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The problem of separating overlapping streams of sound, and selectively attending to a

sound of interest is ubiquitous in humans and animals alike as a means for survival and commu-

nication. This problem, known as the cocktail party problem, is the focus of this thesis, where we

explore the neural correlates of two-speaker segregation in the auditory and frontal cortex, using

the ferret as an animal model.

While speech segregation has been studied extensively in humans using various non-invasive

imaging as well as some restricted invasive techniques, these do not provide a way to obtain

neural data at the single-unit level. In animal models, streaming studies have been limited to

simple stimuli like tone streams, or sound in noise. In this thesis, we extend this work to

understand how complex auditory stimuli such as human speech is encoded at the single-unit

and population level in both the auditory cortex, as well as the frontal cortex of the ferret.

In the first part of the thesis, we explore current literature in auditory streaming and design



a behavioral task using the ferret as an animal model to perform stream segregation. We train

ferrets to selectively listen to one speaker over another, and perform a task to indicate detection

of the attended speaker. We show the validity of this behavioral task, and the reliability with

which the animal performs this task of two speaker stream segregation. In the second part, we

collect neurophysiological data which is post-processed to obtain data from single units in both

the auditory cortex (the primary auditory cortex, and the secondary region which includes the

dorsal posterior ectosylvian gyrus) as well as the dorsolateral aspect of the frontal cortex of the

ferret. We analyse the data and present findings of how the auditory and frontal cortices encode

the information required to reliably segregate the speaker of relevance from the mixture of two

speakers, and the insights provided into stream segregation mechanisms and the cocktail party

solved by animals using neural decoding approaches.

We finally demonstrate that stream segregation has already begun at the level of the primary

auditory cortex. In agreement with previous attention-modulated neural studies in the auditory

cortex, we show that this stream segregation is more pronounced in the secondary cortex, where

we see clear enhancement of the attended speaker, and suppression of the unattended speaker.

We explore the contribution of various areas within the primary and secondary regions, and how

it relates to speaker selectivity of individual neuronal units. We also study the neural encoding

of top-down attention modulation in the ferret frontal cortex. Finally, we discuss the conclusions

from these results in the broader context of their relevance to the field, and what future directions

it may hold for the field.
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Chapter 1: Introduction

We perceive and navigate through the world with our senses. Hearing and audition form a

very integral part of this sensory system, allowing us to perceive distance, enable communication,

assist survival and much more. Yet very little is known about how humans and animals achieve

these remarkably fast computations to navigate the world through a single stream of sound

reaching each of their ears.

1.1 The Cocktail Party Problem

The remarkable ability of humans and other animals and birds to selectively tune into

speech from a specific source in an otherwise noisy multi-speaker environment is more commonly

known as the cocktail party problem. The cocktail party paradigm was first introduced formally

by Cherry in 1953 [3]. This problem falls among the broad category of problems in auditory

scene analysis [4] where a listener tries to navigate through an auditory environment, selectively

listening and identifying components of it. This problem is fairly ill-posed mathematically due to

the myriad of factors and variants within the problem, and extremely nuanced. Broadly speaking,

there are two key challenges that a subject of the cocktail party needs to resolve.

The first challenge to solving the cocktail party is that of stream formation and segregation,

as individuals are more often than not interested in one source rather than the whole environment.
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They thus need to form auditory streams comprising of auditory objects, that possibly originate

from different sources. There are a few widely accepted theories of how auditory streams are

formed, and commonalities within a stream [5, 6, 7] that facilitate stream segregation, discussed

further in the next chapter.

The second challenge an individual faces is that of directed attention. While auditory object

and stream formation may or may not need attention, the processing of one particular segregated

stream and directing resources to this task rather than processing the entire auditory scene is a

strongly attention-driven process [5]. Cognitive aspects of attention are crucial to the solution

of the cocktail party problem. However the underlying physiological mechanisms that encode

selective auditory attention in the brain remain unclear.

In the context of a gathering of people, one person may wish to carry on a conversation with

their partner. They need to separate out the partner’s voice from that of the vehicles passing, the

vendor in the backdrop, the sound of the keys dropped by the person passing by, conversations

of the passers by and many more. In addition to separating all these sources, they need to direct

attention to the auditory object of interest—their partner’s voice. They can do it with great ease,

yet these fast and complex computations within the brain are not yet completely understood. In

this thesis, we study the encoding of such a cocktail party scenario at the level of single neuronal

units in the auditory and frontal cortices in the brain to understand the mechanisms underlying

attention driven stream segregation and directed attention during the cocktail party.
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1.2 Animal models for Studying Neural Correlates during Auditory Streaming

Perceptual correlates of auditory streaming in animals have long been a subject of interest

due to the validity of the cocktail party for animals, just as much as humans. Pre-attentive

stream segregation can be studied using neurophysiological recordings in the absence of behavior.

Features within Van Noorden streams [8] comprising of alternating tones have been studied

extensively in humans and animals alike to understand what features affect stream formation in

perceptual stream segregation. Early studies in the songbird primary cortical fields [9, 10] have

shown difference in neural responses to tones during two-tone sequence presentation, validating

the effects of features such as frequency difference, that induce varying levels of stream segrega-

tion. Neurophysiological evidence from awake, non-behaving bats to pulse-echo sequences

demonstrate preattentive segregation of pulses and echo in population responses in the primary

auditory cortex [11]. Elhilali et. al. [12] have shown the effect of temporal coherence of two

streams on stream segregation.

While the above studies demonstrated the neural effects of differential responses in two-

tone sequences pre-attentively without behavior, Carlyon et. al. [5] and others show that behavio-

ral attention is indeed required to segregate acoustically interleaved tone sequences. To

understand the neural correlates of attention driven auditory streaming, it is crucial to obtain

neurophysiological data during behavior, as stream segregation is occurring. Stream segregation

involves top-down processing relying on the ability of animals to pay attention and perform

streaming. Evidence of streaming using tones is seen in primary cortical fields in terms of

stimulus statistics and well segregated streams of tones in birds [13] and monkeys [14]. Itatani et.

al. [13] show that while segregated responses are seen in the starlings’ A1, the decision process
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through behavior was not reflected in the responses. Using alternating tone sequences, it has been

shown that in the macaques’ A1, we can see evidence of build up of perceptual stream formation

[15]. Ferrets can stream alternating tones and detect deviant frequencies in the stream, as well as

detect a repeating tone in a random tone-cloud [16].

Most previous studies used sequences of simple stimuli such as tones and tone complexes

in the primary auditory cortex. Repetition, as a cue for stream segregation, has also been

demonstrated through detection of repeated noise segments (foreground) in a random noise

segment (background) and the authors have shown that there is increased stream specific gain

leading to enhancement of the foreground repeating noise in the ACx (primary and secondary

cortices), and overall reduction of global gain [17]. In this work, we extend the study of streaming

to more complex stimuli by using speech streaming in animals in both the primary and secondary

auditory cortices, as well as the frontal cortex.

1.3 Ferret as an Animal Model for Studying the Cocktail Party Problem

For the purpose of behavior and neurophysiology, we use the ferret as an animal model to

study auditory phenomena at a single cell level in the auditory and frontal cortices of the brain.

Ferrets are an ideal model for auditory research since their hearing range is similar to that of

the human hearing range [1] (Figure 1.1, adapted from [1]). A previous study has demonstrated

that neuronal responses in the ferret primary auditory cortex are sufficiently diverse to encode

and discriminate all English phoneme classes [18]. The functional connectivity of the ferret

auditory cortex has also been studied, and well established [19], thus providing a framework for

neurophysiological data collection.
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Figure 1.1: (A) The hearing range in the ferret is most comparable to that of humans,
encompassing similar frequencies. (B). The ferret audiogram indicates (for two different ferrets)
that they have high hearing acuity in the 20 Hz to 20 kHz frequency range (Adapted from Kelly
et. al., Hearing Research, 1986 [1]).

Ferrets associate meaning to critical words in the form of cue words like danger, reward,

punishment, food, mating vocalizations etc. and they can be trained on aversive and appetitive

tasks to differentiate “target” words from various alternative “reference” words, by associating

meaning to these words [20, 21]. Specifically, Bizley et. al. [22] showed that ferrets can be

behaviorally trained using two alternative forced choice selection to discriminate between vowels

of different timbre, and also to generalize this discrimination ability across various pitches.

Ferrets can be trained to discriminate relative pitch movement (up vs down) in a sequence of

tone-pairs [23]. Ferrets could be partially trained on pitch change detection on complex stimuli

such as naturalistic speech, but the task is more difficult than a simple frequency change detection

[24]. These studies in ferrets were all comprised a single auditory stream to test other auditory

phenomena.

Streaming using tones has been studied behaviorally in ferrets to detect shifts in frequencies

within alternating tone sequences, and regular repeating tones in otherwise varying tone clouds
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[16]. This study demonstrated that some aspects of streaming in humans [15] are also observed in

ferrets behaviorally. Ferrets only weakly distinguish harmonic tone complexes from in-harmonic

complexes, often confusing pure tones with harmonic complexes [25]. These studies provide

the literature based off which we design the experiment for two-speaker segregation to study

this phenomena behaviorally, like in the above studies, but also neurophysiologically, for which

current literature in ferrets is very limited.

1.4 Thesis Outline

In this thesis, we leverage the combination of behavioral experimentation in simple

stimuli and neurophysiological extracellular recordings in the ferret to understand the neural

underpinnings of the cocktail party with more complex stimuli like speech, in the auditory and

frontal cortex. In this thesis, we discern what happens at the single unit and neuronal population

level during the cocktail party scenario. While this has been studied in animals using simple

stimuli such as tones, the more realistic scenario of speech has not yet been used to understand

attention-driven solutions of the cocktail party. Prior studies except Saderi et. al. [17], especially

in the ferret, focused on encoding in the primary auditory cortex during streaming, which we

extend here to include the dPEG in the auditory cortex. Previous studies in human subjects try

to dissociate what happens at the population level using a variety of techniques such as fMRI,

EEG, MEG and ECoG, however access to single unit data is limited due to the invasive nature of

single-unit electrophysiology. This thesis enables us to understand how the auditory and frontal

regions of the brain encode speech during a cocktail party, especially at the single unit level and

sets a framework for cross-species comparison of attention-driven speech stream segregation.

6



This thesis has been organized into six subsequent chapters. Following this introduction,

we will start with a brief overview in Chapter 2 of the auditory system in mammals, focusing on

our particular animal model and an in-depth literature survey of neural representations of speech

streaming. We will focus on the pathway of auditory signals from the ear onward, and what

role the auditory cortex has in this signal pipeline. We will then look at several hypotheses and

theories of stream segregation and attention in the auditory system, reviewing their merits and

demerits. In Chapter 3, we discuss the stimuli and neurophysiological recording methods that are

the backbone of all data acquisition and experimental runs for the work in this thesis.

Chapter 4 presents a behavioral training paradigm for the ferrets to navigate a simulated

cocktail party problem with two speakers. The two speakers are presented with equal perceptual

loudness, and the ferret is taught to perform a task pertaining to one of the two speakers,

while ignoring the other, interfering speaker. After training in such a setting, we demonstrate

compelling evidence that the ferrets are successfully trained on this behavioral task. We also

describe behavioral experiments and their results on adjacent tasks, which we have studied

behaviorally for this thesis.

Once animals are trained on the task, we recorded extracellular activity in the primary

and secondary regions of the ferret auditory cortex. In Chapter 5, we discuss the evidence from

neurophysiological data from the ferret auditory cortex — its relevance and importance and what

insights these data provide for solving the cocktail party problem, what the different cortical

regions within the ACx contribute and what single unit characteristics are important to stream

segregation. We demonstrate that the foreground speaker is enhanced in the primary region

(A1) for a pop-out effect at the level of population responses, accompanied by suppression

of the background speaker in the secondary area (dPEG). We then shift focus in Chapter 6
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to the dorsal Frontal Cortices, and their role in encoding single and multi-speech streams in a

stream segregation problem. We discuss literature to support our work on understanding neural

correlates of frontal projections to the auditory cortex, and discuss evidence from our recordings

to support this.

Finally, we summarize our findings in Chapter 7 and discuss the conclusions of this thesis,

as well as future implications this thesis would have on understanding the neural mechanisms in

the auditory system to support stream segregation, and more broadly, the auditory scene analysis

problem.
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Chapter 2: Overview of Auditory Streaming

Hearing has always been an integral part of communication, and survival for humans as

well as animals. The auditory system takes in a mere pressure wave at both ears, and converts it

into coherent electrical signals for us to use with language to provide meaning to the world. We

are capable of using our auditory senses to discern the ‘what’ and ‘where’ of particular sounds in

a variety of acoustic environments, and only realize the extent of reliance on the system once it

fails to perform to our desired standards.

Traditionally, the auditory system has been thought of as a spectrum analyzer, with the ear

playing the role of converting the pressure signal to a Fourier decomposition at the level of the

cochlea that is further analyzed in the higher processing areas. This view however, discounts a lot

of the more interesting intricacies of audio processing - what happens when those sounds occur

adjacently? what happens when some sounds are more important? what happens when those

sounds provide context or meaning? These are just a few of the questions within the realm of

auditory processing that are obliterated in the simplistic frequency analyzer approach.

In the next section, we will outline how the auditory system functions, with specific

attention to the ferret auditory system. We will visit literature understanding the behavioral

encoding in the ferret auditory cortex, and how this propagates through various stages of the

auditory system. In the following section, we understand the perceptual, behavioral and neural
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underpinnings of auditory streaming, and specifically the cocktail party scenario.

2.1 The Auditory System

The peripheral and central auditory system, specifically the auditory cortex in the central

auditory system, of the ferret has been well studied and shown to be consistent with that of various

other mammalian species [19, 26]. In the ferret, the sound falls upon the cochlea through the ears.

The hair cells in the cochlea convert the mechanical pressure signal into electro-chemical activity

that is transmitted further. The cochlear signal, via the Auditory Nerve (AN) then passes on

into the cochlear nucleus in the auditory brainstem [27]. Auditory Brainstem Responses (ABR)

can be used to assess the hearing capacity of the ferret. These in turn send projections to the

Superior Olivary Complex (SOC) [28] from both ears, which is responsible for integration of

auditory signals from both the ears. These auditory signals are further processed in the Inferior

Colliculus (IC) [29] in the midbrain, which are then projected into the Thalamus and Medial

Geniculate Body (MGB) [30]. Finally, these signals are then sent to the auditory cortex located

in the Ectosylvian gyrus via the thalamus and medial geniculate body.

Tonotopical organization in the ferret auditory cortex is studied using electrophysiology

in the primary auditory cortex [1], Anterior AF [31], as well using optical imaging in the PEG

[6], which also has some degree of frequency selectivity. These response properties were further

confirmed with multi-electrode recordings in the ferret [19] throughout the MEG, AEG and PEG.

The primary auditory cortex displays short latencies, and clear tonotopy from high frequency

responses in the dorsal end, to lower frequency-specific responses as we move ventrally. There

is a clear reversal line beyond which the PEG lies, where the tonotopy is less sharp, but still
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prevalent, and latencies are longer. Further along the hierarchy, the vPR [32] shows even less

clear tonotopy, and is instead modulated by attention and task-driven effects.

In the primary auditory cortex, the neurophysiological responses to tones reveal a change

in specific spectrotemporal response fields (STRFs) of units during task performance [33]. These

changes are rapid, reversible and are typically induced by perceptual learning of a particular task

[34]. Multi-tone target sounds in the presence of background TORCs (Temporally orthogonal

ripple combinations [35]) reveal enhancement for component tone frequency responses, and

suppression of inter-tone frequencies [36]. These changes, presumably to enhance behavioral

selectivity [37], are also seen albeit an even larger scale, in the PEG [2], and further amplified in

the VPr [32], which is similar to tertiary areas in other species. Going higher up the hierarchy,

the dorsolateral pre-frontal cortex encodes an even more abstract version on response changes

[21] that is a stronger reflection of the behavioral meaning of sound, as a top-down attention-

modulated signal, than physical attributes of the sound itself, as seen in STRFs in the A1 [21, 33].

Ferret recordings have shown evidence of multiplexing for parallel processing, which

enable the ferret ACx to encode a more dynamic representation of incoming speech sounds [38].

For this work, we focus on encoding of speech in the auditory cortex, specifically the primary

auditory cortex (A1) which displays short latencies to neuronal response post sound-onset, and

has a sharp frequency response area, thus responding most selectively to certain frequencies,

as well as the dorsal Peri-Ectosylvian Gyrus (dPEG), which is a secondary area encompassing

responses to a wider set of stimuli [2]. We also record neuronal data from the Anterior Sigmoid

Gyrus (ASG) and the dorsal aspect of the Orbital Gyrus (OG), together comprising the ferret

frontal cortex.
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2.2 Cocktail Party and Auditory Scene Analysis

The auditory system can segregate and isolate sounds from various different sources from a

large range of acoustic environments remarkably well. We can separate sounds very well not only

for sources that are spatially separated, but also in scenarios where the sounds originate from the

same source. This problem of segregating sound sources is called the problem of ‘Acoustic Scene

Analysis’ [4, 39], or more colloquially, the ‘Cocktail Party Problem’ [3]. Selection of appropriate

features of sound and binding them into individual perceptual streams leads to formation of

perceptual auditory objects, which typically contain sounds that are perceptually segregated and

may or may not be emanating from different sources. Machine-based algorithms have emerged to

attempt replication of biological systems for scene analysis, but current technology still severely

under-performs compared to humans when allowed limited data for training. We will discuss the

prevalent theories for formation and segregation of auditory objects in the following section.

Auditory scene analysis is supported by two phenomena - formation of streams to detect

various auditory objects, and selection of relevant streams to successfully segregate sounds. Both

of these have been extensively studied in the last few years. It has been demonstrated that the

auditory signal entering the ears is decomposed into various features along the auditory pathway,

starting with frequency decomposition at the cochlea [40] itself, gradually propagating to the

ACx. Selection of features that are bound into perceptually segregated streams leads to the

formation of an ‘auditory object’ which typically (but not always) originate from different sound

sources. Humans perceive these sounds as coming from a single stream or object by binding them

along typically low level features such as onset times, location of sound, prosodic cues [41],

intonation and pitch differences [42]. This streaming occurs despite local changes in features
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such as loudness [43], pitch [44]. Higher level processes such as linguistic cues, recognition

of a known sound and attention driven mechanisms also contribute to auditory stream selection.

There are numerous psychoacoustic studies showing that attention can be directed to certain

features such as frequency regions [45], pitch [46] and gender [47] to coherently detect streams

of sounds.

2.2.1 Theories of Pre-Attentive Auditory Streaming

Studies done in the past few years have led to numerous models and hypotheses explaining

the psycho-acoustic and neural foundations of perceptual streaming. One prominent hypothesis

suggests separation of streams based on well separated regions in the brain that are selective to

specific attributes of the sound stimuli [14, 15, 48]. As frequency distribution along the tonotopic

axis is one of the key spatial separation paradigms, this model explains tone sequence perception

well but does not account for the temporal binding across tones separated in frequency. For

example, tones that are an octave or more apart should be heard as two distinct streams according

to this hypothesis. However, psycho-acoustic and neurophysiological studies have shown that

synchronous tones more than an octave apart are heard as a single perceptual stream [12]. The

hypothesis also doesn’t probe the question of two streams containing common frequencies such

as speech from two speakers sharing a higher order harmonic, but having other distinct features

such as timbre and pitch - something omnipresent in a multi-talker scenario.

Early human imaging studies used tone pips to show an enhanced response to bottom-

up attended streams. Perceptual studies using Van Noorden streams [8] showed using various

techniques such as EEG [49], intracranial EEG [50], MEG [51] that there is an increased response
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based on binding of tones to form auditory objects, wherein the increase is observed only when

the tone pips are bound into an attended object. Gutschalk et. al. [52] showed that these

enhancements are observed using MEG only when a pop-out effect of the tone is detected in

an otherwise rhythmic tone pip. These effects are specifically seen in non-primary areas of the

human auditory cortex such as the Intra-Parietal Sulcus. All the aforementioned studies explain

the formation of auditory perceptual objects and streams through bottom-up driven processing,

without the influence of attention.

2.2.2 Role of Attention in Auditory Streaming

The formation of auditory objects raises the important question of what influences their

formation and segregation. One school of thought suggests that streams are formed pre-

attentively based on auditory objects that originate from the same sound source [53, 54]. That is,

the sound mixture is decomposed into various streams possible, followed by selective attention

and enhancement of a particular attended stream [55]. In this pre-attentive streaming model,

attention plays a critical role in stream selection, but not in the formation of individual streams

[56]. This would, however, require a lot of overhead storage, and appears to be a sub-optimal

process and hence less likely the mechanism the brain is using for complete stream segregation.

Another school of thought suggests that attention is a crucial modulator to not just select

streams but also to form distinct auditory objects. This has been shown in visual science where

features like color, edges were integrated into visual objects when attention was focused on the

features [57]. Multi-modal studies have also demonstrated how diversion of attention through

another modality can disrupt stream formation [58], supporting that attention is indeed required
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in stream formation during a cocktail party. Top-down influences of directed attention have been

studied in detail using tones and tone-clouds over the last decade to understand their role in

auditory object formation and perceptual segregation. Using MEG, Elhilali et. al. [59] showed

that there is a strong response at the target frequency during a target deviance detection task in

a tone-cloud, where participants paid attention to the stream to specifically detect appearance

of a deviant tone. On the other hand, the response at the target frequency was reduced when

the participants paid attention to the tone-cloud instead of the target frequency tone pip. These

studies were also replicated using MEG [60] to study the build-up of the stream representation,

where the authors showed that stream formation occurs over around 3 seconds. While these

deviants were strictly in the spectral domain, temporal deviance detection also showed a similar

effect of enhanced response to the tracked sound using MEG [61] and using ECoG [62]. The

theory of temporal coherence explains what computational role attention may play in auditory

stream formation.

To address the question of whether attention is a crucial element of stream formation,

Elhilali et. al. [12] have proposed an alternate temporal coherence based stream formation model,

wherein attention plays a role in the stream formation. They propose that after spectrotemporal

feature extraction of the auditory signals from the scene, there is an additional coherence analysis

phase. This is based on slow-varying stimulus features, the cortical phase-locking of which

determines which sounds occur as a coherent ensemble. These co-occurrences are most likely to

have originated from a single source or auditory object, which can then be perceptually enhanced

with selective attention. That is, when temporally coherent elements occur in a sound mixture,

these elements are bound together and pop-out as a single perceptual object from the rest of the

sound mixture. This has been applied computationally to tone sequences [12] as well as speech
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stream mixtures [63] successfully.

At a neural level, attention can influence stream segregation in two different ways. Firstly,

it can enhance neuronal responses to attended features of a particular auditory object. This has

been shown in awake behaving animals, where the attended repeated noise is better segregated

and elicits stronger responses as compared to the background random noise [17]. Other studies

[64] have also shown that attention can rapidly modulate neural responses to adapt for task

behavior. For example, in the ferret primary auditory cortex, Yin et. al. [65] have shown that

neural responses to attended stream are segregated better during behavior in a stream segregation

behavioral paradigm. Secondly, attention influences temporal coherence and timing of neural

responses by enhancing timing co-occurrence within distinct populations of neurons, thus binding

them within a single stream [66]. This is indicative of a feature-based theory of stream formation.

If a feature is selectively attended to, it anchors to accumulate a perceptual stream of sounds

within the auditory scene that are temporally coherent with the anchoring feature.

2.2.3 Encoding and Decoding of Attention in Speech Stream Segregation

One of the most studied forms of the realistic auditory scene analysis problem is that of

the cocktail party, where two speakers talk concurrently and listeners pay attention to one or

the other. Various encoding and decoding techniques have been used in recent years to dissociate

different aspects of the cocktail party encoding in the brain. The target of attention can be decoded

using linear decoders in various scenarios to show how temporal coherence binds streams across

various attended features [67]. Linear spectrotemporal receptive fields have been trained on MEG

responses [68] to predict responses to the cocktail party scenario. Reconstructing the speech
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envelope from MEG responses [69] showed that these speech envelopes closely matched the

speech envelopes of the attended speaker in the original stimulus. The relative loudness of

the two speakers did not affect the envelope reconstruction fidelity. Using EEG, it was shown

that temporal response functions showed segregation only at the the M100 level, but not before,

indicating that segregation was a reflection of a perceptual process, and not a strictly auditory

stimulus-driven process. Mesgarani et. al. [70] showed that high gamma activity from ECoG

could be used to reconstruct not just the temporal envelope, but the whole spectrogram of the

attended speaker in correct trials of a two-speaker cocktail party. All these attention effects were

exclusively seen in the Planum temporale (secondary region) but not in the primary region of the

ACx in humans.

Various neuroscience techniques have also been used to decode attention selectivity from

a cocktail party-like setting. Magnetoencephalography (MEG) and EEG techniques yield high

decoding accuracy for attention in a limited setting of two speakers through a state-space model

representation[71]. EEG [72], MEG [69] and ECoG studies show that the attentional subject

can be decoded from as little neural data as a single trial (60s). Mesgarani et al. [70] have

shown with ECOG techniques, similar attention selectivity in a multi-speaker environment where

the responses were strongly correlated with spectrotemporal features of the attended speaker

in a mixture. A classifier was built to decode attended words and speaker identity through

reconstruction, thus revealing the features at the perceptual level used in encoding multi-talker

speech. While the focus of the solution to the cocktail party problem has been on the attended

stream, these decoding-based approaches also provide a framework to examine the processing of

the unattended stream. MEG and EEG data from these experiments offer new evidence suggestive

of significant processing and representation of unattended speech in the cortex [73]. The precise
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nature and amount of the representation of multiple signals in a selectively attended environment

in the brain is still unclear, and this thesis is an attempt to understand what happens at the single

cell level in the auditory cortex of animals during two speaker segregation.
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Chapter 3: Methods and Stimuli

In this chapter, we outline the behavioral and neurophysiological methods used for the

thesis. In addition to that, we also describe the stimuli used, however, we defer a detailed

explanation of the task design and structure for future chapters. All animal experiments were

approved by the University of Maryland Animal Care and Use Committee (IACUC) and National

Institute for Health (NIH).

3.1 Participants

We used ferrets (Mustela Putorius, female) as an animal model, obtained from Marshall

Farms, New Jersey. For the purpose of behavioral experiments, we trained 4 ferrets (Samba,

Savanna, Taiga, Arabica) and for the neurophysiological experiments, we used two of these

trained ferrets from the set of behavioral animals (Samba, Arabica).

3.2 Animal Surgery and Transition to head-fixed setup

Animals are initially trained using conditioned avoidance in a free-moving setup, where

the animals learn to lick from a spout at the front of a Faraday cage, but otherwise free to not

perform the task by being away from the spout in the cage. Negative reinforcement is provided

in the form of a mild shock on the paws. Water flows continuously through the spout at a rate
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between 0.3ml/min to 4 ml/min. Training occurs with intermediate steps to confirm performance

at easier versions of the task before training on the final version of the task design. Once they

perform consistently above chance level at the final version of the task design, where consistency

is defined as Accuracy (Hit Rate) ≥ 75%, Consistent Licking before stimuli presentation (Safe

Rate) ≥ 50%, and Discrimination Rate (Hit rate controlled for inconsistent licking, chance =

25%) ≥ 40%, we consider the animal ready for implantation. Details about these metrics can be

found in the next chapter.

Implantation surgery is done to add a stainless steel post to the animal’s skull for head

fixation. During this surgery, the Auditory Cortex is also identified and wells made over the

auditory and frontal cortices for future craniotomies. Ferrets are anesthetized using ketamine

and dexmedetomidine, and then maintained under anesthesia with 1%-2% iso-flurane in oxygen

throughout the surgery. The heart rate, respiration, core body temperature and oxygen levels of

the ferret are monitored throughout the surgery by a trained anesthetist, and emergency drugs

administered with vet approval if required. The stainless steel head-post is secured in the skull

using titanium screws and embedded in Charisma (up to 2018) or Dental cement with Gentamycin

(2019 onwards). The area around the auditory and frontal cortices are covered in a single layer of

cement, whereas surrounding areas are built up to about 5 -7 mm thickness to cover the exposed

skull.

Animals are allowed recovery for three weeks post surgery, or as needed after that, and pain

reliever drugs are administered as considered necessary by the attending veterinarian doctors.

Once fully recovered, the animals are gradually habituated to the head-fixed setup and water

acquisition through the spout over a period of two weeks. Then, ferrets are re-trained in the head-

fixed setup to regain performance to consistent levels, as determined earlier (Hit Rate ≥ 75%,
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Safe Rate ≥ 50%, Discrimination Rate ≥ 40%) before any neurophysiological recordings are

performed. Retraining is required due to modified position of negative reinforcement, since the

shock pin is placed on the tail in the head-fixed setup for comfort and lower noise interference

with recordings, where as reinforcement happens through the animal’s paws in the free moving

setup.

3.3 Neurophysiological Recordings and Data Acquisition

All neurophysiological recordings are conducted in a sound attenuating chamber. In a

typical experiment, four tungsten microelectrodes (FHC) with high impedance (2–7MΩ) are used

for extra-cellular recordings of action potentials of neuronal units. A small 1–2 mm craniotomy

is made in the skull, exposing a part of the auditory cortex for recording. The electrodes are

independently advanced through the craniotomy in the auditory cortex using an EPS motor-driver

system until good spike isolation is observed on the channels.

All stimuli are played from a speaker located one metre away from the center of the ferret’s

nose at 65 dB, unless otherwise noted. Sound stimuli presentation, behavioral data acquisition,

online analysis and record triggering were done through a custom MATLAB-based open source

software called Behavioral Auditory PHYsiology (BAPHY). Data acquisition was performed by

AlphaLab Data Acquisition Systems (Alpha-Omega), signals recorded at a sampling frequency

of 25 kHz and amplified 15000x. Single units were isolated using Principal Component Analysis

(PCA), K-Means clustering and subsequent template matching using custom MATLAB-based

software called Meska PCA to determine isolated units of activity by removing noise as well

as labelling multiple neuronal units separately if there was clearly distinguishable activity from
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more than only unit at a single electrode recording site. Only units with greater than 70% isolation

and a typical refractory period were saved as single units.

3.4 Localization of Recording Sites

Each recording location in each ACx hemisphere is characterized by its location along the

dorso-ventral and rostro-caudal axes with a fixed angle of viewing (30 degrees) such that the

electrodes penetrate the surface of the brain perpendicular to the auditory cortex. An artificial

mark, which is constant across experiments, made by drilling a depression in the headcap is

used for this purpose. Furthermore, tones of various intensities and frequencies (duration = 250

ms) are played and neural responses to them analysed. These measurements help determine the

best frequency and latency of each individual recording site. These are compared to a standard

tonotopy-latency map of the ferret auditory cortex to determine recording locations [19, 31].

Each recording in the auditory cortex is characterized as primary auditory cortex (A1) and

secondary auditory cortex — also known as the Posterior-Ectosylvian Gyrus (PEG). Each frontal

cortex recording is characterized by the location in co-ordinate space along the dorso-ventral

and rostro-caudal axis with reference to the marks made in the cortex well. Further anatomical

analysis of units in frontal cortex was not done, as anatomically, that would be beyond the scope

of this thesis.

We determine the Best Frequency at an electrode location in the auditory cortex using the

average of neural responses to various tones in the range of 125 - 32000 Hz, spaced apart with

intensities varying from 0 to -50 dB relative to SPL in steps of -10 dB. These responses are used

to construct the Frequency Response Area (FRA) per site (Figure 3.1). The Best Frequency was
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Figure 3.1: Responses to tones at different intensities help determine the Frequency Response
Area (FRA) of a neuron, which can be used to infer the best frequency the neuron responses to,
and the latency post which it responds. In this figure, the neuron responds with a latency of 6 ms,
and best frequency of 1682 Hz.

determined as the frequency that responded the most to the lowest sound level, i.e. the lowest

trough of the FRA figure per unit. The latency of a neuron is computed as the time delay for the

spiking response during tone presentation to exceed a threshold of 3 times the standard deviation

of the spontaneous activity of that unit. We confirm that collected recordings are from desired

areas within the Auditory Cortex by comparing the tonotopy obtained through computing best

frequency and neuron latency responses to pure tones and Torcs to those in systematic reviews of

the Auditory Cortex in the ferret [19]. We only use these data for our analysis of responses in the

Auditory Cortex.

We also record neurophysiological data from the frontal cortex. Since the frontal cortex has

not demonstrated consistent responses to tones in earlier studies in the ferret, or simple auditory

23



stimuli nor demonstrated any evidence for tonotopy, we only note down the location of recording,

but do no further anatomical analysis of these positions.

3.5 Stimuli

Speech is generated using the Straight synthesizer for speech [74] for earlier animals

(Samba, Taiga, Savanna), and the inbuilt Apple synthesizer for later animals (Arabica). The

fundamental frequency (F0) of the male speaker is 107 Hz, and that of the female speaker is

220 Hz for all electrophysiological experiments on Animal 1 (Samba), and is 100Hz (male) and

180 Hz (female) for animal 2 (Arabica). Each syllable is an English syllable of the form ‘CV’,

comprising of a consonant, followed by a vowel, and lasts for 180 – 220 ms. The duration is

maintained constant to control for effect of syllable duration on responses, with each syllable

zero-padded to 250 ms. Words were comprised of three to four of these syllables (E.g. Fa-Be-

Ku), and these words included utterances by male and female speakers.

For the purpose of our research, we used the auditory spectrograms of these syllables.

Auditory spectrograms are a time-frequency representation of the sound mimicking the early

stages of the auditory pathway. These stages include (i) using a constant-Q filter bank along the

spectral axis as the cochlear output, (ii) a hair cell transduction stage with low pass filtering to

account for loss of phase-locking on the auditory nerve and (iii) a lateral inhibitory network to

mimic the mid-brain. We then filter these data for a specific scale (in cycles/ octave) and half-

wave rectify them to represent an output similar to that postulated at the primary auditory cortex

level. In particular we use the same set scale parameter for all our data and while our results

through the thesis hold for all values of scales we used (0.5 cycles/octave - 2 cycles/octave),
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all figures use a scale parameter of 0.5 cycles/ octave. More details about how the auditory

spectrogram are generated and its interpretation can be found in Chi et. al. [75]. We do not use

different scales for different neuronal units in this thesis, and leave that for future exploration.

For figures that indicate spectral components of either stimuli or responses, for example,

in the reconstructed spectrograms in Chapter 5, we use a single vertical column comprised of the

mean auditory stimulus collapsed across time to visualize the dominant frequencies present in the

two speakers individually. This column figure is called the ‘acoustic spectrum indicator’, when

used in the thesis.
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Figure 3.2: Auditory Spectrograms of the Stimuli saying target word by the female speaker (Fa-
Be-Ku for Samba, Be-Lo-Ti for Arabica), and the word containing the target subword presented
by the male voice (Fa-Be-Ku-Se for Samba, Be-Lo-Ti-Fe for Arabica)
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Chapter 4: Auditory Two Stream Segregation: Behavior

The ferret has been used as an animal model for behavioral studies using appetitive and

aversive conditioning using a variety of stimuli such as tone pips, TORCs, chords and harmonic

complexes [21, 24, 36, 40, 64, 76]. The hearing range of ferrets, at 16 Hz - 44 kHz [1] is similar

to that of humans (20 HZ - 20 kHz), making it possible to systematically study the processing

of the same audio cross-species between humans and ferrets. Specifically, speech stimuli (we

use English syllables as described in the previous chapter) can be used during a ferret behavioral

task.

Here, we first explain the design of a behavioral cocktail party task that enables ferrets to

learn to respond to a target word by a single speaker, by itself and in the presence of a competing

speaker, taking into account the balance between task complexity and ferret capabilities. We

then present the evidence through behavioral data that the animals are trained to successfully

complete the task on one speaker in the presence of a competing speaker, as in a classical two-

speaker stream segregation paradigm. Finally, we discuss the implications of these behavioral

data, and what these mean in the context of the task.
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4.1 Task Design

We use a conditioned avoidance (Go/ No-Go) task for training ferrets for the tasks in this

thesis. The ferrets are water-restricted for a few hours before a behavioral session, and receive

water during the session. Animal hydration is monitored throughout, and behavioral training is

restricted to no more than five days a week as per the IACUC protocol. The ferret learns to

continuously lick water from a spout located 2-7 mm in front of it, initially in the free moving

setup and later in the head fixed setup. Water flow is varied between 0.3 ml/min to 4 ml/min

during the session such that the animal stays engaged during the behavioral session and licks

from the spout continuously. If water consumption during training falls short, additional water is

provided after the training to the animal.

The ferrets are taught to continuously lick the spout when reference words are being played

(Go Phase). However, on learning the task, in addition to licking during the reference word

presentation, the ferrets learn to refrain from licking when the speaker of interest utters the target

word (No-Go Phase). During initial training, a loudness difference of 30 dB is introduced for the

target relative to the reference word, which is gradually reduced till 0 dB as the animal learns the

task. For this work, all words are essentially pseudo-words comprising of three syllables, each

lasting 250ms in duration, thus forming a ‘word’ of 750 ms. After the completion of the word,

we provide a 400ms buffer window where the animal can make the decision to stop licking, and

then execute the required movements for it. If the ferret licks during the target word presentation

in the reinforcement period following the word (400 ms - 800 ms after word ends), it is presented

with a mild shock on its paws (free-moving) or tail (head-fixed) to reinforce that the target word

is a No-Go word.
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Figure 4.1: Example of cocktail party trial showing the speech signal of the female attended
speaker (top panel) and male distractor (second panel), with their combined voices in the third
panel. Target words are shown in red, and reference words are shown in black. (Bottom panel)
Ideal licking behavior expected of the ferret for the voice mixture.
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Ferret training begins on a single speaker only. Once the ferret can perform the target word

detection task reliably on a single speaker, we add a second background speaker. We simulate

the cocktail party paradigm by using two distinct speakers, one male and one female, for ease of

distinction between speakers. The male background speaker is added at a lower loudness (-20dB

relative to female), increasing in two steps of 10 dB to finally attain same loudness for both the

speakers of the cocktail party. In all cases, the animal is taught to pay attention to one of two

speakers. In all cases but one, the animal was trained to attend to the female speaker, and ignore

the male speaker. As only one animal was successfully trained on the ‘Attend Male’ condition,

and all neurophysiological data is from animals trained on the ‘Attend Female’ condition, we

present the results pertaining to this animal in a separately dedicated sub-section. Outside of that,

we will refer to the female speaker as the foreground speaker, and male speaker as the background

speaker throughout the thesis.

During training, the animal is taught to detect the word ABC, where A, B and C refer to

three distinct syllables (Eg. Fa-Be-Ku for Samba, Be-Lo-Ti for Arabica, Lo-Be-Ti for Taiga),

from a series of reference words made of either AAA (Eg. Fa-Fa-Fa for Samba and Lo-Lo-

Lo for Taiga), or AXY/ AQR (Be-Ka-Gu and Be-Ku-Za for Arabica). These reference words

occur between 1 and 6 times before the target word presentation (Figure 4.1). The background

comprises of the male speaker saying one of seven four syllabic words (DEFG) picked randomly,

where D, E, F and G may or may not be the same as A, B, C. One of the seven words explicitly

contains the target sequence ABC, to check control analyses of behavior to the unattended speaker

(Figure 4.1, second row).

To simulate partial overlap and temporal incoherence of speakers, which is typically also

seen in real situations where two people rarely speak at the exact start time, but rather with at
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least a small delay, we introduce a relative delay between the background and the foreground.

Each of the background words are shifted by starting them 400 ms before, 80 ms before or 200

ms after the target word chosen randomly at every word instance. The manner in which a word

of the foreground and background co-occur, including their relative time onset delays are shown

in Figure 4.2. The three cases of relative delay, 400 ms before, 80 ms before and 200 ms after are

shown in the three rows of the figure. Each of these word combinations, with a total duration of

1950s are combined to form a trial comprising of 1-6 words with reference foregrounds, followed

by a target foreground word. Each trial duration is thus between 3.8s - 13.65s. Together, they

provide a perceptual illusion of listening to two continuous streams by two speakers uttering a

variety of sequences with multi-syllabic words (Figure 4.1, third row). During this period, the

animal is taught to lick from the spout during reference word utterances by the attended speaker

(female), and refrain from licking during the 400 ms window that occurs 400 ms after the target

word presentation.

This task design allows us to test that the animal is listening to the attended female speaker

by performing the target word detection task on this speaker, while ignoring the background

speaker who may or may not be saying the same target word.

4.2 Analysis of Behavioral Performance

To reliably determine whether the animal performed the intended two stream segregation

task, we define some metrics to track the animal’s behavioral progress on the task. An animal is

considered to be trained if she performs above criterion on the following metrics for at least three

consecutive training sessions:
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Case 1: Male starts 400 ms before female
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Figure 4.2: The three possible cases for delays in the male background word where the
background word starts (1) 400 ms before the female word onset, (2) 80 ms before the female
word onset and (3) 200 ms after the female word onset. Seven different male words are used in
the stimuli, however, for the purpose of illustration, we use a placeholder word ‘Fe-Lo-Be-Ti’.
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1. Hit Rate (HR) = Accuracy of getting target, criterion = 75% accuracy

HR =
Number of trials with No-Go at Target

Total number of trials with Target
(4.1)

2. Lick Rate or Safe Rate (SR) = Amount of time animal licked before word presentation

In the case of trials where the animal was not licking prior to target word presentation,

we label the trials as ‘snooze’ trials and do not count these in accurate trials. The Safe

Rate is used to determine whether the animal actually stopped licking after the target

presentation due to target detection, or whether the animal was not licking during the target

word presentation prior to the target, in which case there is no ‘detection’ of target involved.

3. Discrimination rate (DR) = Accuracy modified by licking rate, criterion = 40%

DR = HR ∗ SR (4.2)

Thus, chance performance in such a scenario is determined to be that in which accuracy (HR)

= 50%, and SR is also 50%, this DR = 0.5 x 0.5 = 25%. For criterion performance, we define

the minimum performance DR ≥ 40%, and HR ≥ 75% for at least three consecutive training

sessions. In table 4.1 below, we report the Hit Rate (HR) and Discrimination Rate (DR) means

and standard deviation of all animals.

Secondly, we use the D-Prime, which indicates the signal separation, to determine how

different two signals are, in terms of their z-score. Here, we use them to determine the separation
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Table 4.1: Mean and Standard Deviation of Hit Rate and Discrimination rates in single and multi-
speaker conditions

Animal Name Female Alone Mixture (Attend Female)

Hit Discrimination Hit Discrimination

Rate Rate Rate Rate

Samba 74.9 ± 13.5 42.2 ± 12 69.9 ± 19.6 38.7 ± 14

Arabica 61.1 ± 24.7 31.1 ± 11 62.8 ± 25 35.6 ± 14

Taiga 69.9 ± 22.6 42.3 ± 19.3 71.82 ± 11.69 41.86 ± 8

of licking profiles as a function of time between hits and false alarms. D-prime = 0 is chance.

D-prime = z(False Alarm)− z(Hits) (4.3)

We computed D-Prime of all trials in the head-fixed setup, post surgery. In the case of

each recorded animal, as reported in Table 4.2, the animal performed consistently well (D-Prime

above chance) in the case of single speaker as well as multi-speaker scenarios.

4.2.1 Lick Behavior

We compare licking for the target (both, hits and misses) and reference words separately, to

compare the licking profiles. In Figure 4.3, y axis denotes the rate of licking, x axis denotes time.
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Table 4.2: D-Prime of Animals during Female only and Attend Female Conditions

Animal Name Female Alone Mixture (Attend Female)

Samba 2.33 2.15

Arabica 1.71 1.99

Taiga 1.92 1.93

We separate target word presentations into correct (hit) and incorrect (miss) trials. In all panels,

the solid red line indicates target word licking (hits), dashed red indicates missed targets, black

line(s) indicate reference word licking and in the case of mixture conditions on the right, the blue

word indicates the licking target word embedded in the unattended speaker. For these figures, the

first word in a trial is omitted during these lick analysis since a trial is triggered by the first lick,

causing initial lick locking at the beginning of the trial due to spout position. Arabica, in Row 2

of the Figure, has two black traces corresponding to the two reference words used. The other two

animals had one reference word each.

In the case of a single speaker presentation, the black line(s) indicating licking rate to the

reference word shows a near horizontal trajectory. Contrasted against that, the target word (hits)

licking profile, shown here in solid red, indicates that the animal stops licking during the third

syllable of the word presentation. However, when the animal misses the target word, the profile

of which is shown in dashed red, there is indication of refraining from licking in the case of two

animals (Samba, Taiga in rows 1 and 3), which was restarted earlier than the end of the No-Go

period.
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Figure 4.3: The three rows indicate three animals used in the behavioral aspect of this study - (top
to bottom) Samba, Arabica, Taiga. Each panel shows the rate of licking on the y axis, and time on
the x axis. In all figures, target licking is shown in red, reference(s) in black, male control word
during the mixture in blue and dashed lines for missed targets. Each licking profile also shows
a shaded region indicating one standard deviation. For each of the three animals, on the left is
the licking behavior for the single speaker, female alone condition and on the right is the mixture
condition where the animal attends to the female target word.
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During two speaker stream presentation, shown in 4.3 in the right panels, we note similar

patterns of licking at a near-constant rate to the reference word(s) in black, and pause in licking

during the target word (in bold red), towards the end of the word presentation (in red, solid). The

target word presentation in which the animal missed the No-Go period, shown in dashed red here,

indicates a profile similar to the reference word presentation in black, suggesting that the animal

missed the occurrence of the target word. Incorrect, missed trials occur about 30% of the time

during training. (For the more complex mixture condition, for one animal, Hit Rate Avg = 69.98,

Std Deviation = 19.61 during training. All animals reported in detail in the previous section).

As a control sequence, we also compare the licking of the animal when the background

speaker utters the foreground target word. Shown in blue here, we see that the animal licks

through this presentation similar to licking during a reference word, demonstrating no indication

of attention to the target word by the background speaker.

Two tailed t-test between licking profiles are used to determine significant difference in

licking between the target and reference word presentations to determine points of divergence of

licking profiles, based on significance (** p ≤ 0.05). This is done using the ttest2 function in

MATLAB. The results from computing all these metrics, and what they mean in the context of

two speaker stream segregation are presented below.

We determine the time of divergence as the the point beyond which the word presentation

maintains significant difference between the reference and target, as determined by a two-tailed

ttest with p ≤ 0.05. In case multiple references were used for an animal, all such references were

concatenated as there were no behavioral differences between the two conditions.

Arabica, Single Speaker - 782 ms

Arabica, Multi-Speaker - 893 ms
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Samba, Single Speaker - 1226 ms (With secondary divergence at 794 ms)

Samba, Multi-Speaker - 955 ms

We discuss what these divergence points mean in the Discussion session ahead.

4.2.2 Behavior against Words in Trial

In this behavioral paradigm, as mentioned in the section above, we used trials containing

between 1 and 6 reference words. For trained animals, the performance was comparable across

all these conditions as seen below in fig 4.4. i.e. segregation was built up even by the end of one

reference word to provide enough information to the animal to perform the task successfully.

Additionally, we used three different delays for the background word: -400 ms, -80 ms and

+ 200 ms, as compared to the onset of the foreground. These delays induced different kinds of

challenges to the task such as, in the case of late start, there is sound stimuli playing during the

reinforcement period as well, where as sound has stopped before the reinforcement period in the

other two cases. One question we seek to ask behaviorally is whether the animal would obtain

performance benefits if the stream to be ignored started before the foreground stream, or after the

foreground stream. To answer this, we compared the hit rates across the target word presentation

with the three separate delays in the background. we noticed comparable performance across the

three delay conditions, indicating no clear evidence of perceptual benefit to unattended stream

starting before or after the foreground word onset.

38



Figure 4.4: Behavioral performance as a function of number of words in trial, and relative
background onset delay
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Figure 4.5: Evolution of learning through Discrimination Rate for animals attending to female
speaker in a mixture of two speakers. The the x axis is time (date) and y axis shows the
discrimination rate. Single speaker conditions are indicated by a square, and multi-speaker
conditions by a filled circle.

4.3 Evolution of Training

While detailed studies about neurophysiological correlates of evolution of learning during a

stream segregation task are beyond the scope of this thesis and may require chronically implanted

electrodes, it is interesting to note the trajectory of evolution of learning, shown below with the

Discrimination Rate as an indicator of learning.

The above figure shows the relearning trajectory for each of three animals after the head-

post implantation surgery. The x axis indicates the date of training, while the y axis shows the

Discrimination Rate. Both single speaker (square) and mixture (circle) conditions are shown in

the evolution plots in Fig 4.5. While the animals are trained prior to surgery in a free-moving

setup, the learning gap during surgery and subsequent recovery, as well as the slightly modified
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apparatus for head-fixed training with a tail shock does require some training sessions before the

animal starts performing consistently well on the task.

4.4 Attention Switch: What happens if the animal learns to attend to both

speakers?

For one animal, we attempted to change the focus of attention. Once the animal was

successfully performing the attend female in the mixture task, the focus of attention was switched

to attend male in a mixture. The goal was two fold - (1) to gauge if the animal could learn to

attend to more than one speaker, with training and (2) to determine if switching attention to both

speakers was possible in the realm of a day for neuronal recordings.

We note that the animal was able to successfully switch attention from attend female to

attend male, as evidenced by the Hit rate and Discrimination rate in each of these time periods.

However, this switch was not a one-day switch as initially hoped, and instead happened over the

course of 8-10 training sessions. This provides evidence of the capability of ferrets to perform

a switch, however, more intricate experimental design may be needed before experiments are

designed to obtain switched-speaker attention data from the same neuronal units within sessions

on the same day.

4.5 Discussion

Ling Ma et al. [16] showed initial evidence of streaming by ferrets, however, the stimuli

were limited to tones. By designing a task such that the animal would have to stream a single

speaker amongst two equally loud speakers with speech streams to successfully perform the task,
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Figure 4.6: Evolution of learning through Discrimination Rate for animals attending to female
speaker in a mixture of two speakers. Attend female is shown in the top in red and Attend male
in the bottom panel in blue. Squares represent single speaker condition, which were used in the
first training session of a switch, and circles denote two-speaker scenarios.

we are able to demonstrate that the ferret is capable of such a complex behavioral study. This

paves the way for future studies to study streaming in further detail in awake, behaving animals

using the ferret as an animal model. Comparing cross species, the behavioral aspect of this thesis

helps establish that animal models smaller than monkeys and humans may be used to study the

phenomena of acoustic scene analysis, especially at the single unit level. There are limitations on

task design due to medium of instruction to ferrets being restricted to rewards or punishments,

however.

Ferrets can perform this two-speaker stream segregation task very reliably, with consistent

performance well above chance. This behavior, even in animals trained prior to surgery, steadily

improves till it reaches the animal’s plateaued capabilities. The behavioral licking profiles, as

seen in Figure 4.3, and the times of divergences provide insight into how these tasks fared for

the animals. Mistakes seemed to be of two kinds – for Samba and Arabica (single speaker)

and Taiga (single speaker and mixture), licking dipped during the target but recovered right

after. This indicates that some mistakes were mistakes of restarting licking, rather than that

of detection itself. Mistakes during the mixture case, for Samba and Arabica, however show no
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indication of detection whatsoever and instead closely tracked the reference word. By obtaining

the exact points of divergences in these profiles, we note that the animals respond through licking

differently during (in case of female alone, Arabica) the occurrence of second syllable (650 - 900

ms, differing syllable), or after the second syllable (third syllable: 900 - 1150 ms). In cases of

both animals, the lick divergence point was earlier for the single speaker condition (except the

late lick in case of Samba) than the multi-speaker condition, possibly due to additional cognitive

load involved in listening to two speakers instead of one. While the one animal trained on

switching attention could reliably perform it, it took several training sessions to achieve criterion

performance. These observations provide insight into what may or may not be feasible during

future designs of behavioral experiments to study streaming when using the ferret as an animal

model.

In the future, additional behavioral studies may be conducted using various pitches for the

two speakers, keeping the gender fixed, as well as ascertain robustness of this behavioral task

by changes to the background speaker within a trial. Due to the limited trial capacity of ferrets

during a single behavioral session due to thirst limitations, additional experimental design would

be required to compare across these various conditions.
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Table 4.3: Mean and Standard Deviation of Hit Rate and Discrimination rates in single and multi-
speaker conditions across four periods of switched attention

Period 1: Attend Female

47 sessions of the single speaker condition, and 68 sessions of the mixture condition

Hit rate 70 ± 19.3 62.7 ± 14.8

Discrimination Rate 47.9 ± 14.4 42.3 ± 7.5

Period 2: Attend Male

15 sessions of the single speaker condition, and 8 sessions of the mixture condition

Hit rate 65.8 ± 9.3 60.3 ± 6.9

Discrimination Rate 42.4 ± 5.8 37 ± 7

Period 3: Attend Female

7 sessions of the single speaker condition, and 24 sessions of the mixture condition

Hit rate 77.5 ± 12.7 66.3 ± 11.8

Discrimination Rate 45.79 ± 7 43.7 ± 7.5

Period 4: Attend Male

6 sessions of the single speaker condition, and 61 sessions of the mixture condition

Hit rate 69 ± 5.9 69.4 ± 11.5

Discrimination Rate 45.8 ± 5.1 41 ± 9.3
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Chapter 5: Auditory Two Stream Segregation: Encoding in Auditory Cortex

Stream segregation has been studied extensively in humans using simple streams of

tones, as well as more complex speech stimuli. In animal models, studies have focused

predominantly on complex streaming in passive, sometimes anesthetized settings exclusively.

With advancements to record extracellular activity in awake, task-engaged animals most studies

have been limited to tones, harmonic tone complexes, or white noise based repetition paradigms

to understand streaming. By using human speech to study the stream segregation problem in

behaving animals, we can obtain high temporal and spatial resolution as well as enhanced control

of coverage of the Auditory Cortex to study the neural correlates during attention-driven speech

streaming.

In the ferret, we are able to collect extra-cellular neurophysiological activity from an

ensemble of single units in the Auditory and Frontal Cortex. These data are binned into either

1 ms bins for responses to tones and TORCs, or 10ms bins for responses to speech sounds,

providing a high degree of temporal resolution. Since we use single micro tungsten electrodes for

these recordings, they also provide a finer spatial resolution, limited only by recording capacity

and sampling of the surface and depth of the auditory cortex. We use these high resolution data to

understand how behavioral gating affects the encoding of stream segregation in a mixture of two

speakers. For electrophysiological recordings from animal models, we access the auditory cortex
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Figure 5.1: Schematic of the ferret brain. Highlighted areas indicate the auditory cortex (in
yellow, pink and green) and dorso-lateral frontal cortex (in blue). Adapted from Atiani et. al.,
2011. [2]

through a small 1-2 mm cranial opening made in the skull prior to electrode placement. This

prevents us from obtaining a direct location of electrode placement, however, we use previous

laboratory expertise recording in the ACx as well as established tonotopical features of the ferret

auditory fields [19], tonotopic organization fields or selectivity shown in previous studies in A1

[40], AAF [31] and A/PEG [6, 19] to validate our position of electrodes.

5.1 Neurophysiological Responses: Tonotopy

The two main regions we record neurophysiological data from the ferret auditory cortex are

the primary auditory cortex, known as A1 (shown in yellow, in Figure 5.1) and the dorsal aspect

of the Posterior Ectosylvian Gyrus (dPEG, shown in green, in Figure 5.1) located just anterior of

the sylvian fissure. More details about the ferret auditory system are found in Chapter 2, and the

neurophysiological recording methods in Chapter 3.

The tonal response characteristics of each single unit are obtained as outlined in Chapter

3. The responses to tones of varying frequencies and intensities are used to determine the best
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Figure 5.2: The Best Frequencies for each recording site are obtained, and their tonotopies
compared to standard tonotopies in the Auditory Cortex to determine area of recording. Each
mark on the maps indicates a recording site, colored according to its best frequency. Red indicates
high frequency selectivity, and blue indicates low frequency selectivity of the recording units at
that location. Samba’s Right ACx tonotopy is shown on the left here and Arabica’s tonotopy of
the Left ACx shown on the right.

frequency of a unit. Using these best Frequency (BF) data, along with recording coordinates, BF

maps obtained are compared to those studied in extensive detail previously [19], and the primary

and secondary regions marked, as can be seen in Figure 5.2 below. In this figure, each point on

the scatter plot corresponds to one experimental recording electrode in coordinate space. In case

there were multiple recordings at the same penetration location, the latest site was considered for

computation of the best frequency. Higher frequency selective units are marked in red, and lowest

frequencies in blue, on a blue-to-red scale. The A1/ PEG reversal line is determined by where

the low frequencies start tending high again as we move from top to bottom (moving ventrally).

5.2 Peri-Stimulus Time Histogram Responses to Stream Segregation

In the temporal domain, we bin the neural responses into 10 ms, to extract spikes. Further,

we average these windowed spike data across trials and stimulus presentation to obtain peri-
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stimulus time histograms (PSTHs) of the various stimuli that are presented to the animal during

an experimental run.

When individual syllables are presented to the animal, we obtain different PSTHs averaged

across neurons, one for each syllable in the stimulus presentation. Some representative average

PSTHs are shown in the schematic for stimulus reconstruction in Figure 5.6. About 94.5% of

AC neurons evoked responses to syllables that were at-least 2 standard deviations away from the

baseline neuronal firing of the unit. Dividing between areas and between animals – For animal 1

(Samba): 126/130 of A1 and 92/101 of PEG neurons showed neural response to syllables at least

two standard deviations more than baseline activity and for animal 2 (Arabica): 78/86 of A1 and

65/65 of PEG neurons showed a similar significant response to syllables.

In the case of PSTHs of the individual speakers in both animals in Figure 5.3, the baseline

firing of the units has been removed from the response. The green dashed lines indicate syllabic

boundaries and the blue bar at the bottom indicates the whole word duration. The PSTHs

themselves are depicted with bold red lines, with shaded regions encompassing one standard

deviation above and below the mean PSTHs. We note that there are clear, syllabic responses

to the female target word (Fa-Be-Ku for Samba, Be-Lo-Ti for Arabica), and male control word

containing the target utterance (Fa-Be-Ku-Se for Samba, Be-Lo-Ti-Ka for Arabica), in the ACx

of both animals. Such clear syllabic responses are also observed for other words presented

during the experiment. This is in agreement with studies showing that Auditory Cortex in ferrets

neurally responds well to English syllabic sounds [18]. It has been shown that these responses to

syllables in ferret primary cortex are robust enough that responses can lead to good decoding of

the individual syllables[18].

We next compare the PSTH responses in the ACx in the passive condition to those during
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Figure 5.3: PSTH Responses in the Auditory Cortex of Samba to (a) Female Fa-Be-Ku (b) Male
Fa-Be-Ku-Se and in the Auditory Cortex of Arabica to (c) Female Be-Lo-Ti and (d) Male Be-
Lo-Ti-Ka during passive word presentation. The blue bar on the bottom indicates the sound ‘on’
segment of the word presentation, where syllable boundaries are indicated by the green dashed
lines.

task-engagement. We look at the PSTHs for the mixture data from two different lenses -

one where the mixture data are aligned to the female target words, and the other where we

consolidate information from the three delays of the background male word, and present data for

the presentation of mixture, aligned to the male control word i.e. the female foreground has three

relative delays. This was done to check for any averaging effects that may occur in one condition

over another. While PSTHs do lose their syllabic peaks slightly when aligned to the male word

(right side) during behavior, the two conditions do not reveal any clear, gross differences in terms

of responses indicating segregation of the two temporally overlapping streams. This prompted

us to look into analyses that convert these temporal responses to a feature-space better suited to

study temporally overlapping streams. We describe this method of stimulus reconstruction, and
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consequent analyses in the following section.

Figure 5.4: PSTH Responses in Samba ACx to Mixture Passive (top) and Active (bottom) aligned
to Female on the left, and Mixture Passive (top) and Active (bottom) aligned to the Male speaker
on the right. Shaded region shows one standard deviation from the mean PSTH. The green
vertical lines indicate syllable boundaries, and the yellow window during the active condition is
the reinforcement period, responses during which are disregarded due to noise contamination

5.3 Frequency Domain Analysis: Decoding via Stimulus Reconstruction

The response PSTHs we discussed in the previous section were limited to the temporal

domain of analysis. Here, we introduce the frequency domain of the stimuli since human speech

in general spans across multiple frequency bands in parallel, and hence can possibly capture the

difference in the two speakers by the difference in the response modulation of the frequency

bands they comprise of. The various pitches and details of the male and female speakers used

for this task have been outlined in Chapter 3. These speakers have relatively stationary pitches
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Figure 5.5: PSTH Responses in Arabica ACx to Mixture Passive (top) and Active (bottom)
aligned to Female on the left, and Mixture Passive (top) and Active (bottom) aligned to the
Male speaker on the right. Shaded region shows one standard deviation from the mean PSTH.
The green vertical lines indicate syllable boundaries, and the yellow window during the active
condition is the reinforcement period, responses during which are disregarded due to noise
contamination

due to the short length of the utterance and for one animal, the synthetic nature of the speaker.

During every neurophysiological recording, we obtain responses to individual syllables that are

present throughout the stimuli set, words uttered by the male unattended speaker (in passive), and

attended female single-speaker and female/ male multi-speaker conditions in passive, then during

behavior with active task-engagement, followed again by a passive set of recordings. In the case

of single speaker and mixture conditions with an active and passive component, the trial structure

follows as outlined in the previous chapter. Here, passive refers to the animal not being engaged

in a task, whereas during behavior, the animal is actively engaged in the task of detecting the

target word (also referred to as the active condition).
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To study the effect of frequency bands in the stimuli, we use the method of stimulus

reconstruction [77, 78]. A schematic representation of the linear filter-based reconstruction is

shown below in Figure 5.6. The idea behind this method is that we obtain individual syllable

PSTHs for each neuronal unit, and along with the auditory spectrograms of the syllables, we

trained a linear filter using syllabic and word responses alone presented to the animal in the

passive condition, by minimizing the squared error between the training auditory spectrograms

and neural responses. Analytically, this can be obtained by reverse correlating syllabic responses

with the stimuli auditory spectrogram. This linear filter is a representation of the linear mapping

between stimuli and their neural responses. We then use this trained filter to estimate the

stimuli from the different conditions such as active engagement and passive listening using the

neural responses to the stimuli in the two-speaker mixture presentations. In this fashion, the

reconstructed stimuli represent the encoded neural responses rather than the presented stimuli

itself, thus reflecting the decoded stimuli from task-specific encoding in the auditory cortex.

We represent the original sound stimulus as its auditory spectrogram representation S(t, f),

where t = 1, .. , T and f = 1, .. , 128 channels, logarithmically spaced from 50 Hz to 4000 Hz. The

auditory spectrogram is a time frequency representation that models the early auditory processing

stages of the auditory pathway, as outlined in [75], as well as in Chapter 3. For a population of N

neurons, we represent the response to stimuli of neuron n (1 ≤ n ≤ N) at time t = 1 .. T as R(t,

n). These are the same as the PSTHs in the previous section. These PSTHs have been processed

to remove neuronal baseline firing activity. The inverse function g(t, f, n) is a function mapping

the responses R(t,n) to stimulus S(t, f) as follows:

Ŝ(t, f) = g(f, t, n) ∗R(t, n) (5.1)
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Figure 5.6: Stimulus Reconstruction - Syllabic Responses are collected per neuron, along with
their auditory spectrogram. ‘g’ filters are obtained through reverse correlation, to finally get
decoded spectrograms from unknown PSTHs

Ŝ(t, f) =
∑
n

∑
τ

g(τ, f, n)R(t− τ, n) (5.2)

Since the reconstruction at a particular frequency f, is independent of other frequency

channels, we use a single channel of frequency f for our further analyses. Let gf be the channel

inversion filter. gf is estimated by minimizing the mean-squared error between the actual and

reconstructed spectrogram for that particular frequency channel.

min ef =
∑
t

[Sf (t)− Ŝf (t)]
2 (5.3)

Solving this analytically yields a close form solution using normalized inverse correlation,

given by

gf = C−1
RRCRSf

(5.4)

where CRR and CRSf
are the auto-correlation of neural responses and cross-correlation between
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neural responses and stimulus at different lags. We experimented with different sets of causal

and non-causal lags during which no difference in the results for our task was observed. The data

presented in the thesis use lags from 0 to 200 ms.

CRR = RRTCRSf
= RST

f (5.5)

and R (assuming causality) and Sf are defined as:



r1(0) r1(0) ... r1(0) ... r1(0)

...
...

...
...

0 0 ... r1(0) ... r1(T − τmax)

...
...

...
...

rn(0) r1(0) ... r1(0) ... r1(0)

...
...

...
...

0 0 ... r1(0) ... rn(T − τmax)



(5.6)

and

Sf = [S(0, f)..S(T, f)] (5.7)

The matrix CRR is full rank because of the stochastic and causal nature of the neural responses,

and hence easily invertible. For this project, time lags up to τmax = 200 ms were used in steps of

10 ms. The reconstruction filter for the various independent frequency channels were composed

together to obtain

G = {g1, g2 . . . gF} (5.8)
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Since the spectrograms of the two speakers differed significantly, we present both results

separately throughout the thesis.

Figure 5.7: Samba: All Auditory Cortex. (Top) Reconstruction of the passive on the left, and
active condition on the right. (Bottom) PSTHs corresponding to the reconstructions. (Right)
Difference in the reconstructed spectrograms of active and passive target word presentations,
along with an acoustic indicator showing the averaged spectrum of the two speakers. Positive
values indicate enhancement, and negative values indicate relative suppression.

In the whole Auditory Cortex of both animals, the reconstructed auditory spectrogram

of the mixture target word in the active condition correlates more with the attended female

speakers’ spectrogram than that of the male, unattended speaker. For Samba, correlation of the

reconstructed spectrogram of the target word in the active condition with the female speaker is

0.60 (95% confidence interval: 0.59-0.60), while with the male speaker is 0.23 (95% confidence

interval: 0.22 - 0.24). For the second animal, the correlation during active engagement with

female spectrogram is 0.29 (95% confidence interval: 0.28 - 0.3) and with the male spectrogram

is 0.12 (95% confidence interval: 0.11 - 0.13).

Within the Auditory Cortex as a whole, as seen in Figures 5.7 and 5.8, there is a overall
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Figure 5.8: Arabica: All Auditory Cortex. (Top) Reconstruction of the passive on the left, and
active condition on the right. (Bottom) PSTHs corresponding to the reconstructions. (Right)
Difference in the reconstructed spectrograms of active and passive target word presentations,
along with an acoustic indicator showing the averaged spectrum of the two speakers. Positive
values indicate enhancement, and negative values indicate relative suppression.

suppression during the behaving, active condition as compared to the passive condition of the

target word. In these figures, the reconstruction of the target word spectrogram (Fa-Be-Ku for

Samba in Figure 5.7 and Be-Lo-Ti for Arabica in Figure 5.8 are shown on the top with Passive

on the left, and active condition on the right side. Right below them are their respective PSTHs.

The acoustic indicator is used to the right of these reconstructions, as well as to the right of the

average difference at each frequency between the active and passive reconstruction, shown to the

right in each figure. These figures show a clear suppression aligning with the male fundamental

frequency (right side of acoustic indicator, for reference). Both animals, to varying degrees,

also show enhancement of higher frequency regions which have a predominantly female but also

partially male presence. This is seen for the target word, as in Figures 5.7 and 5.8 and for the

reference word, as seen in Figure 5.9. At the population level, in ACx, we thus show that our
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Figure 5.9: Reconstruction of the reference and target words from data in all Auditory Cortex.
(Top) Reconstruction of the reference word and (Bottom) Reconstruction of the target word.
From left to right, Samba: passive condition, Samba: Active Condition, Arabica: passive
condition and Arabica: active condition. Blue arrows indicate position of the male fundamental
frequency. Positive, red values indicate enhancement, and negative, blue values indicate relative
suppression.

neural analysis using data in the ferret auditory cortex agrees broadly with human literature that

attended target enhancement and suppression of unattended speakers occurs neurally during a

stream segregation problem.

5.3.1 Area-wise Attention-modulation to Stream Segregation

An important aspect of the primary and secondary auditory cortices is the tonotopy that

spans the frequency range. In this section, we specifically look at how individual regions within

the ACx respond in a two speaker stream segregation task, starting with the well-defined and

separated primary (A1) and secondary (dPEG) regions.

In the PSTHs of the responses to the target word Fa-Be-Ku (Samba) or Be-Lo-Ti (Arabica)
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Figure 5.10: (Left) Best Frequency map of Samba in the Right ACx, showing the approximate
boundary between A1 and PEG. (Right) PSTH Responses in Samba in A1 (top row) and PEG
(bottom row) to (a) Female Alone, Mixture Passive (left) and Active (right)

in Figures 5.10 and 5.11 we notice that overall, response amplitudes to words in the PEG (second

row) had lower peak amplitudes than those in A1 (top row). When compared to the passive

responses (on the left), there is very slight suppression of the response amplitude in both the A1

and the PEG during the active task-engaged condition (on the right). This is seen in both animals.

These differences during behavior however were not significant, or provided meaningful insight

into how the data were represented in the two areas. Hence we employ the stimulus reconstruction

method, detailed in the previous section, to understand what differential encoding occurs in these

two areas.

In Figures 5.12 and 5.13, on the left, we show the reconstructions of A1 (top row) and PEG

(bottom row). In both the areas, the passive mixture reconstruction is shown on the left, and the

reconstruction of decoded stimuli during task-engagement in the active condition is shown on the

right. Regions around the fundamental frequency of both speakers are highlighted using dashed
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Figure 5.11: (Left) Best Frequency map of Arabica in the Left ACx, showing the approximate
boundary between A1 and PEG. (Right) PSTH Responses in Arabica in A1 (top row) and PEG
(bottom row) to (a) Female Alone, Mixture Passive (left) and Active (right)

horizontal lines. An acoustic spectrum indicator is shown on the right of these figures to indicate

a summary of spectrograms of the two individual speakers. Details on how these indicators were

obtained can be seen in Chapter 3. On the right side, we present the difference in reconstructions

of the active and passive conditions, collapsed across time. The vertical line indicates a ‘zero’

difference, but should be interpreted in a relative sense due to the overall response suppression

that occurs in the active condition, especially during A1.

In the A1 of both animals, the process of segregation has clearly commenced, as seen in

the difference of active and passive spectral reconstructions. There is slight suppression at the

fundamental frequency of the unattended speaker in A1, however this suppression is significantly

more pronounced in the PEG. In addition to that, in the PEG, we note a clear enhancement of

the attended female speaker frequencies - this enhancement of the attended speaker agrees with

human literature that also demonstrates that in the secondary auditory cortices of humans, namely,
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Figure 5.12: Reconstruction of responses for Samba (Left) in A1 (top row) and PEG (bottom
row). On the left is mixture passive condition, and on the right, mixture during task engagement.
Dashed lines correspond to region around the fundamental frequencies of the individual speakers,
shown with a vertical spectrum indicator panel. (Right) The difference in responses of active and
passive conditions in both the areas with the red rectangle highlighting the female fundamental
frequency region, and blue indicating the male fundamental frequency region

the Superior Temporal Gyrus (STG), there is enhancement of the attended speaker that may lead

to better task performance.

These results further prompt the question of what populations of neurons are most

critical to the differential enhancement and suppression of the attended and unattended speakers

respectively. To further test these questions, we lassoed portions of the Auditory Cortex, and

obtained all data contained within the lassoed region. These regions were made approximately

parallel to the tonotopic gradation in best frequencies. In Figure 5.14 - Figure 5.16, we

demonstrate on the left the areas lassoed for each animal on their Best-Frequency maps where

high frequencies are shown in red and low frequency tuning in blue, and on the right the

reconstructed spectrograms in the passive (left) and active (right) condition. Similar to previous

figures, we provide an acoustic spectrum indicator to the right of each row to compare the

individual speakers’ spectral characteristics to the reconstructed spectrograms.

In Figure 5.14, we divide the area into higher frequency regions of A1 and PEG, and
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Figure 5.13: Reconstruction of responses for Arabica (Left) in A1 (top row) and PEG (bottom
row). On the left is mixture passive condition, and on the right, mixture during task engagement.
Dashed lines correspond to region around the fundamental frequencies of the individual speakers,
shown with a vertical spectrum indicator panel. (Right) The difference in responses of active and
passive conditions in both the areas with the red rectangle highlighting the female fundamental
frequency region, and blue indicating the male fundamental frequency region

separate these two regions with a third, low frequency region. The physical border between the

A1 and PEG is approximate without accompanying anatomical studies, and this lasso provides

a way to consider the more ambiguous region as a separate entity. Another, more stronger

motivation lies in the nature of human speech. Fundamental frequencies of all speakers in all

cases do not exceed 300 Hz, leading to the lowest frequency tuned region being of utmost

importance. True to our hypothesis, the middle region represented more faithfully both the

speakers, even during the active task-engaged condition, as compared to the higher frequency

PEG region.

Within A1 in Figure 5.15 and PEG in Figure 5.16 in both animals, the highest frequency

regions, especially of the PEG (middle and lower panels) show the clearest suppression of the

unattended speaker, while the region with the lowest best frequencies show better enhancement

of the attended speaker. These area-wise analysis provide insight into what further considerations

would have to be involved in encoding of segregation at the micro-population level.
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5.3.2 Speaker Selectivity

In this section, we develop a speaker selectivity index (SSI) in a fashion similar to that

in O’Sullivan et. al. [79], and attempt to understand what selective characteristics of a single

unit contribute to the population level effects in two-speaker segregation. This speaker selectivity

index is defined per neuron, and is based on the responses of each neuron to the male and female

speakers, when presented passively in isolation. We obtain the variance in the response of the

male and female alone word presentation without removing spontaneous activity, considering

only the first three syllables to ensure similar comparisons. We obtain the difference in these

variances, normalized by the sum, so as to obtain a value between -1 and 1 for each unit such that

a higher positive value indicates male speaker selectivity, and a higher absolute negative value

indicates female speaker selectivity.

SSI =
var(male PSTH response)− var(female PSTH response)
var(male PSTH response) + var(female PSTH response)

(5.9)

Some representative neuronal units with their responses to the female and male speaker in

isolation, and their SSI are shown in Figure 5.17. Some cells displayed visual selectivity to male

or female speakers, by virtue of their PSTH response, like in rows 2 and 3 of the figure. There

were however units that responded equally well to both speakers, thus having a small absolute

SSI value. Note here that both speakers do have overlap in the frequency domain, as well as

temporal domain, and hence, a majority of cells (251/382) indicate a smaller variance difference

effect for speaker selectivity.

Our SSI computation indicated that 43/130 in A1 and 31/101 in PEG (Samba) and 25/86 in
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A1 and 30/65 in PEG (Arabica) showed a absolute selectivity ≥ 0.2. These single units, however,

were spread across the ACx and did not reveal any correlation with the tonotopy or position of

these units in the Auditory Cortex. In these data, we do not see two significantly different SSI

distributions in the A1 against the PEG (p=0.18 for Samba, p=0.26 for Arabica by running a

ttest2 between A1 and PEG SS distributions).

While human ACx has shown a higher spread of selectivity in Heschl’s Gyrus (primary),

compared to the STG [79], we see comparable histogram spreads of SSI in both A1 and PEG.

This held when SSI was computed as defined above, as well as in SSI computations that exactly

followed O’Sullivan et. al. [79].

When units have low SSI (i.e. SSI ≤ -0.2) it indicated stronger female selectivity for that

unit. The population of units with negative SSI, as seen in Figure 5.21 and 5.23, indicate that

these units get the signal to enhance the response as a whole. This enhancement reflects as

increase in the frequency bands of not only the attended female speaker, but also the unattended

male speaker.

The neuronal population with positive SSI (SSI ≥ 0.2) which are more selective to the

male speaker, as seen in Figure 5.20 and Figure 5.22 more faithfully represent the male speaker

in the passive mixture reconstructions except in the case of PEG in Arabica (correlation of male

with male-aligned passive mixture are 0.63 (A1,Samba), 0.65 (A1,Arabica), 0.66 (PEG, Samba)

and 0.17 (PEG, Arabica) as compared to the correlation of the female alone spectrogram with

female-aligned passive mixtures, which are 0.38 (A1, Samba), 0.68 (A1, Arabica, comparable),

0.37 (PEG, Samba) and 0.58 (PEG, Arabica).

As a population, the responses in this group have a reduced response amplitude, presenting

as overall reduction of response in the spectrogram, as well as suppression of the auditory
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reconstructed spectrogram - even at the attended, female speaker. While our current dataset could

only provide very preliminary insight into how speaker selectivity could affect responses due to

overlapping spectrograms with shared frequencies, future experiments with individual, synthetic

syllables or tone complexes may be designed to further assess the contribution of cell selectivity

to segregation mechanisms.

5.4 Discussion and Conclusions

Segregation is already happening in the ferret in the primary auditory cortex. While most

studies in human imaging and ECoG [70] show segregation at the level of secondary and higher

order cortices, we show representation of segregation in A1, in agreement with other animal

studies [17]. The PSTHs do not reveal any significant gross differences during behavior, however,

the method of stimulus reconstruction provides insight into what happens at the various frequency

components of the speakers in the mixture. There is clear enhancement of features exclusive to

the attended speaker, and suppression of features exclusive to the unattended speaker. This effect

is clearer in the PEG, in agreement with various studies showing that the PEG responses show

more attention-modulated effects during behavior across a variety of tasks. The active mixture

reconstructed spectrograms are consistently more correlated with the attended than unattended

speaker.

Different frequency regions through the primary and secondary auditory cortices reveal

the nature of processing occurring across different regions. The low frequency regions (regions

that have best frequencies approximately ≤ 1000 Hz) most faithfully represent both speakers.

The highest frequency regions in the A1 remain relatively unmodulated, while the PEG neurons
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lend their broader tuning to more suppression of unattended channels. We also tried to compare

speaker selectivity studies cross-species by designing an SSI metric similar to a human ECoG

cocktail party study [79] - while in humans there is a clearer preference for speaker in the Heschl’s

Gyrus than the STG, we see a more equal spread of selectivity between the primary and secondary

auditory cortex. We hypothesize that cells that are more selective to the unattended speaker also

contribute more to the overall suppression of the population’s responses, while the more attended-

speaker selective populations do not. Further studies using a combination of tone complexes may

be more suitable to ascertain the exact nature of the effect of selectivity on stream segregation.
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Figure 5.14: Reconstruction of responses in the Auditory Cortex within specific lassoed regions.
(Left) Lassoed regions on the best frequency maps of Samba (top) and Arabica (bottom). (Right)
Passive and Active Reconstructed spectrograms, with dashed lines indicating the fundamental
frequencies of both speakers corresponding to the vertical acoustic spectrum indicator on the
right of each panel
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Figure 5.15: Reconstruction of responses in the Primary Auditory Cortex within specific lassoed
regions. (Left) Lassoed regions on the best frequency maps of Samba (top) and Arabica
(bottom). (Right) Passive and Active Reconstructed spectrograms, with dashed lines indicating
the fundamental frequencies of both speakers corresponding to the vertical acoustic spectrum
indicator on the right of each panel
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Figure 5.16: Reconstruction of responses in the Secondary Auditory Cortex within specific
lassoed regions. (Left) Lassoed regions on the best frequency maps of Samba (top) and Arabica
(bottom). (Right) Passive and Active Reconstructed spectrograms, with dashed lines indicating
the fundamental frequencies of both speakers corresponding to the vertical acoustic spectrum
indicator on the right of each panel
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Figure 5.17: Three representative neuronal units with their female PSTH (left), male PSTH (right)
when present without an interfering speaker, and SSI indicated above the unit.

a.

Figure 5.18: SSI Distribution in Samba (left) and Arabica (right) indicate a mixed distribution.
Positive SSI indicates a preference for the male speaker, and a negative SSI indicates preference
for a female speaker
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a.

b.

Figure 5.19: SSI Distribution in Samba (left) and Arabica (right) indicate a normal distribution
centered around SSI = 0, that is, no specific selectivity. This lack of significant difference in
distribution is also seen when the units are separated by area, into the A1 and PEG

Figure 5.20: Positive SSI population in the A1 in Samba in (left) in the passive and active
conditions, with an acoustic indicator separating them, and in Arabica (right) in the passive and
active conditions, with an acoustic indicator separating them. Below them, in the bottom row, are
the respective PSTHs.
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Figure 5.21: Negative SSI population in the A1 in Samba in (left) in the passive and active
conditions, with an acoustic indicator separating them, and in Arabica (right) in the passive and
active conditions, with an acoustic indicator separating them. Below them, in the bottom row, are
the respective PSTHs.

Figure 5.22: Positive SSI population in the PEG in Samba in (left) in the passive and active
conditions, with an acoustic indicator separating them, and in Arabica (right) in the passive and
active conditions, with an acoustic indicator separating them. Below them, in the bottom row, are
the respective PSTHs.
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Figure 5.23: Negative SSI population in the PEG in Samba in (left) in the passive and active
conditions, with an acoustic indicator separating them, and in Arabica (right) in the passive and
active conditions, with an acoustic indicator separating them. Below them, in the bottom row, are
the respective PSTHs.

72



Chapter 6: Auditory Two Stream Segregation: Frontal Cortex

The frontal cortices are well known for their executive function, decisions and working

memory [80, 81] in humans as well as non-human primates. Frontal cortex activation by

stimulation of the orbitofrontal cortex has shown to cause changes in the primary cortex of mice

[82]. The prefrontal cortex is involved in maintaining a working memory to select and represent

behaviorally relevant information [83], and is known to flexibly adapt to the needs of the task at

hand [84]. Top-down selective attention has been implicated through numerous studies [5, 64] to

play a very important role in stream formation and selection in a cocktail party scenario. Such

top-down changes, likely from the frontal cortices, have been shown to initiate rapid, sustained

changes in neural responses during task behavior in the primary auditory cortices [21].

In the previous chapter, we looked at manifestations of attention to a single stream in a two

stream cocktail party as modulation of frequency components of responses in the auditory cortex.

Here in this chapter, we present neural data from the right frontal cortex of the ferret brain from

one animal (Samba), to understand what top-down changes from the frontal cortex could have

developed this differential processing of attended speech stream.

73



6.1 Role of Frontal Cortices in Auditory Attention

The frontal cortex is divided into further sub-regions encompassing the orbital frontal lobe,

dorso-lateral prefrontal cortex, and premotor area, amongst others. Within the auditory modality,

lesion studies have provided evidence of projections between the auditory and prefrontal regions

[85, 86, 87]. Romanski et. al. [87, 88] showed that the frontal cortex projections were more robust

than those in the auditory cortical regions, suggesting a directionality from early to late stage

auditory processing. In ferrets, attention-gated neural responses showed an increasing hierarchy

of effects when moving along the primary [33] to secondary [2] to tertiary, belt like areas [32],

which demonstrated responses very alike the dorsolateral prefrontal cortex [21] and suggesting

that the connections between the frontal cortices for top-down modulation are strongest in the

higher order areas. Similar gating driven by attention is also seen in the monkey PFC during a

visual task [89].

Since most of this past work focused on frontal projections to the auditory cortex during

behavioral tasks (tone detection, click discrimination) in a single stream, we focus on what

happens in the frontal cortex of the ferret when detecting a word sequence by a single speaker,

as well as neural correlates of stream segregation, modulated by attention and auditory memory.

For the single speaker task, we also draw parallels from another task in the laboratory.

6.2 Analysis of Neural Responses

In this work, we record from approximately the anterior sigmoid gyrus (ASG) and the

dorsal aspect of the orbital gyrus (OGS) as well as pre-motor cortex similar to neurophysiological
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recordings done in Fritz et al. [21]. Our dataset comprises of neural activity from 54 single units.

We refer to our recording region broadly as the frontal cortex. Future studies with anatomical

expertise using injections in the site of recording post-mortem would be needed to determine

the exact recording location and is beyond the current thesis. The neurophysiological data we

acquired is sorted into single units and is binned into 10 ms bins, similar to data in the auditory

cortex. For details, see Chapter 3, Methods. The peri-stimulus time histogram is obtained by

averaging across trials.

6.2.1 Single Speaker Scenario

We present the single stream target detection task, where the animal discriminated the target

word ‘Fa-Be-Ku’ from the reference word ‘Fa-Fa-Fa’ in Figure 6.1. In the passive condition, we

see PSTH responses to all three syllables. This is unlike some previous studies, where neuronal

responses to stimuli were absent in the passive. However, this passive syllabic response was

observed during other (yet unpublished) frontal cortex experiments in the laboratory. We discuss

the possible reasons for this in the Discussions section of this chapter.

As contrasted against the passive condition, in the active condition we note that the response

to the second and third target syllables, which differ between the target and reference, are signific-

antly enhanced as compared to the first syllable (in red). At the same time, the neural responses

to the second and third syllables in the reference show a sharp decline (in blue), thus suggesting

that the frontal cortex rapidly enhances the target word of concern, which can be used to make

a decision about whether to continue licking the water at the spout or stop. This is in agreement

with other studies [21] where there is clear, large target enhancement relative to the reference
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sounds in the frontal cortex.

Figure 6.1: Neural responses to target word ABC (Fa-Be-Ku, Red) and reference word AAA (Fa-
Fa-Fa, blue) during attention to single speaker when presented in isolation. The active condition
(right) shows an enhanced target response as compared to the passive condition (left). Shaded
region shows one standard deviation.

All these PSTHs are normalized such that each neuronal unit contributes equally to the

PSTH, and baseline activity of the unit is removed from the response. Shaded regions depict

one standard deviation of the responses. Enhancement of the target is clearly seen in the frontal

cortex, in Figure 6.2 as compared to the auditory cortex.

The latency of responses in the frontal cortices reveal the temporal nature of processing in

these areas. In Figure 6.2, we compare the auditory cortex responses of a single speaker to those

in the frontal cortex. In the female alone condition, the peak responses for the syllables occur at

550 ms, 800 ms and 1050 ms for the passive condition (pre- and post-passive) and at 580 ms, 880

ms and 1090 ms in the active condition. The consistent delay of around 40 ms between active

and passive is significant compared to the neural data in the auditory cortex, where the passive
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syllables occur at 540 ms, 650 ms and 1030 ms, where as the active syllables occur at 540 ms,

640 ms and 1040 ms after the prestimulus onset (400 ms before sound starts), thus relaying no

significant delay.

6.2.2 Two Speaker Stream Segregation

In the case of segregation with the two-stream mixture, while there are clear responses to

the active condition, when aligned to female, the same data when aligned to the male speaker

shows the lack of a response where the response is close to the spontaneous baseline firing of

the neuron. This could be indicative of top-down modulation indicating a disinterest in the male

speaker, and is seen even at the level of the PSTH.

6.3 Discussion and Future Work

Passive responses to sounds are not typically seen in all previous experiments in the laborat-

ory in the frontal cortex. We do note these responses in our current animal, as well as in one

other study in the lab. While a detailed anatomical study of recording areas would be required to

understand passive encoding of sounds in trained animals, we hypothesize a possible reason these

may occur. These responses, especially during the passive condition, could be a result of animal

over-training, as the animal had to be trained and behavioral consistency maintained over a period

of a few years during the recording sessions. In the future, naive animals’ neural data may aid, in

addition to post-recording tracer injections to ascertain exact recording areas, to facilitate a better

understanding of these passive responses,

In this dataset of neural recordings from the frontal cortex, attention appears to behaviorally
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gate responses during active task-behavior as compared to the passive condition. As contrasted

against the comparable passive and active PSTHs in the Auditory Cortex, the frontal cortex

showed a clear enhancement in the response at the target of the second syllable, which is also

the differing syllable. This response was seen only for the target word, where as there was a

suppression in the reference word PSTH. This effect existed slightly in the passive, but was

really prominent through attention gating of the response. Through the enhancement of target

and suppression of reference during behavior of a single speaker stream, even at the level of the

PSTH, the frontal cortex neural responses also indicate that the responses encode not just the

stimuli characteristics, but also meaning categories (as target or reference) of the words.

During the two-stream segregation task, the PSTH response in active compared to the

passive condition is preserved when aligned to the male, but reduced to baseline activity level,

when the same mixture data in active is aligned to the male. This indicates a top-down modulatory

effect that suppresses responses during behavior that are aligned to the unattended speaker, even

at the level of PSTH without foraying into the frequency feature space.

In the future, this work can be extended by conducting simultaneous recordings in the

auditory and frontal cortices, to gain some insight through the correlation of responses, of the

top-down influences exerted by the frontal cortex on auditory sensory processing of a two-stream

segregation task.
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Figure 6.2: Neural responses in the Auditory Cortex (top row) and Frontal Cortex (bottom row) to
target word ABC (Fa-Be-Ku, Red)in the passive condition (left) and during attention to a single
speaker (right). Yellow indicates the shock period, during which noise contamination may occur
in case of incorrect trials, and shaded region indicates one standard deviation.
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Figure 6.3: Neural responses to target word ABC (Fa-Be-Ku, Red) when presented individually
(top row), in the passive condition (middle row) and active condition (bottom row). Figures on the
left indicate alignment of single speaker of mixture responses to the female foreground speaker,
and the panels on the right indicate male responses and mixture responses aligned to the male
background word. Shaded region indicates one standard deviation.
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Chapter 7: Conclusions

7.1 Summary

This thesis has provided an in-depth study of how the cocktail party and specifically,

two speaker segregation, can be performed by animals behaviorally and how it is encoded in

the cortex. Along with neural data during behavior, we demonstrated that the reconstructed

spectrograms indicated similar representation of the cocktail party as in the human brain, and

set the stage for further probing of speech streams in the ferret. Furthermore, we showed that

this process of neural segregation has started at the primary cortex level, unlike in the human

auditory cortex. There is clearer attentional modulation of attended and unattended speakers in

the secondary areas in the form of enhancement of attended speaker features and suppression of

features of the unattended speaker.

We demonstrated a novel behavioral paradigm to train ferrets to perform a two-speaker

segregation task in a limited setting by showing that ferrets could reliably attend to one speaker

and perform a target word detection task on that speaker even in the presence of an equally loud

background speaker. Ferrets were able to consistently perform this task well above chance and

behavioral capabilities evolved with training sessions. This behavioral ability in the ferrets did not

depend on whether the background speaker started before or after the foreground word, nor did it

depend on how long the trial was, as a function of number of words in the trial. This behavioral
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task sets the stage to test future hypothesis on speech segregation and broadly, streaming, by

showing that ferrets can perform streaming with complex acoustic stimuli such as speech.

The auditory cortex recordings revealed encoding of the two-speaker segregation paradigm

in the ferret. We showed evidence for enhancement of the PSTH response during task engagement

as compared to passive listening, that only occurred when the data are aligned to the female word.

However, when the same two-speaker data are aligned to the male word occurrence, there was

a suppression of overall response, as seen in the lower amplitudes of the PSTHs. To discern

further what happened in the feature space of the stimuli, we employed the method of stimulus

reconstruction by decoding auditory spectrograms from the neural responses. We showed that the

segregation process has already started in the primary auditory cortex, but clearer suppression of

frequencies belonging to the unattended speaker and enhancement of frequencies of the attended

speaker is seen in the secondary cortex. We further subdivided each of these areas parallel

to the tonotopic reversal line to explore the contributions of different sub-regions within the

auditory cortex. Speaker selectivity indices have been used with human ECoG data to show

that during a two-speaker segregation task, multi-unit like activity is modulated Here, we used a

slightly modified version of speaker selectivity to demonstrate that populations which are more

responsive to the male stimuli indicate overall suppression in the reconstructed spectrograms

during behavior, whereas the female speaker selective units are more likely to either slightly

enhance or bypass immediate modulation.

In the frontal cortex, there is evidence of modulation at the level of the PSTHs themselves.

Responses in the frontal cortex showed a rapid enhancement of the target word and suppression of

the passive word response even in the single speaker. This active enhancement of the target word

was unique to the frontal cortex in that the responses to the same stimuli in the auditory cortex
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population did not indicate such direct modulation. This could be indicative of a mechanism

to provide target-enhanced responses to make a decision, in this case, to stop licking, during

behavior. Longer latencies of responses also indicated that the auditory responses’ processing

in the frontal cortex is otherwise downstream to the stimuli representation. During two stream

segregation, responses to the male words were suppressed in the temporal gaps, and responses to

the female target word were enhanced during active engagement, but not in the passive condition.

Further anatomical studies to accurately obtain locations of recordings, along with simultaneous

recordings in the frontal and auditory cortex could reveal the interactions that may occur in the

cocktail party scenario.

7.2 Future Work

During the behavioral experiments in this thesis, we noted that in our experience ferrets

were not able to switch the target speaker of attention within sessions of a single day. This

may require additional behavioral training techniques such as possibly priming with the attended

speaker only or possibly, positively reinforcing a switch. While our current behavioral paradigm

and recording technologies may be insufficient to understand evolution of training and the traject-

ory of learning for ferrets on this task, a combination of chronic arrays with early behavioral

recording prior to excessive stimuli exposure could be a possible future behavioral direction for

this project on two-speaker segregation by the ferret.

On the one hand we can utilize ferret data at the single unit and micro-population level

to understand how the auditory cortex encodes speech in a two-speaker segregation task, but on

the other hand, due to the complexity of the cortices, limitations of recording techniques and
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restrictions on what the animal can reliably perform, there are a number of interesting questions

that were beyond the scope of this project. Further studies could be designed in the future to probe

the generalization of attention to multiple speakers, neuronal interactions during simultaneous

recordings from populations of neurons, and modeling different scale/ rate spectrograms for

different single units based on individual neuron characteristics to decode the stimuli from the

auditory cortex. These questions would, together with the work in this thesis, move closer to

understanding how the animal auditory cortices encode information for the cocktail party, and

more broadly, auditory scene analysis.
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