometric functions for each of the rats and for the average of the four animals, for the different 

average binaural levels or sound pressure levels (SPL) presented to both ears. It is clear the psychometric 

functions fitted to the data are similar for all ABLs across all the animals. Data from all sessions, error bars 

corresponding to standard deviation for all plots except the last one, Average, for which they show standard 

error of the mean. 

Average 
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 It would, however, be possible for this to be a performance only reached after pooling a 

significant number of trials, and so, the animals would not show comparable performances for the 

different ABLs in a single session. To test for this fact performance for a single session was plotted, 

and as Figure 4.9 shows for an example animal, performance is not significantly different across ABLs 

even for a smaller pool of trials. 

 The fact the animals manage to solve the task for the three ABLs used and show similar 

performances (Figures 4.8 and 4.9), suggests they are not relying on a single threshold for monaural 

cues, but is not enough to affirm they are using binaural cues as it is possible for them to just just 

compute a different threshold for each ABL, still based on the intensity for the contralateral ear alone 

and use that for the sound localization cue. This would mean the animal would need some time to 

adjust every time there was a change of block. To account for this fact the initial and final portions of 

One Session 
(Rat01) 

Figure 4.9: Psychometric functions for an example rat. The data fitted is from one single session comprising only 

6 blocks for each ABL. However, the psychometric functions for the different ABLs are still similar for the smaller 

amount of blocks. 

Figure 4.10: Mean performance of all animals and for all ABLs for the first and last 24 trials of a block, 

showing there is no significant difference in the discrimination at block transitions, and thus, between ABLs. 
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the block were analyzed. Any possible adjustments of threshold due to a change in ABL (as shown in 

Figure 4.7 C.) would be at block transitions, and even if there were no visible effects in performance 

when analyzing the overall performance in one or more sessions, this effect would be visible at the 

beginning of each block, creating a difference in performance between the first and last portions of 

blocks as the animal adapted to the new stimuli. 

 However, as shown in Figure 4.10, the performance is constant, indicating the animals do not 

react to the change in ABL and thus that they do use the intended threshold - the decision criterion is 

the level difference between the two ears, as represented by the solid line in Figure 4.7 D. and not the 

absolute level of the stimulus -  and that their performance is level invariant. 

 

4.2.2. Discrimination of Noise vs. Discrimination of Pure Tones 

 Blocks of the same set of stimuli concerning ABL and ILD but with 10 kHZ pure tones instead 

of broadband noise were added to the session interspersed with the blocks already in use, such as 

shown in Figure 4.11. 

 The variation of the task to address in this section is the change of the stimulus set from 

broadband noise to pure tones. The goal of this modification to the original task was to verify the 

animals were indeed using ILDs to solve the task and not some other characteristic inherent to the 

stimulus; that the difference in intensities between the two ears was what drove the animal’s behavior 

and not the actual stimulus to each individual ear. If so, performance should remain unaffected.  

 For this purpose the same ILDs were presented to the animal but not only  between levels of 

broadband noise presented to both ears and also between intensities of 10kHz pure tones.  

 Initially the animals were presented with discrimination blocks with 1dB steps and ABLs of 

40dB and 60dB. However, their performance at 40dB was significantly worse for pure tones than for 

broadband noise, as shown in Figure 4.12 A.. To test wether this decrease in performance was due to 

the pure tone presentation as it related to the ILDs or simply due to the fact the animal was less 

capable of detecting the 40dB sound when it was presented as a pure tone, detection blocks were 

implemented in the sessions. 

Figure 4.11: Diagram of a possible organization of part of a session interspersing blocks of broadband noise 

and pure tone blocks. The blocks of 20dB ABL were suppressed before this manipulation. 

60 dB 60 dB 20 dB 

1 Block (80 trials) 

10 KHz 10 KHz Noise Noise 

40 dB 
… 

40 dB 
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 With these detection blocks it was possible to verify the animal’s performance was indeed 

lower when pure tones were presented versus when broadband noise was presented, even in 

detection, Figure 4.13. Therefore, this decrease in performance could be related not to a change in 

how the ILDs were perceived but to a change in how other dimensions of the stimulus were perceived. 

Which may be gathered from Figure 4.12 B., where performance for 60dB is indeed comparable for 

pure tones and broadband noise. 

 Due to the poor performance of the animals at 40 dB ABL, specifically in the pure tone blocks, 

blocks of detection were added to the sessions, allowing to ascertain if the animal is able to detect the 

sound; and blocks at an ABL of 50 dB replaced the 60 dB ones, allowing for the acquisition of data 

between 40 dB and 60 dB of ABL. At this point, one session included 6 possible types of blocks: 2 of 

detection, for 40 dB and 50 dB and one of discrimination for 50 dB for both broadband noise stimuli 

and for pure tone stimuli. 

Figure 4.12: Performance for all animals in a discrimination paradigm at 40dB ABL (A.) and 60dB  (B.) ABL for 

broadband noise - Noise - and pure tones. It is clear performance is significantly worse for the trials where pure 

tones were presented at 40dB. However, there is virtually no difference for the trials at 60dB. 

Error bars show standard error of the mean. 

A. 

B. 

Performance for Discrimination at 40dB 
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 If indeed the animal’s issue at 40dB was related to an increased difficulty in perceiving the 

sound altogether and thus not perceiving an interaural difference, presenting an intermediate ABL, 

between 40dB where performance was poor and 60dB where performance returned to the levels 

obtained with broadband noise, should provide and intermediate performance.  

As shown in Figure 4.13, performance for detection blocks at 50dB is indeed better than for 

40dB, even with pure tones. And in the discrimination task the performance of the animals for the trials 

where pure tones are presented is significantly more comparable to the performance for the 

presentation of broadband noise, as shown in Figure 4.14. 

Figure 4.14: Performance for all animals in a discrimination paradigm at 50dB ABL for broadband noise - Noise 

- and pure tones. It is clear the performance for trials with pure tones is more comparable to the performance for 

trials with broadband noise than at 40dB ABL, Figure5.12. 

Error bars show standard deviation. Data for all rats. 370 trials for each intensity with pure tones and 395 for 

each intensity for broadband noise. 

Figure 4.13: Proportion of responses to the left from all rats for detection trials at 40dB and 50dB for broadband 

noise and pure tones. Error bars show standard error of the mean, red bars denote pure tones and black bars 

noise. 

It is possible to verify the performance worsens for the trials where pure tones are presented at both ABLs in 

relation to the ones where broadband noise is presented. 
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From this point on, sessions would automatically and randomly alternate between blocks of ILD 

discrimination with broadband noise, and blocks with pure tones, detection blocks with pure tones and 

detection blocks with broadband noise; at 40dB and 50 dB.  

 Continuing to present detection blocks allowed us to verify the animal managed to detect pure 

tones and so, any possible change in performance would not be due to a deficit in the detection of the 

sound but due to ILD detection. 

 Detection blocks were presented at 40dB and 50dB interspersed with  the discrimination 

blocks. This allowed to verify the animal was indeed capable of hearing the presented sounds but also 

provided them with easier blocks during the session, maintaining a higher level of motivation and 

preventing the animals to be frustrated by the more difficult trials.  

 From Figure 4.15 it is possible to realize animals have comparable performances for 

discrimination of broadband noise and pure tones at 60dB, and that this performance is also similar to 

the animals’ performance for the discrimination of broadband noise at 40dB ABL. 

 As was true for level independence, the fact that the performance for broadband noise 

stimulus and pure tone stimulus are similar indicates the animals rely on a characteristic other than the 

type of sound presented - most likely on the ILDs - as, again, the animal performs according to the 

difference in level between the sounds presented to the two ears and not according to the different 

sounds presented. The difference in performance verified at 40dB ABL may be attributed to an 

increased difficulty perceiving the sound. This difference in perception, as evidenced by behavior, 

might be explicable by the different response of the auditory system to the different set of stimuli: the 

auditory system is organized according to frequency, from the more external components of the 

system - the cochlea (Schnupp et al., 2011; Malmierca, 2003) - to higher order processing levels - 

such as the auditory cortex (Sally and Kelly, 1988; Doron et al. 2002). And so, cells in the auditory 

system respond more strongly to specific frequencies of stimuli. Broadband noise, including multiple 

frequencies, causes a greater number of cells to respond than those that respond to the frequency of 

10kHZ (Sally and Kelly, 1988; Doron et al. 2002). 

Figure 4.15: Fitting of psychometric functions for the mean performance of all animals for 60dB and 40dB ABL 

of broadband noise and also for 60dB ABL of pure tones of 10kHz. Error bars show the standard error of the 

mean. 

10 KHz 
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 In conclusion, results suggest when the animal is unable to reach a performance, for pure 

tones, that is comparable to its performance in the same conditions but for broadband noise, this is 

due to an increased difficulty perceiving the sound and not related to the ILD stimuli. 

 

4.2.3. Effect of Motivation on Performance 

Presentation Of Only the Most Difficult Conditions 

 

This manipulation consisted of an alteration of the number of stimuli presented, decreasing the 

number of conditions from 8 to 4, keeping only the 4 closest to the midline - the 4 harder conditions, as 

shown in Figure 4.16. The goal of this manipulation was to verify that the animals were not 

underperforming for these conditions merely because they could gain access to water through the 

easier trials of the more extreme conditions. 

 Providing the animal with multiple intensities of the stimulus during all blocks allows for a quick 

sampling of the performance across intensities, but also allows for all of the possible difficulties to be 

sampled at all learning stages. However, interleaving difficulties may influence the animals’ 

performance. This influence may be due to not allowing for higher accuracy for certain conditions, 

motivated by the absence of others; or due to expectation and attentional effects (Zariwala, 2007; 

Abraham et al. 2004). 

 From the performances shown in the previous sections, it is possible to affirm the animals 

show a better performance for the easier conditions - i.e. the conditions in which the difference 

between the two side is larger (higher intensity of ILD) - than for harder ones - conditions closer to the 

midline, with smaller ILDs. 

ILD 

ABL 

Figure 4.16: Representation of the stimuli presented to the animal when only the harder conditions are featured 

in the task. 
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 Assuming the harder conditions for discrimination have a higher cognitive cost, it is possible 

for this difference in performance to be due not to the difficulty of the stimulus but to differences in the 

motivation of the animals towards the different stimulus intensities. If so, the animal could potentially 

be performing less for the harder stimulus intensities because the reward gotten from these trials, that 

required increased effort in relation to the easier ones, could be gotten by performing on the other, 

easier, trials. Thus, the value the animals associate to each trial would act as a source of uncertainty 

influencing the behavioral read-out. And so, poor performance could be due to lack of motivation and 

not to an uncertainty in the perception of the stimulus.  

 If this scenario were true, by suppressing the easier conditions one would potentially increase 

the value associated to the trials featuring the harder conditions. For this effect, the task was modified 

in order to feature only the 2 difficulties closer to the midline, as shown in Figure 4.16. 

 

 As expected the animals still managed to perform in the task, as these conditions were not 

new to them. However, especially during the first sessions experiencing this new paradigm, animals 

showed less motivation to complete trials and indeed left blocks uncompleted. And, for the first blocks 

experiencing only hard trials, animals decreased their performance level. However, as blocks 

progressed where they were subjected only to the harder stimuli set, their performance returned to the 

levels found in sessions where all possible conditions were presented, and in fact, as shown in Figure 

6.17, there were no significant differences between performance when all conditions were presented 

and when only the harder ones were presented, as in the figure one sees no significant difference on 

the slope or threshold of the psychometric function fitting. 

 These findings do not correspond to what was found in other studies where this control was 

done. For other experiments, namely olfactory experiments, animals did experience an increase in 

performance corresponding to a increase in accuracy for the more difficult trials when only these were 

presented (Abraham et al. 2004; Zariwala, 2007). This difference may lie with the stimulus modality, 

Figure 4.17: Fitting of the psychometric function for all trials of blocks where only the four harder conditions were 

presented (253 trials for each condition) and for 384 trials belonging to blocks where all possible conditions were 

presented. 
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but it indicates the task had an extra source of uncertainty for these trials, besides the stimulus itself, 

that could be related to motivation. 

 This lack of improvement in performance, or learning, potentially indicates that even though 

the value associated to each condition  - motivation - changes as the animal can no longer perform on 

the easy trials for “easy water”, this increased value given to each trial does not affect how the animal 

performs, and so, if motivation, in this specific aspect does not constitute a source of uncertainty for 

behavior and close to midline, the animal may perform poorly simply because of uncertainty in the 

stimulus. 

 

Uneven Reward According to Difficulty 

 In the previous section (Presentation Of Only the Most Difficult Conditions) the value 

associated with the more difficult trials was manipulated by suppressing the easier ones, with the goal 

of manipulating the animals’ motivation. In this section, once again there is an attempt to influence 

motivation and the value associated to the more difficult intensities of the stimulus, but by changing 

the reward associated with the conditions according to their difficulty.  

 For this manipulation, the reward was proportional to difficulty - harder trials got more reward 

and easier ones less reward than in the original paradigm. Conditions were divided according to 

difficulty as in the previous section, as shown in Figure 4.18. The 4 middle conditions, the harder 

ones, were given larger rewards for correct trials, while the outer 4 conditions, corresponding to larger 

ILDs, were given smaller rewards, with the goal of achieving the same amount of reward after 80 trials 

Lower reward 

Higher reward 

ILD 

ABL 

Figure 4.18: Representation of the how the different intensities of stimuli are rewarded according to the 

manipulation in study. The conditions in the red area will be rewarded with double the water and the conditions 

in the blue extremes with half. The goal was to change the value of the different difficulty levels but still allow the 

animal to receive the same amount of water by the end of a block if the performance was maintained. 
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as with the previous paradigm. The goal of this manipulation was to assess if the animal would change 

its performance on the harder conditions if more heavily rewarded for correct trials on them. 

 Reward expectancy modulates neural activity in several brain areas, including the LPFC, 

orbitofrontal cortex, ACC, premotor area, PPC, CGp and caudate nucleus (among others, Watanabe, 

2007; Leon and Shadlen, 1999; Kobayashi et al., 2001).  And it is known animals, including rats, show 

effects due to reward and effort on decision-making tasks (Hikosaka and Watanabe, 2000; Schweimer 

and Hauber, 2005; Kobayashi et al., 2001). Indeed, the animals are able to discriminate reward 

magnitude-predictive stimuli even if the stimuli are very similar (Schweimer and Hauber, 2005) and 

tend to show preference towards the conditions that provide the larger or preferred reward (Leon and 

Shadlen, 1999).  

Given the possible effect of expected reward magnitude, similarly to what was possible to 

happen in the previous section, if the value the animal associated with the different difficulties had a 

large impact on the effort they were willing to make and on their performance it is possible one would 

seen an increase in performance for the conditions in the red area of Figure 4.18 and a decrease in 

the performance for the conditions outside this area (Leon and Shadlen, 1999) - corresponding to a 

psychometric fitting characterized by a steeper slope and asymptotes farther from the 0 and 1 values, 

corresponding to an increase in lapse rate. 

 However, when it comes to performance, the behavior is again not significantly affected by 

this modification to the task paradigm, as evidenced by the comparison between psychometric fittings 

on Figure 4.19. That being said, only accuracy was tested and as shown by Leon and Shadlen 

(1999), the effect of reward-magnitude expectation might be felt in other parameters of behavior, such 

as trial aborts or reaction or movement times, which should be analyzed in the future. 

Figure 4.19: Comparison of the fitting of psychometric functions to the performance of two animals in the original 

paradigm and in the paradigm characterized by an uneven reward assignment. There is no significant difference 

in performance so it is possible to affirm that rewarding according to difficulty, changing the animals’ motivation 

has no significant effect on performance. 

Error bars show standard deviation. Data for 2 animals, 143 trials of unevenly rewarded trials and 641 trials in 

the original, evenly rewarded, paradigm. 
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 It was possible to affirm motivation has no influence on accuracy, the animals also showing no 

improvement for the more highly rewarded conditions; and so, neither using only the hardest of 

conditions nor rewarding them more had a positive influence on accuracy, which suggests accuracy in 

this task is not affected by motivation. 

 

4.2.4. History Effects 

 Besides stimulus dependent strategies and motivation, other possible sources of uncertainty 

for the task studied in this work are stimulus independent strategies such as the effect of prior trials on 

the current one.  

Figure 4.20: Comparison of the overall performance of all rats to their performance when the previous trial was 

correct to the left and when the previous trial was correct to the right. It is possible to observe Rat 01 shows a 

clear history effect, while Rat 04 shows no significant effect. Rats 02 and 03 show some difference in 

performance dependent on the intensity. The analyzed trials were in the initial discrimination paradigm and error 

bars show standard deviation. All the ABLs are shown together as, in accordance to the previously shown level 

invariance, there were no significant diferences between ABLs. 
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It may be the case that accuracy is limited by a constant updating of the decision threshold 

according to the outcome of the previous trial or trials, which means behavior may be influenced by 

reinforcement contingencies learned by the animal without being explicitly communicated by the 

experimenter (Herrnstein, 1961); or past choices  (Corrado et al., 2005; Lau and Glimcher, 2005). 

 The goal was to ascertain if the accuracy was affected by the previous trial being to the left or 

right and for this the overall performance was compared to the performance for trials following a 

correct trial to the left and trials following a correct trial to the right. 

 From the analysis of the performances depicted in Figure 4.20, it is possible to observe that 3 

of the 4 animals display weak or no history effects.  

 However, Rat 01’s choice at each trial seems to depend on the previous choice, particularly 

the side chosen for the previous trial. Rat 01 appears to employ a win-stay strategy, according to 

which, it has a tendency to repeat the previous choice if this was correct, particularly for the harder 

conditions closer to the threshold, where the difference between points representing performance for 

each intensity are further apart across curves. These strategies might be useful at the beginning of the 

learning process but in the current paradigm with a random stimulus presentation they are suboptimal 

(Busse et al., 2011). 

 The other rats seem to show a smaller effect, for Rats 02 and 04 there is only a very minor 

effect and only to one of the sides. 

 One could observe a similar dependency on the previous trial when the stimulus was 

presented according to a logarithmic scale, for all 3 animals subjected to the change. 

 It might be interesting to analyze the dependency on previous trials for pure tones as well as 

noise. Because, seeing as the performance of the animals differs so greatly, it might allow for a 

different intertrial dependency as well. Future analysis should also include reaction and movement 

times according to the previous response and its success or failure, as it has been shown these might 

be affected (Uchida and Mainen, 2003; Vicente 2015). 

 

4.3. Reaction Times and Speed Accuracy Trade-off 

 In perceptual decision-making tasks such as the one studied for this work, variability in choice 

for the more difficult conditions is associated to uncertainty about the stimulus or noise in the sensory 

system responsible by the creation of the percept, as suggested by previous sections. As such, it 

would be expectable for performance to be dependent on the time the animal is subjected to the 

stimulus, and possibly to improve as the time the animals are subjected to the stimulus increases 

(Reaction Time, RT, in this work) (Brunton, 2013; Britten et al. 1992; Roitman and Shadlen, 2002). 

 In a reaction time paradigm animals decide on the period it takes them to react and how long 

they are exposed to the stimulus. As such, it would be expectable for animals to take a longer time 

sampling hard stimuli (Roitman and Shadlen, 2002). And indeed one expects difficulty effects: when 
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the subject is free to choose when to respond, average reaction times increase with difficulty (Uchida 

et al. 2014). 

 As shown in Figure 4.21, reaction times increase as the stimulus difficulty increases, for all 

ABLs, being maximal for the hardest condition of 1.5dB of absolute value. For correct trials there is a 

clear difference between the ABLs, Figure 4.21 A., while for incorrect ones, Figure 4.21 B., the 

reaction times are more comparable across ABLs. The longer reaction times observed for correct trials 

may explain why the response to these trials was correct. Reaction times are around 100 ms for the 

cells in sensory systems (Luce, 1986; Ditterich et al. 2003) and when associating a reaction time to 

the performance of a task, one must also account for the non decision time included, when, for 

instance, motor information is transmitted. According to this a Reaction Time of below 200 ms and 

even below 100 ms for some conditions hardly accounts for the processes necessary for perception 

and motor response to occur, potentially explaining why the animal made mistakes. 

n = 4 

Figure 4.21: Median Reaction Time for four animals, across ILDs and for the different ABLs. A. Correct Trials; B. 

Incorrect Trials. 

B. A. 

Figure 4.22: Chronometric curves for 4 animals. For each difficulty, performance improves a function of 

Reaction Time only to about 200ms, after which accuracy saturates. 
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 Speed accuracy trade-off (SAT) corresponds to a cognitive capability of the subjects to decide 

what is more important for a trial, trading speed for accuracy or vice-versa. When humans are 

instructed to value accuracy they perform more slowly and when they are instructed to give more 

importance to perform rapidly, their performance tends to drop (Palmer et al. 2005), this being the 

accepted definition for speed accuracy trade-off. 

 For some tasks this trade-off is stronger and the chronometric curves show a constant 

improvement as the time the animals are subject to the stimulus increases (Brunton et al. 2013). 

However for other tasks, the dependence of accuracy on sampling time is weaker, resulting in a 

saturation of the performance (“Discrimination accuracy saturates after short odor sampling time” – 

Uchida and Mainen, 2003). This is consistent with what was observed in this work, Figure 4.22.  

 Accuracy improves as a function of Reaction Time, but only to about 200 ms, after which the 

curves flatten, corresponding to a saturation of reaction time dependent accuracy, for all difficulties. 

After about 225 ms it is actually possible to observe a slight negative correlation between performance 

and reaction time (as seen in Zariwala et al., 2003). It was then possible to observe that for a fixed 

difficulty, longer sampling times do not lead to an increase in performance and that for this task, the 

rats show a very weak speed-accuracy trade-off.  

 This weak speed-accuracy trade-off presents a difference from what was observed for 

primates in the random-dots motion task (Britten et al. 1992) and what was observed for rats in other 

tasks (e.g. Brunton et al., 2013). This might be due to the fact that our task, unlike the previously 

mentioned ones, lacks a stimulus with a time structure, and so, after a certain period necessary to 

perceive de stimulus, no other information is conveyed. 

Figure 4.23: Progression of the percentage of trials aborted due to an inability of the rat to sample the sound for 

the minimum reaction time established. Red dots plot the percentage of trials where minimum reaction time was 

not reached in relation to all trials and black dots plot the same but only in relation to the aborted trials in one 

session. Sessions are counted from the first session where mRT was instituted. Error bars show standard error 

of the mean for n=3. 
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 To try and control for the very fast responses that originated incorrect trials as shown in 

Figure 4.21 B.,  an alteration not concerning the stimuli was made, leading to the creation of a new 

type of abort. A “minimum reaction time” of 100 ms was established and any trials in which the animal 

does not remain at the central poke for at least this time listening to the sound were aborted and the 

stimuli is repeated.  

Although the animals made some aborts due to a failure to complete the minimum reaction time 

these decreased, as shown in Figure 4.23, and never accounted for more than 5% of trials in one 

session or more than 40% of aborts, on average for all animals. And from Figure 4.24 it is possible to 

observe the rats’ performance showed some improvement when the minimum reaction time was 

instituted. It is possible the errors the animals are no longer doing in the red curves of Figure 4.24 

were due to an insufficient sampling of the sound when there was no minimum reaction time, as 

reaction time for incorrect trials could be very small (Figure 4.21 B.).  

Figure 4.24: Comparison of the rats’ performance for session without an minimum reaction time (black) and with 

a minimum reaction time (red). 



   54 

 As can be see in Figure 4.25, the shape is retained for the median of the correct trials, where 

the more difficult conditions are characterized by a longer reaction time. For incorrect trials, one sees 

the same tendency, except for the extreme conditions, the easier ones, which might be related to the 

lapse rate. 

 Even though the instituted minimum reaction time was of 100ms it is also possible to observe 

animals rarely showed reaction times of less than 150ms, which represents a better match to what 

was expected (Luce, 1986; Ditterich et al. 2003). 

  

Figure 4.25: Median Reaction Time for three animals, across ILDs, for correct and incorrect trials. Error bars 

show standard error of the mean; data for 8 sessions with minimum reaction time. 
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Chapter 5 

Conclusions 

 In this work the design of a perceptual decision-making task was studied and manipulated in 

order to investigate the possible sources of uncertainty and their influence on performance and 

behavior. 

 As shown in section 4.1, animals were quick to learn the detection paradigm of this task, 

showing an understanding of the structure of the task from session one. They were also capable to 

start performing a discrimination task as soon as it was presented to them. This is useful as it allows 

the fast training of animals on the basic paradigm of the task, allowing then to train them on 

manipulations of this original paradigm such as the ones described here, to investigate possible 

sources of uncertainty; or other, more complex paradigms that may be created having the current one 

as a basis. 

 From the results presented in this work for the final task and its manipulations in section 4.2 

and sub-sections, it is also possible to observe that by taking into account extraneous factors that may 

influence the animals’ decisions (the sound level of the stimulus, its modality, the animal’s motivation 

and intertrial dependency) it may be concluded that this task has as its main source of uncertainty the 

stimulus - the ILDs presented to the animal.  

The animals showed no effect on performance when the level of the sound presented was 

varied (level invariance), or when the nature of the stimulus was changed from broadband noise to 

pure tones, even when accuracy decreased for blocks where pure tones were presented, it only did so 

at the lowest ABL (40dB) and a similar decrease in performance was also observed in the detection 

task for the same conditions - when the animals show an effect due to the presentation of pure tones – 

decrease in accuracy -  for ILD discrimination, that decrease in performance is associated to faillure to 

detect sounds at the ABL. Therefore we may still conclude performance is level invariant, because 

when performance changes for a certain level it seem the animal cannot hear the sound and the 

nature of the stimuli also has no effect on performance, as long as the animals are able to perceive 

the sound. 

Manipulating motivation by changing the value associated to each trial through changes in 

reward magnitude or by suppressing easier trials altogether and by doing so increasing the value of 

harder ones, also caused no changes in performance.  

To finalize, most of the animals also showed very little to no dependence on the previous trials. 

Except for Rat 01, the animals showed the previous trial had little influence in their current decision, 

allowing the conclusion that priors regarding response and success in the previous trial have little 

impact in how the animal responds to the current trial. 
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This means the behavioral read-outs obtained from this task – namely the animals’ performance 

across intensities - are greatly influenced by the ILDs and the percept the animal creates of them, and 

so the behavior originated by this task is capable of acting as a proxy for perception. Thus allowing for 

this task and stimuli to be used to further study perceptual decision-making with ILDs. 

5.1. Future Work 

 Given the fact that it was shown this task has as its main source of uncertainty the stimulus 

presented – the ILDs – and that extraneous factors have little effect on performance, this task might 

be used to continue the study of perceptual decision-making.  

 One future goal is to study the neural correlates of discrimination of sound source localization 

using ILDs from the acute neural recordings already performed in anesthetized animals, and also from 

chronic recording in awake and behaving rats that are to be performed. These recordings have the 

primary auditry cortex, A1 as target area and so one would also be able to further investigate and 

quantify the role A1 plays in sound source discrimination using ILDs specifically in rats through lesion 

and inactivation experiments.  

 Other possible paths to follow in the future are modifications to the task presented here, for 

instance adding a cue biasing the animal in certain blocks or trials. 

 In conclusion, future uses of this work will seek to further the understanding of perceptual 

decision-making having the task here presented as a basis or stepping-stone as it has been shown its 

uncertainty depends on the animal’s perception.  
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