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Two interrelated themes have permeated neuroscience: neural information processing and 

experience-dependent plasticity. The central nervous system must maintain a consistent and 

reliable representation of the external environment while on the other hand, it must also be able 

to modify representations in order to adapt and learn. In the first part of this dissertation, I 

explored issues related to neural coding of acoustic information in the auditory thalamus, 

primary auditory cortex (A1), and posterior auditory field (PAF). I characterized response 

properties in each area to broad classes of sensory input ranging from tones, modulated trains of 

tones and noise, monkey vocalizations, and even human speech sounds. The results indicate that 

there are several physiologic differences in the way these areas represent these broad classes of 

sounds. We confirm that auditory responses to a sound are not static and that the activity of 

neurons is substantially influenced by stimulus history and spectrotemporal context on many 

timescales. Previous research suggests that changes in cortical processing contribute to the 

optimization of speech sound coding. Given the remarkable capacity of the mammalian brain to 

self-organize, I used a simple paradigm to study some of the principles that govern plasticity in 

A1. In the second part of this dissertation, electrical activation of the nucleus basalis was 

repeatedly paired with several different sounds to examine the potential strategies that cortical 

networks use to modify the representation of different inputs. The sounds paired with activation 

of nucleus basalis were tones, modulated trains of noise, a monkey vocalization, and human 
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speech. In the plasticity studies presented in this thesis, I expand upon several earlier principles 

derived using this technique. In addition, I tested if and how known plastic properties of A1 

neurons change after exposure to speech and vocalization sounds. Specifically, I examined how 

acoustic experience with natural sounds alters temporal masking patterns and the tonotopic map 

of frequency. These experiments were part of an effort to develop an animal model of 

vocalization-specific plasticity. Collectively, the results from these experiments demonstrate that 

both spectral and temporal responses of A1 neurons are mutable as a function of sensory 

experience. 
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CHAPTER ONE 
 

INTRODUCTION 
 

The four studies contained in this thesis are concerned with two major themes in 

contemporary auditory neuroscience: neural information processing and experience-dependent 

plasticity. The themes are highly interrelated and have compelling theoretical and clinical 

implications. The central thesis covered in this selection of work accomplished was specifically 

chosen to match areas initially brought to my attention during my clinical training in audiology 

as well as from the didactic and research training I received in auditory neuroscience during my 

pre-doctoral fellowship period at UTD. I conducted a series of experiments where I recorded 

directly from populations of brain cells (neurons) in response to sounds ranging from simple 

tones to complex stimuli including animal vocalizations and human speech. While there are 

several techniques available to study representations and experience-dependent plasticity in the 

central nervous system (evoked potentials, functional brain imaging, psychophysics etc), I chose 

to focus on developing expertise in unit recordings from animal subjects because most other 

techniques currently lack the spatial and temporal resolution to quantify the selectivity of 

neurons in fine grained detail. This level of analysis will be required if we are to ever understand 

the principles of information processing and plasticity phenomenology reported in humans.  

The first theme addresses the fundamental way in which acoustical aspects of the outside 

world are represented within the brain. More specifically, I consider how both spectral and 

temporal components of acoustic signals are represented by neural activity of large populations 



  2 

 

of neurons. Scientists are still in the process of trying to decipher the underlying neurobiological 

basis by which spatiotemporal signals (such as speech), composed of many different frequencies 

changing over multiple timescales from as short as a few milliseconds to tens of hundreds of 

milliseconds, are encoded, represented, and processed at the thalamic and cortical levels of the 

central nervous system. This focus on understanding the elemental principles of the neural code 

at higher stages of the auditory neuraxis is of special interest because surprisingly little empirical 

data exists on how complex spatiotemporal patterns such as speech and vocalizations engage the 

central auditory system, particularly in the mammalian thalamus and cortex. One goal of the 

neural coding experiments described in this thesis was to examine the transformation of spectral 

and temporal precision of three auditory areas as they respond to simple and complex sound 

patterns. By quantitatively characterizing stimulus response functions and filter properties of 

neurons at various processing stages of the auditory neuraxis, it will be possible to examine the 

different spatial and temporal scales of how acoustic information is processed and integrated. A 

second objective was to explore the mechanisms and principles underlying these representations. 

While it is quite intuitive that stimulus history and context influence neural activity on many 

different timescales, we are only beginning to understand the interactions between spectral and 

temporal contextual cues that contribute to the processing of natural sounds. Degradations in 

these cues are often associated with degraded perceptual performance. Quantitative physiologic 

data regarding the stimulus response functions to broad classes of sounds are extremely valuable 

because they serve as critical control data for neural plasticity studies designed to examine how 

sensory experience shapes higher order thalamic and cortical responses. 
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Injuries to the sensory periphery, behavioral training, and learning are known to induce 

powerful reorganization changes in brain circuits (Buonomano and Merzenich, 1998; Das, 1997; 

Edeline, 1999; Gilbert et al., 2001; Kaas, 2000; Merzenich et al., 1990; Rauschecker, 1999; 

Recanzone, 2000; Suga and Ma, 2003; Suga et al., 2002; Weinberger, 2004). This inherent 

ability of a system to be modified is commonly referred to as experience-dependent plasticity. 

The phenomenon of experience-dependent plasticity, allows the brain to respond flexibly to 

alterations in sensory input and to allocate its resources efficiently according to the input it 

receives (and presumably the motor output that is generated). The capacity of primary sensory 

cortices to be reorganized as a function of sensory experiences has been demonstrated in a 

number of studies, and it is now well established that the functional organization of adult sensory 

cortices can be modified by selective sensory stimulation (Buonomano and Merzenich, 1998; 

Edeline, 1999, 2003). Given the obvious clinical and theoretical implications of this remarkable 

capacity of the nervous system (Merzenich et al., 1996; Tallal et al., 1998), the second major 

theme of this dissertation considers experience-dependent changes of neural information 

processing in the adult A1. In all of the plasticity experiments I describe in this thesis, I used a 

simple and robust paradigm using electrical activation of nucleus basalis (NB), located in the 

basal forebrain, to study some of the principles and rules that govern self-organization in A1 

after acoustic experience with tones, modulated noise, monkey vocalizations, and even human 

speech. Although I recognize that rats are not normally exposed to any of these sounds in their 

natural acoustic biotope, the data from neural coding experiments in animals suggests that many 

basic aspects of acoustic processing are shared between species. Similarly, many of the rules that 

govern experience-dependent functional brain reorganizations are likely shared between species. 
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Therefore, a major goal in implementing the nucleus basalis-acoustic stimulus pairing plasticity 

paradigm was to begin developing an animal model of vocalization-specific plasticity to examine 

the potential strategies that neural networks employ to modify the representation of complex 

spatiotemporal inputs. Associating simple sounds with neuromodulatory activity from the basal 

forebrain can generate experience-dependent changes in receptive fields, cortical activation 

maps, spike-timing, rate of processing, and spectrotemporal sensitivity of A1 neurons (Bakin and 

Weinberger, 1996; Bao et al., 2003; Kilgard and Merzenich, 1998; Kilgard and Merzenich, 1998; 

Kilgard and Merzenich, 2002; Moucha et al., in press; Weinberger, 1998). In the plasticity 

studies described in this dissertation, I expand upon some of these basic principles by exposing 

animals to tones and modulated noise. In addition, I used the preparation to test if and how 

known plastic properties of A1 neurons change after exposure to speech and vocalization sounds. 

The themes of neural information processing are the topics of Chapters 2 and Chapter 3. 

Experience-dependent plasticity in A1 is the focus of Chapters 4 and 5. In Chapter 6, I provide a 

summary of the main findings from these experiments and consider future avenues for research. I 

provide a brief overview of the rationale and major findings of each chapter below. 

In Chapter 2, we compare spectral and temporal processing in the primary auditory cortex 

(A1) and posterior auditory field (PAF) of adult rats evoked by relatively simple sound patterns. 

While we have a growing body of knowledge about the anatomy of different cortical regions, 

little is known about the functional differences in information processing between these cortical 

areas, particularly in the rat (Malmierca, 2003). To determine filter properties of rat neurons, we 

quantitatively document how processing of frequency, amplitude modulation, and frequency 
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modulation by rat PAF neurons differ from processing by A1 neurons. This study demonstrated 

that rat PAF lacks a strict tonotopic map and appears to function as a higher level in the cortical 

hierarchy of auditory processing. The receptive field size of PAF neurons is considerably larger 

than A1 neurons. PAF neurons exhibit stronger responses to tones and broadband noise than A1 

neurons. PAF neurons also have longer latencies and exhibit stronger adaptation and weaker 

synchronization to rapidly repeated sounds. While A1 neurons can follow modulated stimuli up 

to ~10 Hz, a majority of PAF neurons exhibit a degraded ability to follow modulations faster 

than 5 Hz. The reduction of temporal and spectral resolution of PAF neurons is consistent with 

increased integration. Collectively, these results indicate that PAF neurons are clearly distinct 

from A1 neurons. Similar to nonprimary visual fields, PAF processes sensory information on 

larger spectral and longer temporal scales than primary cortex. 

In Chapter 3, we characterize the neural representation of vocalization sounds, noises, 

and tones in the thalamus, A1, and PAF. Recording responses to vocalizations from species other 

than the ones that produce them has been helpful in determining whether experience-dependent 

plasticity, innate species-specific processing mechanisms, or basic acoustic differences 

determine the neural representation of these sounds. We observed several similarities in the 

processing of sounds across these three areas. First, all three areas that were probed showed 

phasic responses to major energy transitions in the complex sounds. Second, we demonstrate that 

temporal response patterns of discharges depend on the frequency tuning of individual sites. 

Third, we document that for some classes of complex sounds, there is a strong direction 

preference, while for other classes of sensory input with different amplitude envelopes, there is 
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no evidence of a preference for direction. Fourth, the finding that temporal acoustic context 

substantially influences the average driven discharge rate as well as the precision of spike timing 

is consistent with previous reports of forward masking using simple two-tone paradigms (Brosch 

and Schreiner, 1997, 2000; Brosch et al., 1998; Calford and Semple, 1995). We document in 

detail how the activity of neurons in each of these areas is influenced by stimulus history and 

spectrotemporal context on several time scales. We present the distributed representation of 

several sounds in the form of “neurograms” to illustrate important structure in individual neural 

responses and to confirm forward masking observations. Finally, we provide preliminary data 

indicating that the effects of spectrotemporal acoustic context and forward masking are present 

for the coding of complex sounds in unanaesthetized cortex. The results of these experiments 

served as control data for the neural plasticity studies described in Chapters 4 and 5. 

In Chapter 4, we examined how decreasing input correlation across the frequency map of 

A1 affects neural response properties. Hebbian plasticity is implicated in cortical development 

and adult cortical reorganization (Bi and Poo, 2001; Hebb, 1949). The forms of Hebbian 

plasticity are correlation-based and provide a potential cellular mechanism for learning and 

memory (Abbott and Nelson, 2000; Kandel, 2001; Katz and Shatz, 1996). Changes in neural 

connectivity and dynamics are presumed to provide the biological basis for these two processes. 

Studies in the visual and somatosensory systems have shown that behavioral and surgical 

manipulation of sensory inputs leads to changes in cortical organization that are consistent with 

the operation of Hebbian learning rules (Allard et al., 1991; Clark et al., 1988; Hubel and Wiesel, 

1965; Stryker and Strickland, 1984; Wang et al., 1995). In this study, we examine how the 
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organization of A1 is altered by tones designed to decrease the average input correlation across 

the frequency map. After one month of separately pairing nucleus basalis stimulation with 2 and 

14 kHz tones, a greater proportion of A1 neurons responded to frequencies below 2 kHz and 

above 14 kHz. Despite the expanded representation of these tones, cortical excitability was 

specifically reduced in the high and low frequency regions of A1, as evidenced by increased 

neural thresholds and decreased response strength. In contrast, in the frequency region between 

the two paired tones, driven rates were unaffected and spontaneous firing rate was increased. 

Neural response latencies were increased across the frequency map when nucleus basalis 

stimulation was associated with asynchronous activation of the high and low frequency regions 

of A1. This set of changes did not occur when pulsed noise bursts were paired with nucleus 

basalis stimulation. These results are consistent with earlier observations that sensory input 

statistics can shape cortical map organization and spike-timing (Dinse and Bohmer, 2002; 

Kilgard et al., 2001). 

In Chapter 5, we examined how experience with speech and vocalization sounds direct 

spectral and temporal plasticity in A1. Topographic maps in primary sensory and motor cortices 

of adult animals can be reorganized as a function of experience (Kilgard and Merzenich, 1998; 

Nudo et al., 1996; Recanzone et al., 1993; Xerri et al., 1999). It is becoming increasingly clear 

that specific aspects of the sensory input can guide different forms of reorganization. In the 

auditory system, several studies have demonstrated that the representation of sound frequency 

can be substantially remodeled following long-term conditioning with tonal stimuli paired with 

electrical activation of nucleus basalis of Meynert (Kilgard and Merzenich, 1998; Kilgard et al., 

2001). The majority of auditory cortical plasticity studies have characterized changes evoked by 
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relatively simple sounds (i.e. tones), even though most sounds encountered in the real world are 

broadband and have time-varying features. The objectives of this study were (1) to evaluate how 

the distributed cortical response to speech and vocalization sounds changes after long-term 

sensory experience associated with nucleus basalis stimulation and (2) to probe how non-

reinforced sounds influence the expression of cortical plasticity. 

We investigated how acoustic experience with complex sounds alters temporal masking 

patterns (i.e. neural adaptation/forward masking) and the tonotopic map of frequency. In one 

series of experiments, NB activation of awake rats was repeatedly paired (~300 times per day for 

one month) with the presentation of a primate vocalization known as a twitter call.  As in our 

earlier studies with frequency modulated sounds (Moucha et al., in press), NB-twitter pairing 

resulted in a decrease in response thresholds in the region of the A1 frequency map that was 

responsive to the call. In addition, the normal preference of A1 neurons for the forward call over 

the reverse call was eliminated. 

In another set of experiments, the English word ‘sash’ was paired with NB stimulation. 

After pairing, the region of A1 that responded to high-frequency sounds was expanded compared 

to naïve controls. Since the first energy in the word ‘sash’ is the high-frequency ‘s’ sound, this 

topographic reorganization may be the consequence of  Pavlovian conditioning principles 

whereby the brain dynamically adapts its response to the acoustic cue that first predicts the 

reward. The increased response to ‘s’ also leads to greater masking of the ‘a’ compare to 

controls.  

Since non-reinforced sounds are known to influence the expression of some forms of 

cortical plasticity, we repeated the sash-NB pairing experiments, but added four modified speech 
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sounds (‘s’, ‘a’, ‘sh’, and ‘sash’ played backwards) that were not paired with NB stimulation. 

The addition of these sounds prevented the high frequency map expansion and increased the 

masking of ‘sh’ rather than ‘a’. These results indicate that experience with complex vocalizations 

can significantly alter the distributed cortical response to this important class of sounds.  

These results suggest that additional plasticity studies will be needed to determine how 

the cortical networks process and refine their representation of complex acoustic patterns and 

deal with the natural statistics of our acoustic environment.   
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ABSTRACT 

The rat auditory cortex is divided anatomically into several areas, but little is known 

about the functional differences in information processing between these areas. To determine the 

filter properties of rat posterior auditory field (PAF) neurons, we compared neurophysiological 

responses to simple tones, frequency modulated sweeps, and amplitude modulated noise and 

tones with responses of primary auditory cortex (A1) neurons. 

PAF neurons have excitatory receptive fields that are on average 65% broader than A1 

neurons. The broader receptive fields of PAF neurons result in responses to narrow and 

broadband inputs that are stronger than A1. In contrast to A1, we found no evidence of an 

orderly topographic gradient in PAF. These neurons exhibit latencies that are twice as long as 

A1. In response to modulated tones and noise, PAF neurons adapt to repeated stimuli at 

significantly slower rates. Unlike A1, neurons in PAF rarely exhibit facilitation to rapidly 

repeated sounds. Neurons in PAF exhibited less sensitivity to direction and rate of frequency-

modulated tones. These results indicate that PAF, like non-primary visual fields, processes 

sensory information on larger spectral and longer temporal scales than primary cortex.  
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INTRODUCTION  

Sensory information in the brain is represented by the distributed activity of large 

numbers of neurons over many distinct regions. Different cortical fields exhibit response 

selectivity’s that appear to be related to the perceptual deficits associated with inactivation of 

these regions. The visual fields V4 and MT, for example, exhibit selectivity for color and 

motion, respectively, and inactivation of each region specifically interferes with color or motion 

discrimination (Felleman and Van Essen, 1991; Lennie, 1998). Similar distributed processing of 

sensory features has also been documented in the auditory cortex of echolocating bats.  Focal 

inactivation of the FM-FM area impairs discrimination of target distance, while inactivation of 

DCSF impairs frequency discrimination (Riquimaroux et al., 1991). These experiments suggest 

that functional segregation of different features serves as a general sensory processing strategy 

throughout the cerebral cortex (Kaas, 1982). 

With each successive stage of sensory processing, neurons have a tendency to exhibit 

longer latencies, larger receptive fields, more adaptation to repeated stimuli, and less precise 

topographic representation of the sensory epithelium (Mountcastle, 1997). For example, V2 

neurons have larger receptive fields and longer onset latencies compared to V1 (Levitt et al., 

1994; Schmolesky et al., 1998).  The increases in classical receptive field size and longer 

latencies in the hierarchy of the visual cortex are accompanied by selectivity for more complex 

attributes of the visual scene. The mammalian auditory cortex appears to be organized in a 

similar manner.  Neurons in cat AII typically exhibit broader frequency tuning, higher response 

thresholds, and less precise tonotopy than A1 neurons (Schreiner and Cynader, 1984).  The 
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maximum following rate in response to temporally modulated stimuli of neurons in AII, PAF, 

and VPAF of cats is considerably slower than neurons in A1 and AAF (Schreiner and Urbas, 

1988). Collectively, these studies indicate that higher order cortical areas analyze and integrate 

sensory information on larger spatial and longer temporal scales (Van Essen et al., 1992; Ehret 

and Romand, 1997).  

The rat offers many advantages for exploring the functional segregation of the nervous 

system. There is extensive knowledge of its cyto- and myelo-architecture (Winer and Larue, 

1987; Roger and Arnault, 1989; Arnault and Roger, 1990; Clerici and Coleman, 1990; Romanski 

and LeDoux, 1993; Shi and Cassell, 1997; Winer et al., 1999; Kimura et al., 2003; Hazama et al., 

2004).  On the basis of thalamocortical projections, the auditory cortex of rat is anatomically 

subdivided into a central core region designated as TE1 and surrounding belt or secondary 

regions labeled TE2 and TE3 (Malmierca, 2003). These differences in connectivity presumably 

provide a substrate for differences in information processing of spectral and temporal features of 

sounds. In addition, previous studies have documented rat psychophysical performance on a 

number of auditory tasks including frequency discrimination (Syka et al., 1996; Talwar and 

Gerstein, 1998), gap detection (Ison et al., 1991; Syka et al., 2002), sound localization (Kelly and 

Kavanagh, 1986), and modulation rate detection (Sakai et al., 1999). The rat has also been used 

extensively in cellular- and systems-level studies of cortical plasticity (Bakin and Weinberger, 

1996; Glazewski, 1998; Kleim et al., 1998; Polley et al., 1999; Feldman, 2000; Lebedev et al., 

2000; Sachdev et al., 2000; Shulz et al., 2000; Ego-Stengel et al., 2001; Talwar and Gerstein, 

2001; Wallace et al., 2001; Desai et al., 2002).    
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Although auditory processing in the ascending auditory pathway has been extensively 

studied in the rat, relatively little data is available regarding the functional specialization of non-

primary fields.  While electrophysiological studies have generally focused on response 

characteristics of primary auditory cortex neurons (Horikawa et al., 1988; Sally and Kelly, 1988; 

Thomas and Tillein, 1997; Kilgard and Merzenich, 1999), considerable evidence suggests the 

existence of a functionally distinct posterior auditory field (Zhang et al., 2001; Doron et al., 

2002; Rutkowski et al., 2003).  The purpose of this study is to compare spectral and temporal 

processing in the primary and posterior auditory fields. Given the lack of understanding of the 

functional roles of the non-primary fields, the importance of systematically quantifying spectral 

and temporal response properties of auditory cortical neurons is a crucial first step in determining 

the role of these fields in acoustic processing.  

MATERIALS AND METHODS 

Surgical Preparation 

Dense microelectrode mapping techniques were used to collect data from 379 

microelectrode penetrations into the right auditory cortex of nine adult female Sprague-Dawley 

rats (250-325g).  Methods were similar to those described in previous publications from this lab 

(Kilgard et al., 2001b; Engineer et al., 2004a; Moucha et al., in press). All protocols and 

recording procedures conformed to the Ethical Treatment of Animals (NIH) and were approved 

by the University Committee on Animal Research at the University of Texas at Dallas. Animals 

were anesthetized with sodium pentobarbital (50mg/kg).  Supplemental pentobarbital (8mg/ml) 

was periodically administered either subcutaneously or intraperitoneally to maintain a state of 
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areflexia throughout the surgical procedures and during the recording session.  The trachea was 

cannulated and humidified air was provided to ensure adequate ventilation and to minimize 

breathing related noises.  After a surgical level of anesthesia was obtained, the skull was fixed in 

a palato-orbital restraint and exposed through a rostrocaudal incision.  The cisternae magna was 

drained of CSF to minimize cerebral edema. The temporalis muscle was reflected and the dura 

over the right auditory cortex was exposed through a craniotomy of approximately 6mm by 

4mm. The dura was resected and the cortex was maintained under a layer of viscous silicone oil 

to prevent desiccation.  A digitized image of the cortical surface was taken to aid in electrode 

placement and topographic reconstruction. The electrocardiogram and a pulse oximeter were 

used to monitor circulatory function and to control the depth of anesthesia. Body temperature 

was monitored with a rectal probe and maintained at 37° with a heating pad (FHC).  Proper 

hydration was maintained with lactated Ringers solution provided periodically during the course 

of the acute experiment. 

Action potentials were recorded simultaneously from two Parylene-coated tungsten 

microelectrodes (FHC, 2MΩ at 1 kHz) glued together (250 µm separation) and lowered into the 

cortex using a micromanipulator (FHC).  The insertion was orthogonal to the cortical surface. 

Recordings were made at a depth of approximately 550 to 650 µm, corresponding to layers IV/V 

in both A1 and PAF.  Tucker-Davis Technologies neurophysiology hardware (DB4, AP2, AD2, 

and DA3/4) and software (Brainware) were used for signal filtering (0.3 to 8 kHz), amplification 

(10000X), data acquisition, and stimulus generation.  Potentials above approximately 0.18mV 

were considered to be action potentials.  Whenever this fixed threshold was exceeded, action 
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potential waveforms were recorded for more detailed quantitative analysis.  Neural 

responsiveness was quantified using multi-unit data.  Recordings were derived from 10-60 

recording sites in each animal over the course of each 8-34 hour experiment.  Penetration sites 

were chosen to avoid damaging blood vessels while generating a detailed and evenly spaced 

map.  

Acoustic Stimulation and Recording 

Recordings were made in a shielded, doubled-walled sound chamber (Acoustic Systems, 

Austin, TX) and sounds were presented in the free-field using a calibrated speaker.  Frequency 

and intensity calibrations were performed with an ACO Pacific microphone (PS9200-7016) and 

Tucker-Davis SigCal software.  The speaker (Optimus model # 40-1221) was positioned directly 

opposite the contralateral ear at a distance of 10 cm.  Tucker-Davis Technologies hardware and 

software (SigGen) were used for stimulus generation.  Tone amplitudes were calibrated for every 

frequency presented and digitally adjusted to ensure intensities were flat from 1-32 kHz.  

Auditory frequency response tuning curves (spectral receptive fields) were determined by 

presenting tones of 81 different frequencies (logarithmically spaced from 1 to 32 kHz) at each 

site. Each frequency was presented at 16 intensities ranging between 0 and 75 dB SPL (1296 

total stimuli). Tuning curve tones were randomly interleaved and separated by at least 475 msec 

between presentations to minimize adaptation effects. All tones had 5 msec rise and fall times 

(cosine squared gated) and were 25 msec in total duration. 

To determine temporal selectivity to periodic stimuli, repetition rate transfer functions 

(RRTF) in response to tones and noise bursts were derived at each site by presenting a series of 

tone and noise burst trains. The carrier frequency of the tone trains was one of eight frequencies 
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(1.3, 2, 3, 5, 9, 14, 19, or 29 kHz, whichever was nearest to the site’s BF) presented in sets of six 

tone bursts (25 msec each at 70 dB) at 14 repetition rates ranging from 3 to 19 Hz.  Although 

these tone trains were excluded if a best frequency could not be determined, all sites received 

tone trains of 5 and 12 kHz presented at 10 Hz and 75dB.  The responses to 5 and 12 kHz tones 

were used to quantify the population response to tones of non-optimal frequency.  Noise bursts 

trains contained six 75 dB noise bursts (each noise burst was 1.2-30 kHz bandwidth) presented at 

repetition rates of 5, 10, 15, and 20 Hz. Twelve repetitions of each train were presented in 

random order.  Since two seconds of silence precede each train, we consider the first onset to be 

representative of a train presented at 0.5 Hz.   

Responses to 12 frequency modulated (FM) tones (3 rates x 2 octaves x 2 directions) 

were recorded from A1 and PAF neurons.  Each FM sweep spanned a single octave. Three 

different sweep durations were presented: 40, 160, and 640 msec (corresponding to 25, 6.25, and 

1.56 oct/s). The starting frequency of each sweep was always 1, 2, 4, 8, 16, or 32 kHz. At each 

site, upward and downward sweeps spanning the octave above and the octave below the best 

frequency were presented. For example, if a site had a CF of 3.5 kHz, both 2-4 kHz and 4-8kHz 

sweeps were presented. At broadly tuned sites without a clear best frequency, 4-8 kHz and 8-16 

kHz FM sweeps were presented. FM stimuli were randomly interleaved. A silent interval of at 

least 1 second occurred between each FM sweep to minimize adaptation effects. Twenty 

repetitions of each FM stimulus were presented.  

Data Analysis   

MATLAB (Mathworks) was used for all analysis.  To prevent the possibility of 

experimenter bias, an experienced blind observer determined tuning curve parameters. The 



  22 

 

parameters were defined by hand using custom software that displayed raw action potential data 

without reference to the frequencies and intensities that generated the responses, the penetration 

location, or the identity of the animal. For each site, the best frequency, threshold, bandwidth 

(10, 20, 30 & 40 dB above threshold), and latency data were recorded. Figure 1 provides an 

example of representative tuning curves from A1 and PAF and the parameters derived from 

each, including threshold and bandwidth. The best frequency was defined as the frequency where 

a response is obtained to the lowest stimulus intensity (i.e. threshold).  Individual maps were 

considered to be tonotopically organized if they exhibited a significant relationship (correlation 

coefficient) between best frequency (in octaves) and anterior-posterior position. To test the 

possibility that PAF is tonotopically organized along a direction other than anterior-posterior, we 

also examined the relationship of best frequency and position along the dorsal-ventral axis (and 

every other possible orientation). 

Bandwidth was defined as the frequency range (in octaves) that activated the neurons at 

four intensity levels above threshold. Examples of post stimulus-time histograms (PSTH) for 

multi-unit clusters from A1 and PAF are shown below each representative tuning curve. Peak 

latency was quantitatively determined as the time to reach peak response in the PSTH (1ms bins) 

formed from the responses to all tones within each site’s excitatory receptive field.  The onset 

and end-of-peak latencies were the times after stimulus onset at which activity exceeded and fell 

below two standard deviations over the spontaneous activity level, respectively.   

The function relating firing rate and tone intensity was determined using the average 

response to all tones within each site’s receptive field. Responses were considered non-

monotonic if there was a significant negative correlation (p<0.01) between tone intensity and the 
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average number of action potentials in response to tones at each of the intensities above the 

intensity that generated the maximum response. 

 The rate-based modulation transfer function was the average number of responses (above 

background) occurring within a fixed analysis window following the second through sixth 

sounds of each train as a function of repeat rate.  The analysis windows used for each region 

were based on the interval after each sound when the population PSTH of all sites from that 

region was significantly (p<0.05) above background activity (to avoid contamination from 

epochs of reduced background activity).  For A1, the window was from 11 to 35 ms.  For PAF, 

the window was from 14 to 85 ms.  For PAF, the analysis windows would have overlapped at 

rates above 14 Hz.  At those rates, the number of evoked action potentials per sound was simply 

the number of driven action potentials (i.e. above background) between 14 ms after the second 

tone and 85 ms after the sixth tone divided by five.  Best modulation rate (BMF) is the repetition 

rate that evoked the maximum number of action potentials per sound.  Limiting rate is the 

maximum repetition rate with more than half the response at the BMF. Dot rasters of 

representative A1 and PAF responses to stimulus tone trains of varying repetition rates are 

shown in Figure 9.    

The responses to tone and noise burst trains were also quantified using vector strength 

(Goldberg and Brown, 1969) and Rayleigh statistic measures (Lu and Wang, 2000; Liang et al, 

2002). Vector Strength (VS) quantifies the degree of synchronization between action potentials 

and repeated sounds, and the mean VS is calculated with the formula:   
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where n=total number of action potentials, ti is the time of occurrence of the i’th action 

potential, and T is the interstimulus interval.  Perfect synchronization would result in a value of 

one, while no synchronization would result in a value of zero. Rayleigh statistic (2nVS2, where n 

is the total number of action potentials) is a circular statistic that combines the previous two 

measures to assess the statistical significance of the vector strength (Mardia and Jupp, 2000).  

Values greater than 13.8 indicate statistically significant (p<0.001) phase locking.   

Differences in FM responses were quantified by computing the average population PSTH 

of each field in response to a one octave sweep, and the direction selectivity (DS) of individual 

recording sites using a standard metric (Mendelson et al, 1993; Shamma et al, 1993; Heil and 

Irvine, 1998b; Tian and Rauschecker, 2004). The DS metric was defined using the following 

index: 

DS = (Rup-Rdown) /( Rup+Rdown) 

R is the response (in number of action potentials per 20 repetitions) elicited by the upward or 

downward FM sweep. A DS value of 0 indicates no preference for either sweep direction while a 

value of +1 or -1 indicates complete preference for the upward or downward direction, 

respectively. The degree of direction selectivity was determined by calculating the absolute value 

of the DS index. Action potentials occurring from 8 msec after the beginning and 50 msec after 

the end of each sweep were analyzed.  Spontaneous activity, calculated as the average firing rate 

during the first 8 msec before a driven response, was subtracted.  Only sites with a driven 

response of at least 0.5 action potentials per stimulus to one or more of the FM sweeps were 

analyzed.  
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 To quantify how increasing the duration of one octave FM sweeps alters the response of 

A1 and PAF neurons, we subtracted the mean number of action potentials occurring within 690 

msec of FM onset for 640 vs. 160 msec sweeps and for 160 vs. 40 msec sweeps. The sweeps 

with the frequency range and direction that evoked the maximum number of action potentials at 

each site were used for this analysis.  

A1 was functionally defined on the basis of latency and tonotopy (as in Kilgard and 

Merzenich, 1999).  In general, sites with minimum latencies less than 20 msec were classified as 

A1 sites. Only 4% of A1 sites in this study exhibited longer latencies.  The Voronoi tessellation 

procedure (MATLAB, Mathworks) was used to visualize the topography of A1 and PAF (as in 

Kilgard and Merzenich, 1998). The boundaries of the cortical map were either the limits of data 

collection or sites non-responsive to auditory stimuli.   

Since PAF neurons rarely exhibited extremely high or low best frequencies (Figure 2) 

and bandwidth and threshold are known to vary with best frequency, statistical analyses were 

conducted on populations of A1 and PAF recording sites with comparable frequency preferences 

to avoid overestimating the difference between A1 and PAF response properties.  Specifically, 

we excluded 100 A1 sites and 11 PAF sites with best frequency either below 2 kHz or above 16 

kHz.  If these sites were not excluded, the differences in bandwidth between the fields would 

have been (artificially) larger than reported below (data not shown), and the mean A1 response 

threshold would have been (artificially) higher than PAF. The data set used to determine 

bandwidth and latency contained 173 A1 sites from 9 animals and 95 PAF sites from 5 animals.  

Statistical analysis was done using MATLAB. Two-tailed Student’s t-tests were used to 

establish the statistical significance of each difference of response characteristics across the two 
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fields. Paired Student’s t-tests were used to determine the statistical significance of response 

facilitation in A1 and adaptation in PAF, and increasing numbers of evoked action potentials 

with increasing FM duration. The error bars on all figures reflect standard error of the mean.  

RESULTS 

General Observations  

Frequency-intensity tuning curves in both PAF and A1 had broader bandwidths as 

intensity increased (Figure 1). Most recording sites in A1 and PAF exhibited monotonic rate 

level functions (A1: 85±4%; PAF: 95±4%, p=0.08). Responses from A1 and PAF showed 

similar intensity thresholds (p>0.5), which increased near the extremes of the hearing range 

(Figure 2).  A representative best frequency map of A1 and PAF for one animal is shown at the 

top of Figure 3.  The best frequency of A1 neurons increased from posterior to anterior (Sally 

and Kelly, 1988; Kilgard and Merzenich, 1999; Doron et al., 2002; Rutkowski et al., 2003) 

(Figure 4). All nine A1 maps exhibited strong and significant correlations between anterior-

posterior location and best frequency (BF) (R = -0.85 ± 0.04, p<0.0000001). No consistent 

correlation was observed in the PAF maps (R = 0.09 ± 0.24, p>0.5). BF was not significantly 

correlated with anterior-posterior position in three out of five maps and the remaining two were 

in opposite directions. To test the possibility that PAF is topographically organized in a direction 

other than anterior to posterior, we also examined the best correlation between frequency and 

location at all the other possible orientations. For A1 sites, using the best orientation slightly 

improved the relationship between frequency and location (R = -0.87 ± 0.02, n=9, p<0.0000001). 

For PAF sites, the average correlation was not significant (R = 0.15 ± 0.23, n=5, p>0.5) even 
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when evaluated in this less restrictive manner.  

Receptive Field Size (Bandwidth) 

One of the most pronounced differences between A1 and PAF is the broader excitatory 

bandwidths of PAF neurons (Figure 5). Receptive field sizes in PAF were on average over 65% 

wider than A1 neurons. The 10th and 90th percentiles for A1 bandwidth at 10 dB above threshold 

were 0.52 and 1.85 octaves, while they were 0.81 and 2.96 octaves for PAF neurons. At 30 dB 

above threshold, the 10th and 90th percentile values were 1.01 and 3.37 for A1 and 2.38 and 4.63 

octaves for PAF neurons. The sharp transition in the excitatory bandwidth at the A1-PAF border 

of an individual animal is shown in the middle plot of Figure 3. For instance, the 1.2 kHz A1 

recording site and the neighboring 7 kHz PAF site were separated by only 200 µm and yet their 

bandwidths differed by a factor of four.  

Longer response latency in PAF compared to A1 

Measures of response latency also show significant differences between A1 and PAF 

neurons. All latency measures revealed that PAF neurons were longer and more variable in 

latency than A1 sites. Neurons in A1 typically respond with a narrow burst of action potentials 

10-35 msec after sound onset (Figure 1 – bottom left).  PAF neurons, on the other hand, typically 

respond with action potentials from 35-90 msec after sound onset (Figure 1 – bottom right).  The 

onset latency, latency to the peak of neuronal response, and termination of the cortical response 

were determined for each recording site. Average onset latencies, peak latencies, and end-of-

peak latencies of units in PAF were 168, 165, and 153 percent longer respectively (Figure 6). 

Each of these three measures of response latency was significantly longer in PAF neurons and 
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was used confirm the A1-PAF border. The PAF peak latency standard deviation was more than 

twice that of A1 sites (31 vs. 12 ms).  

The population PSTH in response to repeated 25 msec tone bursts presented at 5 and 12 

Hz for both A1 (n=99 sites) and PAF (n=87 sites) neurons are shown in Figure 7; these illustrate 

the temporal lag and extended response duration of the PAF response. To illustrate the abrupt 

transition in stimulus-dependent response timing, a map of peak latency from an individual 

animal is shown in the bottom plot of Figure 3.  

Comparison of Response Strength for Tonal and Broadband Stimuli 

Earlier studies in primates and cats have suggested that while A1 neurons prefer tones, 

some non-primary fields prefer sounds with a broader spectral profile (Rauschecker et al., 1995; 

Rauschecker, 1998a). To test this hypothesis in rat PAF, we quantified the average number of 

action potentials evoked by broadband white noise and tones at each recording site (Figure 8). 

PAF neurons responded with more action potentials to both types of sound.  While A1 responded 

to BF tones with significantly more action potentials than any of the three other sounds, PAF 

responses did not significantly differ across the sounds presented.  This difference may result 

from the wider bandwidths of PAF neurons described above.  The PAF population response to 

any particular tone frequency (i.e. 5 or 12 kHz presented at 75 dB) was 50 to 75% greater than 

A1 because of the broader receptive field size of PAF neurons.  

Comparison of Temporal Following Properties in A1 and PAF 

Since natural sounds typically contain important time-varying information, it is important 

to understand how primary and non-primary auditory cortex neurons represent this information. 

Although the behavioral and perceptual consequences of differences in the encoding of temporal 
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information for different fields is at present unknown, previous investigations showed significant 

differences in the temporal following capacities of cat auditory cortical fields (Schreiner and 

Urbas, 1988; Eggermont, 1998). To test if similar differences are present in rat auditory cortex, 

responses to modulated trains of tones and noise bursts were quantified in PAF and A1.  

Earlier reports have shown that most A1 neurons act as low pass filters and respond with 

fewer action potentials per tone when stimulated by tones trains at rates above 10 Hz (Gaese and 

Ostwald, 1995; Kilgard and Merzenich, 1999; Orduna et al., 2001). Examples of A1 and PAF 

responses to tone and noise burst trains are shown as dot rasters in Figure 9. To quantify 

differences in response adaptation between the two fields, we determined the mean repetition 

rate transfer function (RRTF) for both A1 and PAF sites (Figure 10). The average limiting 

repetition rate (50% of response at the best repetition rate) for A1 neurons was 7.2 ± 0.2 Hz 

compared to 1.6 ± 0.4 Hz for PAF neurons (p<0.000001). In other words, PAF neurons require 

more than twice as long as A1 for the response to a second sound to recover to 50% of the 

response to the first.  Peak latency was negatively correlated with limiting rates for both A1 (R=-

.31, p<0.05) and PAF (R=-.34, p<0.005) neurons. 

For rates between 4 and 8 Hz, A1 neurons exhibited significant facilitation in their 

responses to tones or noise bursts within these trains compared to the same sounds presented in 

isolation. For example, A1 neurons responded with 0.64 ± 0.06 (mean ± SEM) more action 

potentials per stimulus to 5 Hz modulated tones compared to the same tone presented in isolation 

(p<0.0001). For 5 Hz noise burst trains, A1 sites responded with 0.58 ± 0.05 additional action 

potentials per stimulus (p<0.00001). The average A1 response per stimulus was significantly 

decreased at rates above 10 Hz for both tones and noises.  
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Neurons in PAF rarely exhibited facilitation to repetitive tones or noise bursts and 

exhibited significant response adaptation at rates above 4 Hz. For example, PAF neurons 

responded with 0.71 ± 0.11 fewer action potentials per stimulus for 5 Hz modulated tones 

compared to the same tone presented in isolation (p<0.01). For repeated noise bursts, PAF 

neurons responded with 0.71 ± 0.09 fewer action potentials per stimulus at 5 Hz (p<0.00005).  

The stronger adaptation, longer latency, and extended response duration of PAF neurons 

compared to A1 neurons can also be seen in the population PSTH of responses to tones pips with 

onsets separated by 195 or 82 msec (Figure 7).  

Responses to tone and noise burst trains are significantly better synchronized in A1 

compared to PAF at rates above 5 Hz (Figure 11). As a population, A1 vector strength is highest 

at 9 Hz, while PAF is highest at 5 Hz. The average maximum vector strength in response to tone 

trains is 0.89 ± 0.01 for A1 neurons and 0.70 ± 0.02 for PAF (p<0.000001). The average 

maximum Rayleigh statistic in response to tone trains is 241 ± 11 for A1 neurons and 113 ± 12 

for PAF (p<0.000001).  Twice as many A1 sites exhibit significant phase locking compared to 

PAF at rates above 10 Hz (Figure 11C). Thus, the observation of a progressive reduction of 

temporal resolution at ascending levels of the auditory neuraxis continues through PAF in the rat 

(Eggermont, 2001; Joris et al., 2004; Langner, 1992).  

Cortical Responses to FM stimuli 

 Neurons in the PAF of cats exhibit selectivity for the rate and direction of FM sounds 

(Tian and Rauschecker, 1998). To determine whether rat PAF neurons are FM selective, we 

recorded responses to one octave FM sweeps in a subset of our A1 (n=91 sites, n=6 rats) and 

PAF (n=77 sites, n=5 rats) sites.  
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Our results indicate that PAF neurons are not particularly sensitive to the direction of 

these sounds. When stimulated with FM sweeps, most neurons in our study responded in a 

similar fashion as to tones. To highlight this observation, the average population PSTH for 160 

msec FM sweeps recorded from A1 and PAF sites is shown in Figure 12. While the mean A1  

response to FM sweeps exhibited an additional burst of action potentials at ~150 msec that was 

not observed after a tone (p<0.05), the mean PAF response did not.  

We quantified FM selectivity using a standard measure known as the FM direction 

selectivity index (DS, see Methods). DS has a value of +1 for responses to only upward, but not 

downward, FM sweeps and -1 for responses only to downward FM sweeps, and zero for 

responses that are the same regardless of direction. The average index was 0.03 ± 0.04 for A1 

neurons, and –0.03 ± 0.03 for PAF neurons for the 160 msec FM sweeps. DS values for 40 and 

640 msec sweeps were similar. These results indicate that PAF and A1 show no net preference 

for upward or downward FM sweeps that span one octave.  The degree of direction selectivity 

for individual sites (quantified as the absolute value of the DS index) was significantly higher in 

A1 compared to PAF (A1: 0.24 ± 0.03 vs. PAF: 0.14 ± 0.02, p<0.01). These results indicate that 

PAF neurons are less direction selective than A1 neurons and that neither field exhibits an 

overall preference for one FM direction.  

To compare the responses of A1 and PAF neurons to one octave FM sweeps of varying 

durations (rates) we presented 40, 160, and 640 msec FM sweeps. A1 neurons responded with 

2.8 ± 0.4 additional action potentials to the 640 msec sweep compared to the 160 msec sweep 

(p<0.0005). PAF neurons responded with 1.2 ± 0.3 additional action potentials (p<0.0005). A1 

neurons responded to the 160 msec sweep with 1.0 ± 0.2 additional action potentials compared to 
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the 40 msec sweep. In contrast, PAF neurons responded with only 0.2 ± 0.15 additional action 

potentials (p>0.1).   

DISCUSSION 

Systematic exploration of non-primary cortex using complex stimuli has been extremely 

useful in gaining insight into the central mechanisms of sensory processing. Many studies have 

found that neurons in distinct fields can be highly selective for certain sensory features and 

insensitive to others. For example, cortical areas beyond V1 and V2 show greater specializations 

for processing different attributes of the visual form (Livingstone and Hubel, 1988; Bartels and 

Zeki, 1998). In the mustached bat, a species in which the key information bearing parameters of 

biosonar are well known, a similar parallel-hierarchical organization has been documented in 

auditory cortex (Suga, 1988). It is possible that analysis of the auditory scene in non-specialist 

mammals is similarly organized. In this report, we quantitatively document how processing of 

frequency, amplitude modulation, and frequency modulation by rat PAF neurons differ from 

processing by A1 neurons. Although there are some similarities between A1 and PAF, several 

clear functional differences exist between these two cortical areas.  

Overview of Major Findings 

Our study demonstrates that the rat PAF lacks a strict tonotopic map and appears to 

function as a higher level in the cortical hierarchy of auditory processing. The receptive field size 

of PAF neurons is considerably larger than A1 neurons. PAF neurons exhibit stronger responses 

to tones and broadband noise than A1 neurons. PAF neurons also have longer latencies and 

exhibit stronger adaptation and weaker synchronization to rapidly repeated sounds. While A1 
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neurons can follow modulated stimuli up to ~10 Hz, a majority of PAF neurons exhibit a 

degraded ability to follow modulations faster than 5 Hz. The reduction of temporal and spectral 

resolution of PAF neurons is consistent with increased integration. Collectively, these results 

indicate that PAF neurons are clearly distinct from A1 neurons.  

Cortical Representation of Frequency – A Comparison with Previous Studies 

All well-studied mammalian species (including cat, primate, ferret, and rodents) have 

multiple topographically organized auditory fields (Horikawa and Suga, 1991; Merzenich and 

Schreiner, 1992; Thomas et al., 1993; Kowalski et al., 1995; Stiebler et al., 1997; Eggermont, 

1998; Rauschecker, 1998b; Recanzone et al., 1999; Linden et al., 2003; Rutkowski et al., 2003; 

Imaizumi et al., 2004a; Bizley et al., 2005). The house mouse has at least two tonotopically 

organized fields and the gerbil at least four (Scheich et al., 1993; Stiebler et al., 1997; Linden et 

al., 2003).  A recent study by Rutkowski and colleagues (2003) demonstrated a tonotopically 

organized anterior auditory field (AAF) in the rat. AAF neurons in both rats and cats display 

phasic short latency responses to tone bursts similar to A1 neurons but exhibit significantly 

broader excitatory receptive fields (Rutkowski et al., 2003; Imaizumi et al., 2004b). A recent 

study has reported a non-primary auditory area in rats located ventral to A1 with receptive fields 

that were characterized as multipeaked and broadly tuned (Bao et al., 2003). Similarly, neurons 

in the non-primary auditory fields in cats and the auditory belt regions in primates typically have 

large receptive fields (Heil and Irvine, 1998a; Recanzone et al., 2000; Loftus and Sutter, 2001; 

Imaizumi et al., 2004a). These results are comparable to the finding of reduced retinotopy in the 

higher order fields of the visual system (Van Essen et al., 1992). For example, visual cortex 
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topography in the macaque motion processing area, V5, is generally degraded compared to V1 

and V2. 

We observed no systematic tonotopy in PAF even when we quantified topographic 

organization in every possible orientation.  An earlier report of tonotopic organization by Doron 

and colleagues (2002) in rat PAF differed in several important ways.  First, in our study high 

density mapping of PAF was conducted in individual animals. As a result, our analysis included 

two and a half times as many PAF recording sites per animal. Second, and perhaps most 

importantly, Doron and colleagues reported topography of the frequency that evoked the greatest 

number of action potentials at a single intensity well above threshold.  When we quantified the 

frequency that evokes a response at the lowest intensity (derived from the frequency-intensity 

tuning curve), no topographic organization was observed. Although these two frequencies are 

usually related, they are not always identical. Thus, it remains possible that frequency tuning for 

loud tones could be topographically organized, while frequency tuning for tones near threshold is 

not.  It is also possible that the CF map exhibits a fractured tonotopy in PAF.   

The observation that rat PAF neurons exhibited significantly broader frequency tuning 

compared to A1 neurons has been consistently reported (Sally and Kelly, 1988; Kilgard and 

Merzenich, 1999; Doron et al., 2002). Similar differences in frequency tuning have also been 

observed in these two fields in cats (Heil and Irvine, 1998a; Loftus and Sutter, 2001). Broader 

receptive fields outside of A1 have also been reported in AII and AAF of cats (Schreiner and 

Cynader, 1984; Imaizumi et al., 2004a) and the AAF in rats (Rutkowski et al., 2003).  

Interestingly, anatomists have noted some neuroanatomical similarities between the rat TE2 area 
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and the cat auditory field AII (Roger and Arnault, 1989; Arnault and Roger, 1990). Receptive 

field sizes tend to increase as sensory inputs progress up the cortical hierarchy regardless of 

modality. 

Temporal Aspects of Cortical Processing in PAF and A1 – Response Latency  

Analysis of neural response latency has been useful in developing models of visual 

cortical function (Nowak et al., 1995; Bullier et al., 1996; Schmolesky et al., 1998). Studies of 

the sequence and duration of neural activation in distinct auditory cortical fields will likely be 

useful as we develop a more complete understanding of audition. Our goal was to compare 

auditory response latencies of A1 neurons with neurons in a non-primary area that has received 

considerably less attention from experimentalists. The individual latency data presented in Figure 

3 and the group data shown in Figure 6 establish that PAF neurons have longer times to first 

action potential, peak response, and termination of response compared to A1 neurons. Doron and 

colleagues (2002) also reported that the mean onset latency was typically longer and more 

variable in P than in A1. Similar latency differences between A1 and PAF have also been 

observed in cats (Phillips and Orman, 1984; Phillips et al., 1995; Loftus and Sutter, 2001; 

Stecker et al., 2003).  

Rutkowski et al (2003) reported that AAF neurons in rats exhibit shorter response 

latencies than A1 neurons. A similar observation was reported in these fields for mice (Linden et 

al., 2003), cats (Eggermont, 1998; Imaizumi et al., 2004a), and ferrets (Kowalski et al., 1995). 

Thus, it appears that AAF and A1 may combine to form the ‘core’ of auditory cortex in rats 

(Doron et al., 2002; Rutkowski et al., 2003). Our latency results suggest that PAF is a higher 
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field in the cortical hierarchy analogous to the ‘belt’ regions described in primates (Rauschecker, 

1998b; Kaas and Hackett, 2000).  

Differences in average latency and topography of PAF and A1 may in part reflect 

differences in the connectivity underlying the auditory cortical areas. A precise correlation 

between anatomical and physiological extents of the auditory cortical fields in rats has yet to be 

established. Anatomic studies in the rat by Arnault and Roger (1990) determined that the core 

area TE1 receives most of its afferent projections from the ventral division of the medial 

geniculate. This projection is dense and topographically organized.  In contrast, the TE2 region is 

preferentially connected to the ventrolateral sector of the dorsal division of the medial geniculate 

which appears to have no precise topographic arrangement. In light of prior neuroanatomical 

definitions, the distinctive differences in the functional response properties of the neurons 

recorded in this study, and the location of our recording sites, PAF appears to be located in TE2.  

Representation of Temporal Modulations of Narrow and Broadband Sounds in PAF 

 Temporal modulations provide important information as to the identity of animal 

communication calls and many other naturally occurring sounds.  These sounds often have 

complex temporal structures that contain both slowly and rapidly changing components. There is 

a progressive reduction in the maximum following rate from the auditory nerve to the cortex 

(Langner, 1992; Eggermont, 2001; Joris et al., 2004).  In the cat, auditory cortical fields can be 

distinguished by their ability to respond to different rates of amplitude modulation (AM).  More 

specifically, AAF and A1 can respond to AM tones at higher rates than AII, PAF, & VPAF 

(Schreiner and Urbas, 1988).  In the rat, a previous study using sinusoidal amplitude modulations 

reported no differences in the best rates of A1 and PAF neurons (Doron et al., 2002).  In our 
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study using repeated tone and noise bursts, we found that the limiting rate of PAF was 

significantly slower and response synchronization was reduced compared to A1. Most A1 

neurons in rats respond well to trains of tones presented at rates below 10 Hz (Kilgard and 

Merzenich, 1999). Here, we confirmed that the maximum following rate is the same for 

broadband stimuli (Figure 10).   

The maximum following rate of rat PAF neurons was less than half that of A1, 

resembling the ‘low’ temporal resolution fields described in anesthetized cats by Schreiner and 

Urbas (1988). Across studies, there is a wide variation in the reported best rates and maximum 

following rates, presumable due to variation in species, anesthetic state, and analytical methods 

used. Most studies using an anesthetized preparation have found best modulation rates vary 

between 1 and 40 Hz with a majority below 20 Hz using synchrony measures and 8 Hz using rate 

based measures (Schreiner and Urbas, 1988; Eggermont, 1998). More recently, Wang and 

colleagues have shown that stimulus-following rates in response to click train stimuli in A1 were 

higher in awake marmosets than in anesthetized cats (Lu and Wang, 2000; Lu et al., 2001), but to 

date, no direct comparisons within the same species have been made. In rodents, there are few if 

any studies documenting whether cortical fields outside the core areas respond with lower 

temporal fidelity in response to trains or pulses of discrete sounds. In addition to anatomical 

differences in inputs, the lower maximum following rate of PAF neurons could indicate that 

there is more inhibition or synaptic depression in PAF compared to A1 (Buonomano and 

Merzenich, 1998; Hefti and Smith, 2000; Atzori et al., 2001).     
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Strength of Response to Tones and Noise in PAF 

 Earlier studies suggested that some cortical neurons in non-primary areas of rats and 

primates are not effectively driven by tonal stimuli (Bao et al., 2001; Rauschecker et al., 1995; 

Rauschecker, 1998a). In contrast, cat PAF neurons respond better to tones than to noise stimuli 

(Phillips et al., 1995; Stecker et al., 2003). Our results indicate that rat PAF neurons exhibit 

stronger population responses to both tones and noise, but are not as well phase locked compared 

to A1 neurons.  

Response to Frequency Modulations 

 Visual area MT contains neurons that are selective to direction and rate of visual motion 

(Maunsell and Van Essen, 1983; Felleman and Kaas, 1984). FM sweeps, which are in some ways 

analogous to moving light bars, have been used extensively to probe neurons at multiple levels of 

the auditory system (Kay, 1982; Eggermont, 2001; Nelken, 2002). While frequency modulation 

serves as an information bearing parameter in many natural sounds (Suga, 1989), an auditory 

homolog of MT that is tuned to FM direction or rate independently of other acoustic parameters 

has not been identified. The broad excitatory receptive fields and longer latency of PAF neurons 

could support FM rate or direction tuning, however we observed no selectivity for the direction 

of one octave FM sweeps. In general, the responses of PAF and A1 neurons to short FM sweeps 

were similar to the responses to short tones (Figure 12). For long FM sweeps, additional action 

potentials were evoked in both fields. While A1 neurons responded with more action potentials 

to a 160 msec sweep compared to a 40 msec sweep, PAF neurons did not. This is consistent with 

the longer duration of adaptation observed with repeated tones and noise (Figure 10).  
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 Some other studies of FM processing in auditory cortex have used sweeps that span 

several octaves.  Cat PAF neurons, for example, are direction selective to sweeps that span a 

wide frequency range (Heil and Irvine, 1998b; Tian and Rauschecker, 1998).  Additional studies 

will be needed to determine whether rat PAF neurons exhibit direction or rate selectivity for 

wide FM sweeps. 

Potential Roles of Rat PAF in Acoustic Processing  

The long latencies and wide excitatory receptive fields exhibited by PAF neurons suggest 

that this field could sustain important integrative functions in processing the acoustic biotope. 

For the range of stimulus parameters used in this study, we observed no evidence of such a role. 

The question then arises, what role does rat PAF have in the processing of the auditory scene? 

A recent cortical inactivation study has provided evidence that the cat PAF is required for 

spatial localization (Malhotra et al., 2004; Lomber and Malhotra, 2003). Interestingly, cat PAF 

neurons share several response characteristics with rat PAF neurons, including broad receptive 

fields and long response latencies.  Several studies have examined simple binaural interactions of 

rat A1 and PAF neurons (Kelly and Sally, 1988; Kelly and Phillips, 1991; Doron et al., 2002); 

however there are no published reports of auditory spatial receptive fields in rat auditory cortex.  

Interest in examining the representation of auditory space in the PAF of rats has been increased 

by anatomical studies documenting that the TE2 region sends a projection to deep layers of the 

superior colliculus (Arnault and Roger, 1990; Kimura et al., 2004), which has broad spatial 

tuning and a coarse topographic map of auditory space (Gaese and Johnen, 2000).  
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The wider bandwidths of PAF neurons suggest they may be involved in the extraction of 

spectral properties such as density and contrast.  Sinusoidal (‘ripple’) and random spectrum 

stimuli have been used to explore the representation of broadband sounds in A1 (Schreiner and 

Calhoun, 1994; Shamma et al., 1995; Calhoun and Schreiner, 1998; Kilgard et al., 2001a; 

Barbour and Wang, 2003). Parametric wideband stimuli such as these produce more complex 

cortical activation patterns than simple tones. It is possible that systematic physiological 

mapping of PAF using these and other complex sounds will reveal a topographic representation 

based on variations of spectral density, contrast, or bandwidth that could not be uncovered using 

tones or white noise.  

Cortical Fields and Functional Specializations 

The increasing numbers of studies aimed at identifying and quantitatively defining other 

auditory fields are important to accurately characterize the functional organization of auditory 

responsive regions of the neocortex. At least four auditory fields have now been physiologically 

identified in nearly every species studied ranging from rodents to primates. Our data on the 

spectral and temporal response profiles of rat PAF neurons, in conjunction with previous studies 

show that the organization of the auditory cortex of the rat is comparable to the functional 

organization reported in many other species. Collectively, these studies lend support to the 

notion that acoustic signal processing occurs in both parallel and serial fashion throughout the 

auditory cortex and that cortical fields in rats can in large part be distinguished on physiological 

criteria. As in other modalities, a combined approach using physiological mapping and 

neuroanatomical tracing studies will be crucial in delineating the modular and hierarchical 

organization of information processing in the auditory cortex (Luethke et al., 1988; Read et al., 
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2001; Lee et al., 2004; Rouiller et al., 1991). Additionally, the perceptual role that each of these 

functionally distinct fields plays in processing the acoustic biotope will need to be determined 

with behavioral studies. 

Technical Considerations 

 Two methodological aspects of this study warrant brief mention. First, it should be noted 

that the functional data reported in this study were obtained from rats anesthetized with 

pentobarbital. Second, the action potential data collected in these experiments was derived using 

multiple unit recording technique.  

Auditory cortex has long been known to be affected by anesthesia and these effects on 

cortical responses have been described in detail by other investigators (Zurita et al., 1994; 

Cheung et al., 2001; Gaese and Ostwald, 2001). One must be cautious in generalizing the results 

from this study to neuronal activity in awake rats (Gaese and Ostwald, 2003). Although the basic 

organizational features of visual cortex, such as ocular dominance, retinotopy, and orientation 

tuning, are maintained under pentobarbital anesthesia (Stryker et al., 1987), it is possible that 

response properties in auditory cortex, especially non-primary auditory cortex, are more sensitive 

to anesthetic state. The reported comparisons were with A1 responses recorded under identical 

conditions and in most cases in the same animals. A thorough comparison of neuronal responses 

under both anesthetized and unanaesthetized conditions using the same stimuli will provide 

greater insight into the fundamental mechanisms underlying spectral and temporal processing in 

the posterior auditory field. 

 The multiple unit recording technique employed in this study offers several advantages. 

The primary advantage of multi-unit recording technique is that it allows spatial distributions of 
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neuronal response properties to be determined in fine topographic detail. An additional 

advantage is that responses recorded at each site reflect the summed activity integrated at that 

location and thus more accurately represents the mean activity at that site than would any given 

single unit. Given the large class of sounds used in this study, multi-unit recordings were 

necessary to sample from as many cortical locations as possible. Since data derived from 

individual recordings sites represent the activity of several neurons, it is possible that individual 

neurons in each set were more narrowly tuned in frequency and sharper in latency than the 

summed activity.  Whether or not individual neurons are as broadly tuned and temporally 

variable as the multi-unit responses suggest, our results demonstrate that the functional 

organization of A1 and PAF differ significantly.     

CONCLUSIONS ON FUNCTIONAL CHARACTERIZATION OF RAT PAF 

Over the last fifty years, there has been a steady increase of anatomical and physiological 

information about the organization and connectivity of different sensory areas in the mammalian 

cortex (Felleman and Van Essen, 1991; Kaas and Collins, 2001).  Generally, the number of 

functionally identified cortical fields devoted to information processing of sensory features has 

increased as knowledge about the anatomy and physiology of different cortical regions has 

improved. This increase is in part due to the use of increasing complexity of stimulus features 

when probing sensory cortex using physiological mapping techniques. Examining several 

sensory features independently has been an extremely useful strategy in determining the 

functional specializations of cortical fields. This approach contributed to the development of 

specific models about different sensory processing streams (Ungerleider and Mishkin, 1982; 
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Rauschecker and Tian, 2000), although the validity of these working models remains open to 

considerable debate and experimental investigation (Goodale and Milner, 1992; Middlebrooks, 

2002).   

Quantitative physiological data regarding the functional organization of non-primary 

cortical fields and their response properties in the rat will be highly valuable given the use of this 

species for: (1) behavioral studies using classical conditioning (Quirk et al., 1997), frequency 

discrimination (Syka et al., 1996), gap detection (Ison et al., 1991; Syka et al., 2002), sound 

localization (Kelly, 1980), and modulation rate discrimination (Sakai et al., 1999); (2) cortical 

map and receptive-field plasticity studies in adults (Bakin and Weinberger, 1996; Kilgard et al., 

2001b; Kisley and Gerstein, 2001); (3) developmental plasticity studies (Metherate and 

Aramakis, 1999; Chang and Merzenich, 2003; Engineer et al., 2004b); and (4) in vivo and in 

vitro studies of synaptic coding and plasticity mechanisms (Atzori et al., 2001; Seki et al., 2003; 

Wehr and Zador, 2003; Zhang et al., 2003). In addition, several experimental techniques that are 

readily available in this species provide a number of advantages when probing the molecular, 

cellular, and systems level mechanisms of neural information processing.   

In recent years, several studies of the auditory cortex have explored the cortical plasticity 

mechanisms and rules that may contribute to learning and memory (Edeline, 2003; Suga and Ma, 

2003; Weinberger, 2004). This research has focused primarily on A1 because of its relatively 

simple tonotopic organization.  It is generally believed that early sensory areas encode only 

sensory properties and that non-primary cortical areas are more directly involved in ‘higher’ 

cognitive function (i.e. perception). Given the scarcity of plasticity studies in non-primary 

auditory cortex, future studies will need to be directed towards evaluating the contributions of 
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non-primary areas for learning and memory to begin addressing questions about the relative 

plasticity in different levels of cortical processing (Woody et al., 1976; Kraus and Disterhoft, 

1982; Diamond and Weinberger, 1984, 1986).  
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Figure 1. Representative tuning curves and post stimulus time histograms (PSTH) from sites in 

primary auditory cortex (A1) and posterior auditory field (PAF). For each tuning curve, the 

length of each vertical line segment indicates the number of action potentials evoked by each 

tone. Best frequency (BF) is the frequency that elicits a consistent neural response at the lowest 

intensity level (neural threshold). Bandwidth (BW) is the range of frequencies the neurons are 

responsive to at the specified intensity above threshold, expressed in units of octaves. PSTHs for 

both the A1 and PAF example are shown below each respective tuning curve. The relevant 

features derived from each PSTH are labeled (onset latency, peak latency, and end of peak 

latency).    
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Figure 2. Neural thresholds to elicit excitatory responses at the best frequency for both A1 (top) 

and PAF (bottom) neurons sampled from nine animals. The data points between the dotted 

vertical lines at 2 and 16 kHz indicate the sites that were included for statistical analysis of 

receptive field and temporal properties. 
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FIGURE 2 



   

 

Figure 3. Representative map of best frequency (top), bandwidth 30 dB above threshold 

(middle), and peak latency (bottom) in A1 and PAF from one animal. Each polygon represents 

one microelectrode penetration. The number within each polygon indicates the value for each 

respective response parameter. The dark black line bisecting the polygons in all three maps 

indicates the separation between A1 and PAF sites. In the top panel, color represents each site’s 

best frequency in kilohertz. In this example, note the orderly progression of best frequency in A1 

and a breakdown in PAF tonotopy. In the middle plot, color represents the bandwidth 30 dB 

above threshold. The considerably wider excitatory receptive field size of PAF sites was one of 

the criteria used to confirm the A1-PAF border.  In the bottom panel, color represents the peak 

latency of each site derived from the tuning curve PSTH. The substantially longer response 

latency of PAF neurons is an additional criterion that was used to distinguish A1 from PAF sites. 

The line length on the direction marker shows the scale (125 µm).  
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FIGURE 3 



   

 

Figure 4. Tonotopic organization is maintained in A1, but not in PAF. This scatter plot shows 

the relationship between anterior-posterior location and best frequency for each A1 (open circles) 

and PAF (filled circles) recording site. Positive distances are posterior to the most anterior PAF 

site. Lines denote the linear regression functions for A1 and PAF sites respectively. Individual 

rats exhibited a strong relationship of frequency in the anterior-posterior axis while PAF neurons 

exhibited no consistent topography from anterior to posterior.
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FIGURE 4 



   

 

Figure 5. Average receptive field sizes of PAF neurons are wider than A1 neurons. Bars plot the 

mean bandwidths at four intensities above threshold (dB) for A1 (black) and PAF (gray) neurons 

with BFs between 2 and 16 kHz.  Bandwidth measures for A1 (n=149 sites) and PAF (n=94) 

sites were collected from 9 animals. All four average bandwidths were significantly wider in 

PAF than A1. * Statistical significance at p<0.0001.  



  54 

 

 

 
 
 

 
 
 
 
 

FIGURE 5 



   

 

 
Figure 6. Average neural latencies of PAF neurons are longer than A1 neurons. Comparison of 

three different latency measures for A1 and PAF sites with BFs between 2 and 16 kHz. Latency 

measures for A1 (n=149 sites) and PAF (n=94) sites were collected from 9 animals.  Asterisks 

indicate that all three latency measures were significantly longer in PAF than A1. * Statistical 

significance at p<0.0001. 
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FIGURE 6 



   

 

Figure 7. Population PSTH differences between A1 and PAF in time course and duration of 

activation in response to repetitive tonal inputs presented at best frequency. In the top panel, the 

population PSTH to two 25 msec tones presented at 5 Hz (195 msec SOA) shows facilitation in 

A1 that is not evident in PAF (see Figure 10). In the bottom panel, the population PSTH to two 

25 msec tones presented at 12 Hz (82 msec SOA) shows adaptation in both fields. Gray patches 

indicates standard error of the mean. Note the considerable temporal lag and extended response 

duration of PAF sites. 
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FIGURE 7 



   

 

Figure 8. Average response strength to tones and noise bursts in A1 and PAF neurons. The 

number of action potentials per stimulus for A1 (n=142 sites) and PAF (n=86) sites with BFs 

between 2 and 16 kHz were collected from 9 animals. These results demonstrate that both 

narrowband and broadband sounds generate more robust responses in PAF than in A1. * 

Statistical significance at p<0.0005.  
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FIGURE 8 



   

 

Figure 9. Individual examples of dot rasters from an A1 and a PAF site in response to trains of 

tones at different repetition rates. In general, the ability for individual sites to respond to each 

element decreased in both A1 and PAF as rate increased. In this example, the PAF site was 

slower to respond to stimulus onset and adapted to repeated stimuli (both tonal and broadband) at 

much slower repetition rates. The leftmost horizontal lines mark the time windows used to 

quantify the response to the first sound onset. The other horizontal lines indicate the windows 

used to calculate the neural response to the latter sounds (see Methods).   
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FIGURE 9 



   

 

Figure 10. The mean repetition rate transfer function for tones and noise in A1 and PAF sites. 

The number of evoked action potentials per tone or noise burst at each repetition rate is plotted 

with standard error of the mean for sites with BFs between 2 and 16 kHz. For both A1 and PAF 

neurons, the shape of the function was similar for tones and noise bursts. The maximum cortical 

following rate evoked by a train of sounds reliably fell off at a repetition rate of ~10 Hz for A1 

neurons (as in Kilgard & Merzenich, 1999) and at a rate above 5 Hz for PAF neurons. It should 

be noted that many individual A1 and PAF sites exhibited significant structure not evident in the 

mean repetition rate transfer function. The mean repetition rate transfer function for A1 (n=142 

sites) and PAF (n=86) sites was collected from 9 animals.
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FIGURE 10 



   

 

Figure 11. Synchronization of A1 and PAF responses to tone and noise burst trains.  Vector 

strength is a quantification of the degree of stimulus phase locking, where 1 would indicate every 

action potential arrives with the same latency relative to sound onset.  Rayleigh statistic is a 

confidence measure for the vector strength.  Any number above 13.8 indicates significant 

(p<.001) phase locking.  The data and format are the same as Figure 10. 
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FIGURE 11 
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Figure 12. Population differences between A1 and PAF in time course and duration of activation 

in response to frequency modulated (FM) sweeps. This population PSTH shows the response 

from 91 A1 sites and 77 PAF sites (with BFs between 2 and 16 kHz) from a total of 6 animals to 

160 msec upward FM sweeps. Note that A1 neurons exhibit additional activity (at ~150 ms) not 

seen in response to the tone presented in Figure 7.  PAF neurons did not exhibit this additional 

response.
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ABSTRACT  

Central auditory processing is a major contemporary issue in the clinical domain as well 

as the research domains. Unfortunately, very little empirical data exists on how complex 

spatiotemporal inputs such as speech and vocalizations engage the central auditory system, 

particularly in the thalamus and cortex of non-specialist mammals. Scientists are still in the 

process of trying to decipher the underlying neurobiological basis by which spectrotemporally 

complex acoustic signals of speech, composed of many different frequencies changing over 

multiple timescales from as short as a few milliseconds to tens of hundreds of milliseconds, are 

encoded, represented, and processed at thalamic and cortical levels.  

The primary objective of this study was to systematically characterize the neural 

representation of vocalizations, noises, and tones in the thalamus, primary auditory cortex (A1), 

and posterior auditory field (PAF) of the adult rat. Recording responses to vocalizations from 

species other than the ones that produce them has been helpful in determining whether 

experience-dependent plasticity, innate species-specific processing mechanisms, or basic 

acoustic differences determine the neural representation of these sounds. Although rats do not 

naturally process human speech sounds, the data in this series of experiments reveal that many of 

the basic aspects of acoustic processing are likely shared between many species. 

To accomplish this objective, we systematically mapped thalamic and auditory cortical areas 

using extracellular recordings to study the robustness of distributed neural responses to several 

complex input signals. We observed several similarities in the processing of sounds across the 

thalamus, A1, and PAF. First, all three areas showed phasic responses to major energy transitions 
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in the complex stimuli. Second, we demonstrate the temporal response patterns of neural 

discharges depend on the characteristic frequency of individual sites, which indicates that 

frequency tuning in all three areas plays an important role in determining the neuronal response. 

Third, we document that for some classes of complex sounds there is a strong direction 

preference, while for other classes of sensory input with substantially different temporal 

envelopes, there is no evidence of a preference for direction. Consistent with previous reports of 

forward masking using two-tone paradigms, a fourth major finding from this series of 

experiments is that temporal acoustic context substantially influences the average driven 

discharge rate as well as the precision of spike timing. We document in detail how the activity of 

neurons in each of these areas is influenced by stimulus history and spectrotemporal context on 

several time scales. Collectively, these experiments reveal the transformation of the spectral and 

temporal precision of auditory thalamus, A1, and PAF neurons responding to complex sounds.  

These results will serve as control data for neural plasticity studies designed to examine 

how long-term sensory experience with different classes of spatiotemporal inputs shapes 

thalamic and cortical responses. Additional studies using speech and speech-like analogues will 

be needed to extend our present understanding of physiologic correlates of additional acoustic 

features (i.e. nasals, place of articulation, voicing, vowel features, etc) and the effects of their 

phonetic context at rostral levels of the auditory neuraxis where perception presumably occurs. 
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INTRODUCTION 

Psychophysical (Kluender KR and AJ Lotto, 1994; Kuhl PK and JD Miller, 1978; Sinnott 

JM and FS Adams, 1987) and neurophysiological (Eggermont JJ, 1995; Sachs MB, 1984; 

Steinschneider M et al., 2003; Steinschneider M et al., 2004) data from animals and humans 

suggest that some key aspects of speech processing may be common across species. Monkeys 

and rats, for example, are able to discriminate between Dutch and Japanese sentences (Ramus F 

et al., 2000; Toro JM et al., 2003). Both rodents and birds categorize sounds intermediate to /ba/ 

and /pa/ or intermediate to /da/ and /ta/ at the same locations in the voice onset time continua as 

humans (Kluender KR et al., 1987; Kuhl PK and JD Miller, 1975). Auditory neurons in humans 

and animals are sensitive to the acoustic features of vocalizations that contain relevant 

information; including pitch, intensity, modulation rate, frequency modulation, and syllable order 

(Eggermont JJ, 2001). Non-primary auditory cortex neurons in both humans and monkeys 

respond more strongly to vocalizations than simple sounds (Rauschecker JP, 1998; Rauschecker 

JP et al., 1995). Speeding up a twitter vocalization, for example, produces a reduced neural 

response in marmoset monkeys (Wang X et al., 1995). In humans, excessive speech compression 

leads to a degraded capacity of auditory cortical responses to follow the temporal envelope of 

sentences and degraded comprehension (Ahissar E et al., 2001). The underlying mechanisms of 

these results are likely to be forward masking or neural adaptation (Brosch M and CE Schreiner, 

1997; Calford MB and MN Semple, 1995; Fishmana YI et al., 2004). 

Psychophysical and neurophysiological forward masking refers to the deterioration of a 

response caused by a preceding signal element (Moore BC, 1989). Forward masking in cats and 

primates depends on the temporal interval and frequency separation. Long temporal intervals 
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result in the lowest amount of masking whereas short intervals produce the maximal amount of 

masking. Under appropriate stimulus conditions, post stimulus response enhancement (aka 

facilitation) can be expressed in the same neurons (Brosch M and CE Schreiner, 2000; Brosch M 

et al., 1999; Kilgard MP and MM Merzenich, 2002). Enhancement occurred only when the two 

tones had a minimum temporal separation of several tens of milliseconds, but was maximal at 

~100 msec and was greatest when the first tone is ~1 octave below or above the second tone. 

Additional stimulus factors that influence these mechanisms include the relative intensity and 

duration of individual elements. Forward masking is generally longer lasting as signals progress 

up through higher levels of the auditory system (Brosch M and CE Schreiner, 1997; Calford MB 

and MN Semple, 1995; Eggermont JJ, 2001; Joris PX et al., 2004; Langner G, 1992). All of the 

aforementioned features are present and vary in natural sounds; therefore, a key question is 

whether these mechanisms are engaged in the processing of natural sounds.  

 Recording responses to vocalizations from species other than the ones that produce them 

has been helpful in determining whether experience-dependent plasticity, innate species-specific 

processing mechanisms, or basic acoustic differences determine the neural representation of 

these sounds. Cat A1 neurons do not exhibit the preference for forward marmoset twitter calls 

over versus reversed calls that are observed in this monkey (Wang X and SC Kadia, 2001). This 

observation suggests that direction preference is not simply a consequence of acoustics, and 

strengthens the hypothesis that the observed preferences are due to some innate species-specific 

mechanisms or arise as a result of experience-dependent plasticity. In this study, we evaluate the 

possible role of experience-dependent plasticity, innate species-specific processing mechanisms, 
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and acoustic structure by recording responses of rat auditory neurons to human and monkey 

vocalizations. 

The primary objective of the present series of experiments was to quantitatively test how 

a neuron’s prior activation and the spectral and temporal context in which a sound is embedded 

affect patterns of neuronal activation at the thalamus, primary auditory cortex (A1), and posterior 

auditory field (PAF) in rats.  Based on previous human and animal studies, we predict that 

neurons in these three areas will respond with phasic responses to energy transitions in complex 

sounds. We expect that neural responses to complex sounds will depend on the similarity 

between the tone frequency preference of individual sites and the spectral composition of the 

individual elements of each sound. We predict that there will be no preference for forward versus 

reverse vocalizations that are novel and behaviorally irrelevant to rats. Finally, we anticipate that 

spectral and temporal acoustic context will substantially influence response strength and spike 

synchronization.  We tested each of these hypotheses in rat auditory thalamus, A1, and PAF by 

recording extracellular responses to human and non-human primate vocalizations. These 

responses were compared to responses to acoustically modified vocalizations, tone trains, and 

noise trains. Since the rats in this study have had no experience with speech and monkey 

vocalizations, any preference for the natural sounds over modified versions that mimic 

preferences observed in species that produce them would suggest that the preference results from 

some general processing mechanism shared with other species and not innate species-specific 

mechanisms or experience-dependent plasticity. 



  86 

 

MATERIALS AND METHODS 

Surgical Preparation 

Acute Mapping. Dense microelectrode mapping techniques were used to collect data 

from over twelve hundred microelectrode penetrations into the right auditory cortex of 18 adult 

female Sprague-Dawley rats (250-325g).  Methods were similar to those described in previous 

publications from this lab (Engineer ND et al., 2004; Kilgard MP, PK Pandya, J Vazquez et al., 

2001; Moucha R et al., in press). All protocols and recording procedures conformed to the 

Ethical Treatment of Animals (NIH) and were approved by the Institutional Animal Care and 

Use Committee of the University of Texas at Dallas. Animals were anesthetized with sodium 

pentobarbital (50mg/kg).  Supplemental pentobarbital (8mg/ml) was periodically administered 

either subcutaneously or intraperitoneally to maintain a state of areflexia throughout the surgical 

procedures and during the recording session.  The trachea was cannulated and humidified air was 

provided to ensure adequate ventilation and to minimize breathing related noises.  After a 

surgical level of anesthesia was obtained, the skull was fixed in a palato-orbital restraint and 

exposed through a rostrocaudal incision.  The cisternae magna was drained of CSF to minimize 

cerebral edema. The temporalis muscle was reflected and the dura over the right auditory cortex 

was exposed through a craniotomy of approximately 6mm by 4mm. The dura was resected and 

the cortex was maintained under a layer of viscous silicone oil to prevent desiccation.  A 

digitized image of the cortical surface was taken to aid in electrode placement and topographic 

reconstruction. Electrocardiography and pulse oximetry were used to monitor circulatory 

function and to control the depth of anesthesia. Body temperature was monitored with a rectal 
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probe and maintained at 37° with a heating pad (FHC).  Proper hydration was maintained with 

lactated Ringers solution provided periodically during the course of the acute experiment. 

Action potentials were recorded simultaneously from Parylene-coated tungsten 

microelectrodes (FHC, 2MΩ at 1 kHz) lowered orthogonally into the cortex using a 

micromanipulator.  Cortical recordings were made at a depth of approximately 550 to 650 µm, 

corresponding to layers IV/V in both A1 and PAF. For thalamic recording sites, recordings 

started at ~4000 µm below the cortical surface and continued in increments of 100 µm until non-

responsive sites were encountered. No histological verification was conducted for thalamic sites; 

however, most of the sites exhibited short latency responses. It is possible that a portion of our 

sample includes non-lemniscal areas of the auditory thalamus.  

Tucker-Davis Technologies neurophysiology hardware and software (Brainware) were 

used for signal filtering (0.3 to 8 kHz), amplification (10,000X), and data acquisition.  Recording 

thresholds were set to maximize the signal- to-noise ratio.  Whenever this fixed threshold was 

exceeded, action potential waveforms were recorded for more detailed quantitative analysis.  As 

in our earlier experiments, potentials above approximately 0.18mV were considered action 

potentials.  Neural responsiveness was quantified using multi-unit data.  Penetration sites were 

chosen to avoid damaging blood vessels while generating a detailed and evenly spaced cortical 

map. For thalamic sites, up to 10 recording sites could be obtained in one recording track. 

Surgical preparation and implantation of chronic electrodes. We also implanted an array 

of microwire arrays into the right temporal cortex of 8 rats using surgical procedures approved 

under the University of Texas at Dallas animal care protocols. The polyimide-insulated micro-
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wires had an average impedance of 60 kΩ at 1 kHz in saline.  Two tungsten references wires (50 

µm diameter, Teflon insulation) were embedded in the array and stripped of their insulation prior 

to implantation. The electrodes used for awake recordings were custom designed for chronic 

extracellular recording and were provided by Dr. Rob Rennaker at the University of Oklahoma 

(Rennaker RL et al.).  

After a surgical dose of pentobarbital was administered intraperitoneally, rats were 

positioned in a stereotaxic apparatus. At this time, they received prophylactic treatment with 

ceftizox antibiotic (20 mg/kg), dexamethazone (4 mg/kg), and atropine (1 mg/kg) administered 

subcutaneously. Skin and fascia were incised sagitally in the midline of the head and reflected 

until clean bone was exposed. Six bone anchoring screws were placed on top of the skull to 

ensure stability of the implant assembly. 

To implant microwires, the temporalis muscle was reflected and the dura over the right 

auditory cortex was exposed through a craniotomy of approximately 6mm by 4mm. After 

performing a durotomy, the array was oriented perpendicular to the surface of the brain and was 

then inserted into the cortical surface. We then filled the surface with gel foam which after 

hardening, fixed the chronic recording array in place and sealed the opening to the brain. This 

was done to minimize the possibility of the brain herniating. We then used dental acrylic to fix 

the remaining portion of the implant assembly in place and to make a cap over the exposed skull 

and around the connectors for the recording channels.  

The number of sites with responsive units to tones and components of the vocalization 

stimuli ranged from 1 to 15 per animal (median, 3.5). We estimated frequency response areas 
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and/or iso-intensity tuning curves for 42 sites in these 8 animals. Of the 43 multi-unit sites, only 

1 did not respond to pure tones but did respond to aspects of the vocalization sounds described 

below. The range of CF’s from the awake recording sites was 1.16 to 31.62 kHz (mean 10 kHz; 

median 7.6 kHz). Thirty-eight percent of the selected sites had tuning from 1-4 kHz (16/42) and 

the remaining 62% had tuning above 4 kHz (26/42). We were not able to determine with 

certainty the cortical field or depth of each recorded site. Therefore, our sample may have also 

included some units from other cortical fields such as the posterior auditory field (PAF) or 

anterior auditory field (AAF).  

Acoustic Stimulation and Recording 

For acute mapping, recordings were made in a shielded, doubled-walled sound chamber 

(Acoustic Systems) and sounds were presented via free-field using a calibrated speaker. For 

awake recordings, animals were placed in sound attenuated boxes. Frequency and intensity 

calibrations were performed with an ACO Pacific microphone (PS9200-7016) and Tucker-Davis 

SigCal software.  The speaker was positioned 10 cm from the ear at 0° elevation and 90° azimuth 

for all acute experiments. For recordings from freely moving awake animals, the speaker was 

positioned approximately 20 cm away. Tucker-Davis Technologies hardware and software 

(SigGen) were used for stimulus generation.  

TUNING CURVES. Auditory frequency response tuning curves (spectral receptive 

fields) were determined by presenting 81 frequencies from 1 to 32 kHz at each recording site for 

cortical locations. For thalamic sites, responses to 41 frequencies from 1 to 32 kHz were 

recorded.  Each frequency was presented at 16 intensities ranging between 0 and 75 dB SPL 

(1296 or 656 total stimuli). Tuning curve tones were randomly interleaved and separated by at 



  90 

 

least 475 msec between presentations to minimize adaptation effects. For recordings from 

chronically implanted rats, we played tuning curve sounds with fewer frequency steps and levels. 

In some cases, we played one intensity level (~50 dB SPL) to estimate the CF. All tones had 5 

msec rise-fall times (ramps) and were 25 msec in total duration. 

REPETITION RATE CODING. To determine temporal selectivity of multi-neuron 

clusters to periodic stimuli, repetition rate transfer functions (RRTF) in response to tones and 

noise bursts were derived at each site by presenting a series of tone and noise burst trains. The 

carrier frequency of the tone trains was one of eight frequencies (1.3, 2, 3, 5, 9, 14, 19, or 29 

kHz) presented in sets of six tone bursts (25 msec each at 70 dB) at 14 repetition rates ranging 

from 3 to 19 Hz.  Noiseburst trains contained six 75 dB noise bursts (each noise burst was 1.2-30 

kHz bandwidth) presented at 4 repetition rates for most sites. Individual stimuli in this stimulus 

block were randomly interleaved and separated by a silent interval of at least 2 seconds between 

each stimulus train. Twelve repetitions of each stimulus in this block were presented in random 

order. 

‘SASH’ CODING. Twenty-five repetitions to the human vocalization ‘sash’ (Figure 1), 

were presented at approximately 55 dB. For chronic recordings, we played forty repetitions at 

~65 dB. The louder intensity of the sounds was presented to account for the increased distance of 

the speaker from the animal during recording and the fact that the animal was freely moving.  

The original speech sample for ‘sash’ was spoken by a female speaker in a sound booth 

sampled at 44,100 Hz.  To frequency shift the original waveform into the rat hearing range, we 

presented the waveform at 100,000 Hz using Tucker-Davis Technologies hardware.  This 

manipulation is similar to that used by other investigators to record responses of bat IC neurons 
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to human speech sounds (Bauer EE et al., 2002).  Playing the waveform at a higher sampling rate 

increased the frequency of all elements by 1.18 octaves and decreased the duration by 54% (from 

862 to 380 ms).  Since the word in the original recording was spoken clearly and in isolation, the 

duration of the word was lengthened. As presented, the duration of the word closely 

approximates the duration observed in naturally occurring speech (Bradlow AR and T Bent, 

2002; Krause JC and LD Braida, 2004).   

Sash consists of a series of three elements (Figure 1). The magnitude spectrum of the first 

element /S/ is dominated by frequencies between 8-22 kHz with the maximum of the spectrum 

near 16 kHz. The second element, the vowel-like /A/ is contains energy from 1-20 kHz. The 

predominant energy is in the lower frequencies with spectral peaks at 4 and 8 kHz. A third peak 

is evident at approximately 16 kHz, but is substantially lower in magnitude than the lower 

frequencies. The third element, a noise burst-like /SH/ sound contains a band of energy ranging 

from 4-20 kHz. A spectral peak at 8 kHz dominates this element with a second peak at 

approximately 14 kHz.   

Digitally edited segments of the ‘sash’ stimulus were presented in order to examine 

quantitatively the influence of masking on spectrotemporal patterns of activation. These 

segments were ‘ash’ and ‘sh’ presented in isolation. A time-reversed version of this word was 

also presented. Time-reversed versions of sounds contain spectral contents occupying the same 

frequency range as the forward version and a reversed time course of its amplitude envelope and 

time-varying spectrum. 

‘TWITTER’ CODING. A monkey vocalization known as a marmoset twitter call was 

also presented (Epple G, 1968; Nagarajan SS et al., 2002; Wang X et al., 1995). Twenty-five 
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repetitions were played during the acute recording experiments and forty repetitions were 

presented during chronic recordings from awake rats. The twitter call was composed of six 

segments (phrases) of rapid ascending FM sweeps and their harmonics (Figure 1) and was 

generously provided to us by Xiaoqin Wang from Johns Hopkins University Center for Hearing 

and Balance. Each phrase’s envelope has a rapid attack time and slow decay. The magnitude 

spectrum of the twitter call is dominated by frequencies between 4-16 kHz. The overall duration 

of the twitter call is ~780 msec. A time-reversed version along with a time-compressed and time-

expanded variant of the call was also presented during the recording to probe how temporal 

manipulations affect neural response output. The reversed twitter call preserves spectral 

characteristics and results in the each phrase becoming a descending FM sweep rather than the 

normal ascending FM sweep. Time-compression and expansion were achieved by removing or 

adding silent intervals in between each phrase. Thus, when the twitter call was compressed, the 

interphrase intervals were shortened while expansion resulted in a lengthening of the interphrase 

interval. The average modulation rate of the natural and time-reversed twitter was 7.1 Hz while 

the time-expanded and time-compressed were 3.6 and 14.4 Hz respectively.  

Data Analysis   

TUNING CURVE ANALYSIS. MATLAB (Mathworks) was used for all analysis.  To 

prevent the possibility of experimenter bias, an experienced blind observer determined tuning 

curve parameters. The parameters were defined using custom software that displayed raw spike 

data but not the penetration location or the identity of the animal. For each site, the characteristic 

frequency, threshold, bandwidth (10, 20, 30 & 40 dB above threshold), and latency data were 

recorded. The characteristic frequency was defined as the frequency where a response is obtained 
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to the lowest stimulus intensity (i.e. threshold).  Bandwidth was defined as the frequency range 

(in octaves) that activated the neurons. Neural onset latency was defined as the time from 

stimulus onset where the neural response was above background activity (determined from the 

16 intensities at the best frequency and its two neighboring frequencies (best frequency ± 1/16th 

of an octave).  Peak latency was quantitatively determined as the time to reach peak response in 

the PSTH.  The end-of-peak latency or the termination of response was the time after stimulus 

onset at which activity returned to spontaneous levels.   

In chronically implanted rats, we estimated the tuning based on the response to tones 

presented at a single intensity or in response to a reduced number of frequency-intensity 

combinations. 

RRTF ANALYSIS. The responses of thalamus, A1, and PAF neurons to trains of tones 

or white noise bursts were recorded in 5, 12 and 11 rats, respectively.  Best modulation rate 

(BMR) and limiting rate was determined for each site using rate- and synchronization-based 

measures.  The rate-based modulation transfer function was the average number of responses 

occurring within a fixed analysis window following the second, third, fourth, fifth, and sixth 

sounds of each train as a function of repeat rate.  The analyses windows used for each regions 

were based on the interval after each sound when the population PSTH of all sites from that 

region was significantly above background activity.  For thalamus and A1, the window was from 

11 to 35 ms.  For PAF, the window was from 14 to 85 ms.  For PAF the analysis windows would 

have overlapped at rates above approximately 14.1 Hz. At those rates, the number of evoked 

action potentials per sound was simply the total number of action potentials between 14 msec 

after the second tone and 85 msec after the sixth tone divided by five.  Best modulation rate 
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(BMR) is the repetition rate that evoked the maximum number of action potentials per sound. 

Limiting rate is the maximum repetition rate with more than half the response at the BMR.   

The responses to tone and noise burst trains were also quantified using vector strength 

and Rayleigh statistic measures (Liang L et al., 2002). Vector Strength (VS) quantifies the 

degree of synchronization between action potentials and repeated tones pips, and is calculated 

with the formula:   

                           

where n=total number of action potentials, ti is the time of occurrence of the i’th action 

potential, and T is the interstimulus interval.  A value of one indicates perfect synchronization 

and zero indicates no synchronization. Rayleigh statistic (2nVS2, where n is the total number of 

action potentials) is a circular statistic that essentially combines the previous two measures to 

assess the statistical significance of the vector strength (Mardia KV and PE Jupp, 2000).  Values 

greater than 13.8 indicate statistically significant (p<0.001) phase locking.  The best rate was 

also determined for each site using the vector strength and Rayleigh statistic. The Rayleigh 

statistic (RS) limiting rate was defined as the highest repetition rate at which the RS was more 

than 50% of the RS at the RS best modulation rate.  

ANALYSIS OF VOCALIZATION SOUNDS. Responses to vocalizations were first 

analyzed by collecting the spike counts for each recording site in 1 msec bins to form 

poststimulus time histograms (PSTHs). The durations of the /S/, /A/, and /SH/ elements were 

108, 152, and 140, respectively. The response strength of each cluster of neurons to sash and its 

variants was calculated as the average spike rate during the entire word (500 msec) and for each 
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individual element (/S/, /A/, or /SH/). Spontaneous discharge rate was estimated and removed 

from the mean firing rate for all measures of driven rate for all vocalization sounds. Whenever 

the firing rate was lower than the spontaneous rate, the number of evoked spikes was set to zero.  

This gives the total amount of excitatory firing above the spontaneous rate elicited during the 

word and for each element. This measure reflects the relative strength of neuronal responses to 

different elements of the stimuli.  

To evaluate response adaptation to different elements of the word sash, we compared the 

response (total number of driven spikes corrected for spontaneous activity) to an individual 

element (/A/ or /SH/) when preceded by other elements (/S/, /A/, or /SA/) compared with the 

response to the same element presented in isolation. Since A1 and the auditory thalamus neurons 

primarily responded with short latency phasic responses, we used narrow windows (from 8 to 45 

msec after onset of each element) to quantify the onset component of the response while we used 

the full duration of each element to quantify PAF responses.   

QUANTIFICATION OF DIRECTION SELECTIVITY. To quantify direction selectivity 

for the marmoset twitter vocalization and for ‘sash’, mean firing rate, calculated over the 

stimulus duration, was used to measure responses to forward and reversed sounds. A standard 

metric known as the direction selectivity index was used to quantify the difference between the 

forward and reversed version of these sounds (as in Kadia and Wang, 2001). The selectivity 

index of individual recording was computed on a site by site basis and is defined as follows: 

DS = (Rforward-Rreverse) /( Rforward+Rreverse) 

R is the response (in number of spikes averaged from 25 repetitions) elicited by the forward or 

reverse sound. The discharge rate was set to 0 spikes/s for the DS index calculation if a neurons 
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firing was suppressed below its spontaneous level during presentation of the stimulus (i.e. when 

the discharge rate was less than 0 spikes/second. A value of 0 indicates no preference for either 

for forward or reverse while a value of 1 or -1 indicates a perfect selectivity for the forward or 

reverse sounds, respectively. 

In addition to a measure based on discharge rate, vector strength was used as an index of 

synchronization of the forward and time reversed calls. The vector strength index is a measure of 

how closely in time the response of an individual site follows the call phrases. The vector 

strength values for range from a minimum of 0 to a maximum of one. A response with all spikes 

at precisely the same phase has a vector strength of 1 (i.e. perfect phase locking).  Vector 

strength was calculated for sites between 4 and 16 kHz.  

QUANTIFICATION OF TEMPORALLY-COMPRESSED & EXPANDED CALLS.  

We calculated the mean driven rate over stimulus duration for the time compressed and 

expanded twitter call for all sites where these stimuli were played.  We also calculated vector 

strength to the 3.1 and 14 Hz twitter calls for sites between 4 and 16 kHz. 

POPULATION TEMPORAL RESPONSE PROFILES. Population PSTHs and 

neurograms were also computed by averaging the responses across electrode penetrations. A 

population PSTH was computed by simply averaging the PSTHs from individual recording sites 

across an entire set of recordings for each stimulus. To determine the spectral contribution of the 

peaks in the population PSTHs for the vocalization sounds, we calculated subpopulation PSTH 

from limited CF ranges. For evoked responses to the word ‘sash', the bins were 1-2 kHz, 2-4 

kHz, 4-8 kHz, 8-16 kHz, and 16-32 kHz.  To analyze subpopulation PSTHs for the twitter call, 

we used bins from 1-4 kHz, 4-16 kHz, and 16-32 kHz.  
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 NEUROGRAM REPRESENTATIONS. We constructed neurograms in response to each 

of these sounds. Neurograms provide neural images of the distributed responses to a particular 

stimulus. The neurograms display the spectrotemporal discharge patterns in response to each 

sound. To construct each neurogram, discharges as they occur in time (abscissa) from individual 

sites, computed from individual PSTHs, were aligned according to their objectively defined best 

frequency (ordinate). No smoothing was performed along the time or frequency axis.  

OPERATIONALLY DEFINING THALAMUS, A1, AND PAF. A1 and PAF were 

functionally defined on the basis of latency, receptive field size, and tonotopy (Kilgard MP and 

MM Merzenich, 1999)and Pandya et al, submitted).  For thalamic sites, we included all sites 

within a penetration or recording track in which an objectively defined CF could be obtained. If a 

CF was not obtained, it was excluded from all analyses.  

Statistical analysis was done using MATLAB. Statistical significance between response 

measures was evaluated using a t-test. Error bars on all figures reflect standard error of the mean.  

RESULTS 

General Observations/Sample Characteristics 

 RESPONSES TO PURE TONES. In the thalamus, we recorded tuning curves from 183 

sites in five animals with best frequencies ranging from 1.41 to 32 kHz. These cells typically had 

short-latency responses and as intensity decreased, a clear CF emerged. CF’s were found 

distributed across the frequency range tested, but fewer sites were sampled with low frequency 

preferences.  For most sites, the bandwidth broadened as intensity increased above threshold, as 

expected. The average bandwidths for the thalamic population were 1.25 ± 0.05 and 3.08 ± 0.08 
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(mean ± SEM) octaves at 10 and 40 dB above threshold respectively. The average first-spike and 

peak latencies for the thalamic population were 12.8 ± 0.3 and 23.8 ± 2 msec (median 11.9 and 

18 msec) respectively. The strength of the evoked response was on average 2.75 ± 0.12 spikes 

from each thalamic site.  

 We recorded from 454 A1 sites from 12 animals with best frequencies ranging from 1.03 

kHz to 32.5 kHz. These sites also typically had short-latency phasic responses but did not 

respond as strongly as thalamic sites to tones. The average bandwidths for this population at 10 

and 40 dB above threshold were 0.94 ± 0.02 and 1.9 ± 0.05. The first spike latency for A1 sites 

was about ~1 msec longer than thalamic sites with a mean of 13.6 ± 0.27 msec (median 12.96 

msec) while the average peak latency was 18.2 ± 0.35 msec (median 17 msec). On average 1.46 

± 0.04 spikes per tone were recorded from each A1 penetration.   

PAF recordings were derived from 211 recording sites from 11 animals with best 

frequencies ranging from 1.2 to 30 kHz. The average bandwidths of these sites were 1.9 ± 0.07 

and 3.94 ± 0.08. Sites in PAF exhibited substantially longer first-spike and peak latencies than 

both A1 and thalamic sites. For the population tested, the average first spike latency and peak 

latency were 38.8 ± 1.6 and 96.6 ± 3.2 msec respectively. The average response strength to tones 

was 1.4 ± 0.07.  

In summary, the frequency bandwidth measures at both 10 and 40 dB above threshold 

indicated that the most broadly tuned neurons were consistently found in PAF while the most 

narrowly tuned neurons were found in A1. Neurons in the auditory thalamus had broader tuning 

than A1, but narrower tuning than PAF. The response strength to tones in PAF was larger than 
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the average strength in A1, but was weaker than the average strength in the thalamus. In 

addition, latency comparisons revealed that auditory thalamus had the shortest onset latencies 

and PAF neurons had the longest latencies of the three areas measured. This data is summarized 

in Table 1 below. 

TABLE 1. Basic Response Properties of the sites in the thalamus, A1, and PAF to Tones in the 

Receptive Field. Values indicate mean and standard error of the mean.  

 
Response Parameter                    Thalamus                   A1                         PAF              Significant 
                                                       N=183 sites, n=5 rats              N=454 sites, n=12        N=211 sites, n=11     Differences 

RF Bandwidth (BW10)                    1.18 ± 0.05         0.91  ± 0.02          1.51 ± 0.08    A1<Thal <PAF  
RF Bandwidth (BW40)                    2.65 ± 0.1           1.86  ± 0.05          2.6  ± 0.13      A1<Thal <PAF 
Onset Latency (ms)                          12.14 ± 0.36       13.32 ± 0.28         31.38 ± 1.75   Thal <A1<PAF 
Peak Latency (ms)                            23.80 ± 0.20       20.18 ± 0.8         76.43 ± 3.38       A1<Thal<PAF 
Neural Threshold (dB)                     17.3 ± 1                 19.6 ± 0.5          16.5 ± 1          PAF≈Thal<A1 
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Basic Description of Thalamocortical Responses to Sash and Twitter  

 Neurons in the auditory thalamus were strongly excited by both the marmoset twitter 

vocalization and the word sash. The average response strength, average maximum instantaneous 

firing rate, and average peak rate were significantly higher in the auditory thalamus than in either 

cortical region tested. For the twitter vocalization, on average 9.4 ± 0.9 spikes were evoked and 

the average maximum instantaneous firing rate was 405 Hz ± 18.5 across all sites in the thalamus 

(n=179 sites). The average number of spikes evoked to the word ‘sash’ in the thalamus over a  

500 msec window was 7.2 ± 0.46 spikes while the average maximum instantaneous firing rate 

was 451 ± 16 spikes per second. The peak rate in the population response to the twitter was 

163.5 ± 15 sp/s while it was 206 ± 16 sp/s for the word sash.  

A1 and PAF evoked approximately the same number of spikes for both the marmoset 

twitter call (A1: 4.6 ± 0.27; PAF: 4.3 ± 0.35, p>0.5) and the word sash (A1: 2.97 ± 0.14; PAF: 

3.06 ± 0.21, p>0.5).  While the number of additional spikes evoked by each sound was similar 

between the two cortical fields, the responses of A1 neurons were more precisely time locked to 

the onset of each vocalization element. As a result, the average maximum instantaneous firing 

rate of A1 neurons was 71% higher for the twitter vocalization (A1: 276 ± 10 Hz vs. PAF: 161 ± 

8 Hz, p<0) and 91% higher for sash (A1: 344 ± 11 Hz vs. PAF: 180 ± 8.5 Hz, p<0) compared to 

PAF neurons. The peak in the A1 population response to twitter was 85 ± 7 Hz compared to only 

26 ± 5 Hz in PAF (p<0.0001) for the twitter call (Figure 2). The peak in the A1 population 

response to sash was 103 ± 8 Hz compared to only 28 ± 5 Hz in PAF respectively (p<0.0001). 

For both of the cortical fields, these measures were considerably lower than the auditory 
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thalamus. For example, the average driven rates of thalamic recording sites in response to a 

twitter call or the word sash were more than twice that of A1 and PAF sites.  

 The average PSTH for each of the three areas in response to the natural twitter call and 

sash is shown in Figure 2 and illustrates the differences between the areas described above. 

Temporal response patterns in auditory thalamus and A1 are dominated by phasic responses to 

the major spectral energy transitions in each stimulus. The twitter population response in these 

two areas contains six distinct high amplitude peaks and the response to sash contains three 

distinct peaks. The neural responses to each of the major energy transitions were typically 

restricted to a narrow window of time. Thalamic responses to the twitter contain an additional 

peak at ~825 msec that was not present in either the A1 or PAF response. The population 

temporal response profile in PAF was considerably more sluggish and temporally degraded 

compared to the other two areas. From the population temporal response, it is clear that the 

maximum instantaneous amplitude of each of these peaks in PAF is substantially lower than the 

thalamus and A1 for both vocalizations, despite having the same number of driven spikes as A1. 

In summary, the response strength to the vocalizations was highest in the thalamus and 

was the same in A1 and PAF for both vocalizations. The average instantaneous rate however, 

was highest in the thalamus, followed by A1 and then PAF. 

Role of Spectral Energy in Thalamocortical Responses to Vocalizations 
 
 The twitter call is composed of six phrases and the word sash is composed of three 

segments. The call spectrum of the twitter call is dominated by frequencies between 4-16 kHz 

(see Power Spectra in Figure 1). The magnitude spectrum of the first element /S/ in the word 

/sash/ is dominated by frequencies between 8-22 kHz with a peak at ~ 16 kHz while the second 
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element /A/ is dominated by low frequency energy less than 16 kHz. The noise burst-like /SH/ 

element contains a band of energy ranging from 8-22 kHz with the maximum peak at ~8 kHz.  

As illustrated by the population PSTH in Figure 2 to each of these sounds, the three areas 

integrate stimulus energy of each element/phrases and marks the timing of each component 

(albeit with different temporal precision).  

To test whether thalamocortical responses to vocalizations are determined by frequency 

preferences to pure tones, we calculated subpopulation PSTHs from recordings sites with 

different CF ranges.  For the twitter call, CF ranges above, including, and below the primary 

spectral energy of the call (1-4 kHz, 4-16 kHz, and 16-32 kHz) were used.  For sash, single 

octave CF ranges (1-2 kHz, 2-4 kHz, 4-8 kHz, 8-16 kHz, and 16-32 kHz) were used. As 

expected, neurons tuned to 4-16 kHz responded to the twitter call with significantly more spikes 

than neurons tuned to higher or lower frequencies for all three regions.  The subpopulation 

PSTH’s of A1 neurons in response to the twitter call are provided in Figure 3. In the lowest 

frequency bin for A1 and thalamus, there is very little evoked activity. The 4-16 kHz 

subpopulation PSTH was dominated by the short latency phasic responses similar to what was 

observed in the average population PSTH across all units. Small peaks were also observed in the 

highest frequency bin (16-32 kHz) in all three areas – presumably in response to harmonics in 

the twitter call (see spectrogram and power spectra in Figure 1). In A1 and the auditory thalamus, 

a response to each phrase was evident, but in PAF, only one peak in response to the first phrase 

was present. 

The subpopulation PSTH’s of A1 neurons in response to the /SASH/ are provided in 

Figure 4. In all three regions, the 8-16 kHz and 16-32 kHz regions responded to the /S/ and /SH/. 
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Small peaks in response to /S/ and /SH/ at these times were also noted in the 4-8 kHz regions in 

all three regions. In the highest frequency band, no peak was evoked in response to the vowel /A/ 

for the two cortical fields. In contrast, a distinct peak in response to the /A/ in sash was present in 

all of the thalamic subpopulation PSTH’s (data not shown).  

In A1 and thalamus, the second peak in the population PSTH of all sites that begins at 

~108 msec reflects the onset activity of sites with CF’s between 1 and 8 kHz. These units are 

responding to the low frequency portion of the vowel /A/ which is dominated by low frequency 

energy. For low frequency sites with CFs between 1-4 kHz, little if any driven activity is evoked 

in response to the /S/ or the /SH/ segments in the population temporal profile. A substantially 

different temporal response profile was noted in PAF.  No noticeable peak was evident from 1-2 

kHz in response to the /A/ when in the context of sash, but there was a sharp phasic peak in the 

2-4 kHz frequency band and modest peaks in the 4-8 and 8-16 kHz bands in PAF. Recall that 

PAF neurons have substantially broader bandwidths than A1.  

 The differences in the temporal discharge patterns in the subpopulation PSTHs for both 

the twitter call and sash underscores the importance of spectral energy in the CF band for the 

neural response. These data confirm that the neural response to acoustic stimulation in all three 

areas is based in part on the relationship between the stimulus power spectrum and the frequency 

tuning of individual recording sites. In the following sections, we examine in detail how 

temporal acoustic context affects neural responsiveness for these two classes of complex sounds.   

Responses to Forward and Reversed Twitter Calls in Thalamus, A1, and PAF  
  

A neuron is considered sensitive to the auditory temporal context if the response is 

dependent on previous parts of the stimulus. For example, if an individual site’s neural response 
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was determined solely by spectral structure, then reversing a complex sound should have little 

effect on the response because playing a sound backwards alters the global temporal structure but 

not the spectral structure. Comparing the response to forward and reversed versions of complex 

sounds has been used extensively to quantify selectivity and to probe the temporal sensitivity of 

auditory neurons. We completed such an analysis for the marmoset twitter vocalization using 

discharge rate based measures. In Figure 5, mean firing rates of responses to forward and 

reversed twitter calls are presented for all neurons studied in the thalamus, A1, and PAF. On the 

third column of this figure, we overlay the mean PSTH of each areas response to the forward and 

reverse twitter call for CF’s between 4 and 16 kHz. Population responses to time-reversed calls 

were generally weaker and not as well synchronized to call phrases.  

In the auditory thalamus, responses to the monkey vocalization resulted in greater mean 

firing rates to the forward call compared to the reversed call. On average, the mean firing rate of 

thalamic neurons to the forward call is about twice as high as that of the same call presented in 

reverse (9.4 ± 0.9 vs. 4.5 ± 0.7, p< 0.0000, n=182 sites). The distribution of the selectivity index 

of thalamic sites has a mean of 0.387 (second column top plot). Recall that a DS value of 1.0 (-

1.0) indicates that a neuron responded only to the forward (reversed) call. There are 79% more 

evoked spikes for the forward call (4.1 ± 0.3 vs. 2.3 ± 0.2, p< 0.0000, n=379 sites) and the 

distribution of the selectivity index in A1 has a mean of 0.286 (second column middle plot). The 

DS index in A1 is significantly lower than the thalamus (p<0.05). Interestingly, PAF sites 

evoked 134% more spikes for the forward call when compared to the same call played 

backwards (4 ± 0.4 vs. 1.7 ± 0.2, p< 0.0000, n=106 sites) with an average selectivity index of 
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0.372 (second column bottom plot). The DS index of PAF was not significantly different from 

either A1 or thalamus (p>0.05). Thus, all three areas responded to the forward twitter call with 

more spikes than the reversed call. 

To quantify how closely in time the neurons in each area follow individual call phrases of 

the twitter call, we computed a vector strength measure of the sites with CFs between 4 and 16 

kHz for the forward and time-reversed twitter calls.  

In response to the forward call, the average vector strength was highest in the thalamus, 

followed by A1 and then PAF. The magnitude of the average vector strength to the forward call 

in the thalamus was 0.75±0.02 and was significantly larger than A1 which had a vector strength 

of 0.66±0.02 (p<0.0005, n=117 thalamic site and 111 A1 sites).  The mean vector strength of 

PAF neurons in response to the forward twitter call was only 0.41± 0.025 (n=54 PAF sites) 

which was lower than both A1 and thalamus (p<0.000001). This indicates that PAF responded to 

each phrase with substantially less discharge synchrony.   

We compared the average vector strength of these same neurons in response to the twitter 

call played backwards at the same modulation rate in each area. In the thalamus, the average 

vector strength of the reverse twitter was significantly lower than the forward version of the call 

(0.65±0.02, p< 0.000001). The mean A1 vector strength in response to the twitter call played 

backwards (0.59±0.02) was also lower than the vector strength in response to the forward twitter 

(p=0.0014). Although there was a preference for the forward call over the reversed call based on 

the mean driven rate in PAF, the discharge synchrony between these two conditions in this area 

were not statistically different (0.36±0.02, p=0.0692)  
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Response Adaptation and Forward Masking Part I - Neural Representations of Temporal 
Manipulations  of the Twitter Call in Thalamus, A1, PAF (compressed and expanded) 
  

In addition to playing the twitter call in reverse; several other temporal manipulations of 

the twitter call were used to determine the effects of acoustic context on neural output. In speech, 

an important information-carrying feature is the separation of individual segments and 

phonemes. We probed each of these areas with temporally compressed and expanded twitter 

calls. Temporally altered variations of the twitter call produced very different neural responses 

from the normal twitter.  Figure 6 shows population responses to the stretched (inter-phrase 

silence lengthened) and compressed (inter-phrase silence reduced) marmoset twitter vocalization 

for each of the areas studied.  When the phrase repetition rate was increased from 7 to 14 Hz, the 

excitatory responses for all phrases following the first phrase were substantially diminished in 

the time-compressed condition for all three areas. In contrast, stretching the twitter call (from 7 

to 3.5 Hz) enabled a stronger population response to each phrase of the twitter call.  To compare 

the response across these different conditions, the mean driven rate across the entire stimulus 

duration for each sound was calculated for every thalamic and cortical site and is provided in 

Figure 7. In addition, we report the average maximum instantaneous firing rate, the average peak 

rate following the first phrase of the twitter call, and the mean vector strength for each of the 

different phrase frequencies from neurons in which all three variants of the twitter call were 

played. 

When stretched far enough apart, individual phrases in the twitter produced strong 

discharges of sites in A1 and thalamus (see stretched population PSTH in Figure 6). Thalamic 

population responses to the stretched twitter call also exhibited a substantial sustained offset 
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response preceding the onset of each subsequent phrase (with the exception of the first phrase). 

The average response strength in the thalamus for the stretched twitter call was 19 ± 1.5 spikes 

and the average maximum instantaneous firing rate was 400 ± 17 sp/s. The largest average peak 

rate after the first phrase was 17% higher for time-expanded twitter compared to the normal 

twitter (182 ± 14 vs. 155 ± 14, p=0.01, n=182 sites).  The presence of nonsynchronous 

discharges in the stretched twitter resulted in a vector strength of only 0.54±0.02 and was lower 

than the natural twitter call from the same neurons in the thalamus (p<0.000001, n=117 sites).   

In A1 and PAF, both the average response strength (A1: 5.2 ± 0.36; PAF: 6.3 ± 0.46 

spikes) and average maximum instantaneous firing rate (A1: 246 ± 10.6; PAF: 160 ± 7 sp/s) to 

the expanded twitter was considerably lower than the thalamus in response to the same stimulus. 

The average peak rate after the first phrase for the time-expanded call in A1 was 84 ± 8 

compared to only 64 ± 7 for the normal twitter (p<0.00005, n=291 sites). The average vector 

strength in A1 for the slow twitter was 0.6±0.02 which was lower than the synchronization to the 

7.1 Hz call (p<0.005) in this cortical field. This indicates that both A1 and thalamic neurons 

exhibit higher phase locking at the natural rate compared to either the compressed or expanded 

calls.  

For PAF neurons, the average peak rates following the first phrase for the normal and 

time-expanded calls were not different from each other (22 ± 4 vs. 18 ± 3, p=0.34, n=100 sites). 

The average vector strength of PAF neurons to the slow twitter was 0.54±0.02 which was larger 

than the value obtained for the 7.1 Hz twitter call (p<0.00001). Thus, in contrast to A1 and 

thalamus, the average vector strength of the time-expanded twitter call for PAF neurons was 
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considerably larger than synchronization of these neurons to the 7.1 Hz twitter call. PAF 

responses to the stretched twitter call also responded to each phrase, however, inspection of the 

population PSTH suggest that they were not as tightly locked as either A1 or thalamus. In fact, 

the average vector strength of PAF neurons to the time-expanded twitter call at 3.1 Hz was 

indistinguishable from the vector strength obtained from the thalamus and A1 at the same rate 

despite the substantially different population temporal response profile (p>0.05). This suggests 

that temporal modulation is not always expressed in the discharge synchrony of neurons.   

Compressing the twitter call substantially decreases the neural output in terms of driven 

rate and neural synchrony compared to both the normal and time expanded twitter (see 

compressed population PSTH on bottom of Figure 6) in the auditory thalamus. On average, only 

3.9 ± 0.4 spikes were evoked in the thalamus and the average instantaneous firing rate was 80% 

of the normal twitter (328 ± 17).  The average peak rate to the compressed call was only 30% of 

the normal twitter (155 ± 14 vs. 46 ± 8, p<0.0000001, n=182 sites) and 25% of the time-

expanded twitter (p<0.00001) in the auditory thalamus. The vector strength for the compressed 

twitter in the auditory thalamus was 0.555±0.02 and was lower than the normal twitter (p< 

0.000001) and indistinguishable from the time-expanded twitter (p>0.5).  

In A1 and PAF, time-compression reduced the total number of spikes by 75% compared 

to the neural response to the twitter call presented at 7.1 Hz (A1: 0.8241 vs. 3.3575, n=291 sites; 

PAF: 0.9591 vs. 3.7204, n=100 sites). Compression also lowered the average maximum 

instantaneous firing rate to ~70% of the normal twitter in both areas (A1: Normal: 233± 11 vs. 

compressed: 170 ± 9.6, p<0.0001; PAF: Normal: 127± 6 vs. compressed: 88 ± 6, p<0.0001). In 



  109 

 

A1, the average peak rate for the time-compressed twitter was following the response to the first 

phrase was 27% of the normal twitter (64 ± 7 vs. 17 ± 3, p< 0.000001, n=291 sites) and only 

20% of time-expanded twitter (p< 0.000001). In addition to a reduction in the driven rate, 

compression reduced the average vector strength value to 0.44±0.02 in A1. The discharge 

synchrony at this rate in A1 was lower than the normal twitter and the time-expanded twitter (p< 

0.000001). Examination of the compressed population PSTH in PAF shows that reliable 

responses to phrases after the first pulse were rare for this condition. The average vector strength 

in PAF for the compressed twitter call was only 0.26±0.02 and was lower than the vector 

strength at the 7.1 Hz and 3.6 Hz modulation rates in this field. When phrase frequency was fast 

(7.1 or 14.1 Hz), average VS values in PAF were consistently lower than both the thalamus and 

A1.  

The average driven rate for each temporal manipulation for all three areas (of sites with 

CF’s between 4-16 kHz) is provided in Figure 7. In summary, these results are consistent with 

the hypothesis that sequential acoustic context plays an important role in determining the 

response to complex sounds. Specifically, responsiveness of neurons in each of the three areas is 

reduced as the silent interval between phrases is reduced. These results suggest that temporal 

acoustic context determines the average driven discharge rate as well as the precision of spike 

timing. 

Temporal Rate Representations to Elemental Modulated Sounds in Thalamus, A1, PAF 
 

We probed the response of a subset of these neurons to more ‘elemental’ repetitive inputs 

that included modulation comparable rates to the temporally manipulated twitter calls. To 
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compare response adaptation to simple repetitive inputs between the three auditory areas, we 

determined the mean repetition rate transfer function (RRTF) for each of the areas using a simple 

measure based on discharge rate for trains of tones and noise (Figure 8). We also compared 

measures of synchronization based on vector strength measures of spike synchronization. 

Examination of the RRTF to temporally modulated tones and noise reveals that the 

overall shapes of the input-output functions for A1 and thalamus were similar. The mean 

function of each area generally exhibited a low pass filter function and is shown in Figure 8. 

Similar to previous observations; the average A1 response per stimulus was significantly 

decreased at rates above 10 Hz for both tones and noises (Figure 8 – middle column).  For 

modulation rates between 3-10 Hz, the average A1 typically exhibited facilitated responses 

compared to our estimate in response to a tone presented in isolation (at 0.5 Hz).  Response 

facilitation is also observed in the average RRTF in thalamic sites. For thalamic sites, the 

normalized RRTF has its largest response between 2-4 Hz (Figure 8 – first column). This 

modulation range was similar to where the average driven rate was highest for the temporally 

manipulated twitter call that had a 3.1 Hz modulation rate. In contrast, the RRTF for PAF 

neurons rarely exhibited facilitated responses for either tones or noise (Figure 8). In Table 2, we 

provide the average best modulation rate and limiting rates for the three areas using both spike 

rate based measures and vector strength measures.  

This table shows that the average best rate and limiting rates of A1 sites were higher than 

both PAF (p<0.001) and the thalamus (p<0.001) when rate based measures are used. The average 

best rate and limiting rate of thalamic sites was larger than PAF. When vector strength was used 

to determine the best modulation frequency, a similar pattern was observed with A1 exhibiting 
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the highest value of the three areas. The only difference we observed for best modulation 

frequency with the synchronization measure was the exception that the best rate of PAF and 

thalamus did not reach statistical significance. The mean best rate of A1 when rate based 

measures were used was over a factor of 3 higher than PAF and nearly a factor of 2 higher than 

the thalamus. The average peak vector strength of PAF was lower than both A1 and the 

thalamus, while the peak VS was equivalent for these two areas.  
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TABLE 2. TEMPORAL PROPERTIES OF AUDITORY THALAMUS, A1, AND PAF TO 

TONE TRAINS. These are the rate and synchronization based measures derived from the 

response to modulated tones. All values indicate mean and standard error of the mean. Limiting 

rate is the maximum repetition rate with more than half the response at the best rate. Best 

modulation rate (BMR) is the repetition rate that evoked the maximum number of action 

potentials per sound for the rate-based measure. The best rate was also determined for each site 

using the vector strength and Rayleigh statistic. The Rayleigh statistic (RS) limiting rate was 

defined as the highest repetition rate at which the RS was more than 50% of the RS at the RS 

best modulation rate. 

Response Parameter                       Thalamus                      A1                            PAF         
                                                          N=86 sites, n=3 rats                N=216 sites, n=8             N=84 sites, n=8 

Rate-based measures: 
   Best Modulation Rate (Hz)               4.5 ± 0.3                   7.2  ± 0.2                 1.90  ± 0.3   
   Spikes/Tone at BMF                       1.86 ± 0.08               1.86  ± 0.16                3.3  ± 0.21   
   Limiting Rate (Hz)                            9.2  ± 0.4                 11.3  ± 0.2                   6.5  ± 0.5   
 
Rayleigh Statistic measures: 
   Best Modulation Rate (Hz)              6.13 ± 0.24              8.17  ± 0.15               6.03  ± 0.29 
   Rayleigh Statistic at BMF                123 ± 13                 220  ± 10                    377 ± 29               
   Limiting Rate (Hz)                             9.6  ± 0.32             11.1   ± 0.14                 8.3  ± 0.35   
 
Vector strength measures: 
   Best Modulation Rate (Hz)                9.0 ± 0.35              9.91  ± 0.22               8.62  ± 0.45 
   Vector Strength at BMF                  0.92 ± 0.01               0.89 ± 0.01                0.71 ± 0.02           
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Influence of Temporal Acoustic Context in Thalamus, A1, and PAF (sash)  
 
 The response to temporally compressed and expanded twitter calls as well as repeated 

sequences of tone and noise burst trains suggested that sequential acoustic context plays a critical 

role in influencing temporal response profiles. In addition, the data presented above indicating 

that spectral acoustic content influences temporal response patterns across the frequency map in 

these areas suggests that there are interactions between stimulus spectrum and temporal acoustic 

context. Such interactions to sounds that contain spectrotemporal transitions like those found in 

connected speech are likely to contribute to the processing of natural sounds. To test this 

hypothesis, we compared masking effects on different elements of the word ‘sash’ in each of the 

three areas.  

The effect of preceding stimulus elements on subsequent stimulus elements for the word 

/SASH/ were quantified in each area by comparing the total number of spikes evoked to an 

individual element in isolation and the number of spikes evoked for that element when in the 

acoustic context of the entire word. In most cases the response to each element was highest if it 

was presented in isolation.  A summary figure detailing the magnitude of masking in different 

frequency bins across all three areas is provided in Figure 9. 

In the thalamus, the response to the vowel /A/ was suppressed by 10% on average when it 

was preceded by the /S/ by ~108 msec (2.97 ± 0.2 vs. 2.68 ± 0.21, p<0.005, n=182 sites). When 

only onset responses were compared, the overall magnitude of the suppression was ~27% (3.02 ± 

0.2 vs. 2.21 ± 0.2, p<0.00001, n=182 sites). A large portion of the suppression occurred for sites 

with characteristic frequencies above 8 kHz (Figure 9 – top). The response to the vowel /A/ was 
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suppressed by 42% when it was in the context of / SASH / for CFs between 8-32 kHz (2.48 ± 0.2 

vs. 1.44 ± 0.2, p<0.00001, n=82 sites). In contrast, low frequency sites with CFs between 1-4 

kHz showed no difference in the average driven rate for /A/ whether it was presented in isolation 

or in the context of sash (3.37 ± 0.6 vs. 3.14 ± 0.6, p>0.5, n=32 sites).  

When only onset responses were considered in A1, there were 31% more spikes to the 

/A/ presented by itself compared to the same sound when it was preceded by the high frequency 

consonant /S/ for sites with CFs between 1-32 kHz (1.09 ± 0.05 vs. 0.83 ± 0.05, p< 0.00001, 

n=445 sites). As in the thalamic recordings, this 25% adaptation of the onset component to the 

/A/ element in the context of the word sash also occurred primarily for sites with frequencies 

above 8 kHz (Figure 9 - middle). Similar to the thalamus, sites with frequencies between 1-4 kHz 

responded with an equivalent number of driven spikes in response to /A/ compared to the same 

element presented in the context of /sash/ (1.17 ± 0.09 vs. 1.16 ± 0.09, p>0.5, n=149 sites). In 

contrast, the response of neurons with CF’s between 8-32 kHz to /A/ were suppressed by 72% 

when they were preceded by the consonant /S/ (0.72 ± 0.06 vs. 0.2 ± 0.04, p<0.00001, n=195 

sites). 

PAF exhibited the largest magnitude of suppression for the vowel sound /A/ when in the 

context of /SASH/. Because of the lower instantaneous firing rate and the broader temporal 

dispersion of firing compared to the other two areas, we calculated the driven rate over a period 

of time that was equal to the duration of each individual element. There were 72% fewer spikes 

for /A/ in the context of sash compared to the same sound presented in isolation (0.61 ± 0.07 vs. 

2.2 ± 0.12, p<0.00001, n=179 sites). In this field, neurons in each frequency bin analyzed 
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responded with fewer spikes when the vowel was preceded by the consonant /S/ but was most 

pronounced for the 4-8 kHz and 16-32 kHz ranges (Figure 9 – bottom).  

We also tested the influence of /A/ on /SH/ in these three auditory areas. The separation 

between onsets of these two elements was longer than the separation between the /S/ and /A/ 

(~152 msec vs. ~108 msec). In the thalamus and A1, no significant influence of /A/ on /SH/ was 

observed when a wide window was used for analysis. However, evaluation of only the onset 

component revealed 22% fewer spikes for /SH/ when it was preceded by the low frequency /A/ 

compared to /SH/ in isolation (1.9 ± 0.13 vs. 1.46 ± 0.13, p<0.00001, n=182 sites) in the auditory 

thalamus. Quantitative analysis of the subpopulation PSTH’s in this auditory area revealed that 

the majority of this adaptation of the /SH/ by a preceding element /A/ occurred for frequencies 

between 4 and 16 kHz and not in the extremely low (1-4 kHz) and highest frequencies (16-32 

kHz) probed (Figure 10 – top). For CFs between 4 and 16 kHz, the average driven rate for the 

/SH/ was 2.4 ± 0.16 compared to 1.8 ± 0.17 when it was preceded by /A/. This represents a 

suppression of approximately 58%.  

In A1, there was only a modest degree of adaptation of approximately 10% to the /SH/ 

when preceded by /A/ when wide windows were employed (0.94± 0.06 vs. 0.84 ± 0.06, p<0.05, 

n=445 sites). Quantitative analysis of subpopulation PSTH’s in A1 revealed no significant 

adaptation in any of the frequency bins (Figure 10 – middle). In fact, in the 8-16 kHz frequency 

range, we observed modest degree of response facilitation/enhancement to the /SH/ when it was 

preceded by the element /A/ (1.47± 0.13 vs. 1.22 ± 0.095, p=0.0283, n=89 sites). This finding 

with a complex sound which contains natural transitions is consistent with the observation that 
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response facilitation is maximal when the spectral separation of tonal elements was ~1 octave 

and is separated by at least 100 msec (Brosch M and CE Schreiner, 1997). 

PAF showed suppression with 29% fewer spikes for /SH/ when it was preceded by /A/ 

compared to when it was presented in isolation (1.2± 0.1 vs. 0.83 ± 0.1, p<0.0001, n=179 sites). 

When individual subpopulation PSTH’s were evaluated, we determined that the most of the 

suppression of /SH/ when it was preceded by /A/ 152 msec earlier was occurring for sites with 

CFs between 4-8 kHz (1.45± 0.1 vs. 0.82 ± 0.1, p<0.00001, n=79 sites) (Figure 10 – bottom). 

In summary, the adaptation results described above indicate that dynamics of neurons in 

all three areas to respond with excitatory activity depends on the both the spectral and temporal 

stimulus context even for short duration stimuli (i.e. words).  

Spectrotemporal Discharge Pattern of the Population Response for Sash and Twitter in 
Thalamus, A1, PAF  
  

To summarize the distributed representation of complex sounds and their variants, 

population response maps were constructed from PSTHs aligned according to their objectively 

defined frequency. Evaluation of only subpopulation PSTH’s can hide rich and potentially 

important structure in individual neural responses. An important observation of the present study 

is that the spectrotemporal discharge pattern of sites in A1 and thalamus was determined by the 

spectrotemporal acoustic pattern. Examination of these patterns in all three areas reveals that the 

distributed response represents the main spectrotemporal features of the complex sounds albeit in 

a substantially more abstract form than the spectrotemporal acoustic input, particularly in PAF. 

These patterns confirm all of the forward masking observations described above. The patterns of 



  117 

 

activation provided in Figures 11, 12, & 13 for the thalamus, A1, and PAF demonstrate that the 

representation of a complex sound is by a large number of neurons and are consistent with 

population-coding schemes. For each figure, the neurograms show the response to /SASH/, 

/ASH/, /SH/, and the marmoset twitter vocalization from the same population of neurons. 

Individual sites usually responded to a vocalization with a discharge rate above the 

background firing rate if the acoustic spectrum of the complex sound extended into an individual 

sites receptive field. For the entire word sash and for the phrases of the marmoset twitter 

vocalization, the frequency of peak energy regions and the details of individual elements are 

reflected in the neurograms for A1 and the auditory thalamus. Specifically, each element or call 

phrase is marked by discharges across A1 by units with appropriate tuning properties. For 

example, the neurogram for the /S/ element in A1 in response to /SASH/ primarily evoked 

responses with CFs greater than ~8 kHz while the second element /A/ evoked responses from 

units with tuning for lower frequencies (Figure 12 - top). Examination of the neurograms and the 

spectral energy of the individual elements used to evoke neural responses show that the spread of 

discharges as indicated by an individual sites CF was typically wider than the range of spectral 

energy of the acoustic input. This is consistent with the findings described above using 

subpopulation PSTHs. The neurograms from the same population of neurons in response to the 

twitter call are provided and also support this observation.  

Our observation that high frequency neurons above 8 kHz were masked by /S/ in all three 

areas is confirmed in the neurograms by comparing these neural patterns of activation to the 

word / SASH/ with the activation pattern of the same neurons to /ASH/ (compare top panel to 

second panel in each figure). In PAF, examination of the neurograms also reveals that 
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frequencies below 8 kHz were masked by the presence of a preceding /S/. Differences in the 

patterns of activation can also be observed by comparing the neurograms of /SH/ in isolation and 

when it is in the context of /SASH/ and /ASH/ in each area and indicate that the response to /SH/ 

can also be influenced by preceding stimuli in some of the areas.  

Responses to Forward and Reversed Sash in Thalamus, A1, and PAF  
 

We also completed an analysis of direction selectivity based solely on discharge rate for 

the word sash, which has a substantially different amplitude temporal envelope than the twitter 

vocalization. Thalamic neurons fired 11% more spikes for the forward version of sash (p=0.014) 

and the mean of the DS index was 0.118 (n=171 sites) indicating a mild degree of direction 

selectivity for the forward version (p<0.0005). In contrast, the number of spikes evoked for the 

forward and time-reversed versions of sash for these two cortical fields were equivalent (p>0.5). 

The mean of the DS index for sash in the thalamus is different from A1 (p<0.001) but was not 

statistically different from PAF (p=0.35).  

Multi-Unit Responses to Vocalization Sounds in Awake Auditory Cortex 

 All of the responses and patterns of activation described in the preceding sections were 

obtained from animals anesthetized with barbiturate anesthesia. To test whether some of the 

forward masking patterns and speech responses obtained under anesthesia are also observed in 

unanesthetized animals, we recorded cortical responses from 8 rats with chronically implanted 

microelectrode arrays. The pooled data set presented in this report consists of 42 sites that 

responded to elements of the complex sounds. Tuning from these sites was estimated from the 

response to either iso-intensity tuning curves or a set of tuning curve frequencies that had fewer 

frequency steps that those obtained from the anesthetized animals and thus are not directly 
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comparable to the data presented above. Although most of our awake population was likely from 

area A1, our sample may have also included some units from other cortical fields such as the 

PAF or anterior auditory field (AAF) (Doron NN et al., 2002; Rutkowski RG et al., 2003). 

Although this technique does not allow us to generate detailed global cortical patterns of 

activation because of the limited number of active recordings from each animal (or to know the 

depth with any certainty), it does allow us to confirm whether the general phenomenology of 

forward masking is present in an awake non-behaving state. It also allows us to confirm that the 

phasic responses we observed in the anesthetized recordings are present in the awake condition. 

Among the population selected, the range of spontaneous firing rates was approximately 50 

spikes/sec. To characterize the population of awake sites, we considered only mean firing rates.  

As expected, we observed that the temporal firing patterns and spontaneous firing rates 

are different in the absence of anesthesia. In Figure 14, we provide examples of responses from 

two recording sites obtained from two different animals, one which contains only onset 

discharges and the other that exhibits sustained discharges to /SASH/, /ASH/, and /SH/. The 

phasic responder in shown in the left panel was tuned to approximately 11 kHz and responds 

very much like our anesthetized A1 sites. The individual example provided on the right panel 

was tuned to a low frequency and responds in a similar manner as our anesthetized PAF sites 

with its broad temporal profile in response to the /A/. Although both types of responses were 

present in our awake neural dataset, the pooled data provided in Figure 15 appears to be 

somewhat similar to what we obtained under barbiturate anesthesia and likely contains both A1 

and PAF sites. In Figure 15, we provide a population PSTH of these sites in response to /SASH/, 

/ASH/, and /SH/. The population PSTH in response to /SASH/ exhibits two clear phasic peaks in 
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response to the /S/ and the /A/. From this figure, it is clear that some of the temporal acoustic 

context observations described above in response to the word /SASH/ and its variants are also 

present in populations of awake neurons. In particular, the suppression of the /A/ component 

when it is preceded by /S/ is consistent with our observations in the anesthetized recordings 

using the same stimuli. When only onset responses were compared, the overall magnitude of the 

suppression was ~14% (3.36 ± 0.33 vs. 2.87 ± 0.37, p<0.005, n=42 sites). Qualitative 

examination of the population PSTH reveals that there was no substantial response peak in 

response to the /SH/ when it was presented in the context of /SASH/. The magnitude of the 

response attenuation to /SH/ was ~90% when it was in the context of /SASH/ (1.81 vs. 0.15, 

p<0.00001) and was 43% when it was presented in the context of /ASH/ (1.81 vs. 1.045, 

p<0.0001). This suggests that masking effects could be even stronger in the unanaesthetized 

condition. These pilot data confirm that some of the contextual masking effects are present even 

in the absence of anesthesia. 

DISCUSSION 

Summary of Findings 

We observed several similarities in the processing of sounds across the thalamus, primary 

auditory cortex, and posterior auditory field and we summarize the major findings. First, all three 

areas showed phasic responses to major energy transitions in the complex stimuli. Second, we 

demonstrate the temporal response patterns of discharges depend on the CF of individual sites, 

which indicates that frequency tuning in all three areas plays an important role in determining the 

neuronal response. Third, we document that for some classes of complex sounds there is a strong 



  121 

 

direction preference, while for other classes of sensory input with substantially different 

temporal envelopes, there is no evidence of a preference for direction. A fourth major finding 

from this series of experiments is that temporal acoustic context can substantially influence the 

average driven discharge rate as well as the precision of spike timing. We document in detail 

how the activity of neurons in each of these areas is influenced by stimulus history and 

spectrotemporal context on several time scales – specifically for temporally manipulated monkey 

vocalizations, repeated trains of tones and noise, and connected words and speech sounds.  

The data reported in this study are in accordance with population coding schemes for the 

neural representation of complex sounds. Specifically, the responses of thalamic, primary, and 

non-primary cortical neurons are not faithful replicas of the spectrotemporal patterns of 

vocalizations, but have been substantially transformed into more abstract representations 

compared to those reported for the neural responses of the auditory periphery. Finally, we 

provide preliminary data indicating that the effects of spectrotemporal acoustic context and 

forward masking are present for the coding of complex sounds in unanesthetized cortex.  

Representation of Spectral Features in Thalamus, A1, and PAF 
  

Our results demonstrate that the fine time patterns of discharges depend on the CF of 

individual sites. The data provided in Figures 3 and 4 (subpopulation PSTHs) as well as Figures 

11-13 (neurograms) confirm the importance of spectral energy in the CF frequency band for the 

neural response. Individual sites in each area demonstrated a relationship to the energy of the CF 

frequency component of the complex sounds. For example, in A1, the source of the first peak of 

activity in response to /SASH/ was in response to the high frequency energy present in the 

consonant /S/ while the second peak was generated by the low frequency energy present in the 
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vowel /A/. For the twitter call, most of the temporal response peaks were due to increased firing 

rate activity between 4-16 kHz where the most spectral energy for each of the phrases was 

located. Thus, the major spectral features were reflected in the subpopulation PSTHs for both 

sets of complex sounds. 

Forward versus Reverse Selectivity for Twitter and Sash 

It has been shown that natural vocalizations produce stronger responses than equally 

complex artificial sounds such as time-reversed versions of natural vocalizations in cat, primates, 

songbirds, and bats (Doupe AJ and MM Solis, 1997; Esser KH et al., 1997; Gehr DD et al., 

2000; Margoliash D, 1983; Wang X et al., 1995). These reports suggested that there is a 

preference to vocalizations that are of behavioral significance as compared to behaviorally 

irrelevant sounds. To test this proposition, Wang and Kadia (2001) compared responses to 

natural and time-reversed twitter vocalizations in the auditory cortex of marmosets and cats. 

They reported that neurons in marmoset A1 showed a preference for the natural twitter calls over 

the time-reversed twitter calls. This preference was absent in cat A1. These investigators 

suggested that the differential responses to forward and reversed twitter calls observed in 

marmoset but absent in cats may have been due to experience-based or developmental plasticity 

(functional/structural) mechanisms that do not exist in cats.  

By studying behaviorally irrelevant twitter calls in the thalamus and cortex of another 

species that does not encounter marmoset vocalizations in its acoustic environment, our data are 

relevant to this particular issue. We reasoned that any differences between responses of rat 

neurons to forward and time-reversed calls could be due to differences in the acoustic structure 

of these two types of sounds because neither one has any behavioral relevance to the rats in this 
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study. Our results reveal that neurons in the thalamus, A1, and PAF exhibit selectivity for 

direction of the forward twitter call. The degree of selectivity in rat A1 did not reach the 

magnitude of selectivity reported in marmoset A1, but was clearly greater than the selectivity 

reported in cats in the study by Wang and Kadia. Therefore, experience-based plasticity 

mechanisms may still play a critical role in the increased selectivity observed in marmosets, 

although cautious interpretation and well-executed plasticity studies will be required to test this 

hypothesis. It is reasonable to assume that communication sounds have evolved to increase or 

optimize their detection by higher order neurons in thalamocortical networks and that the 

encoded features of such sounds are those in which the salience in these areas is increased.  

Regardless, these sounds are still useful for examining neurons in the sense that they contain 

‘low-level’ acoustic features that are detected and processed by thalamic and cortical neurons. 

A potential explanation for the strong direction selectivity we observed in rats for the 

twitter call may be from the previously reported preference of neurons in this species to upward 

direction FM sweeps. Recall that the twitter vocalization call consists of a series of phrases of 

upward sweeping frequency modulated sweeps. Most studies of rat FM processing (including 

our own observations, (Moucha R et al., 2003)) indicate that a majority of neurons do not prefer 

either the upward or downward direction of frequency modulation. However, of the neurons that 

do exhibit a direction preference for simple FM sounds, it is typically for the upward direction. 

Several investigators have reported that MGBv and A1 neurons in rats exhibit a preference for 

upward sweeping FM sweeps (Gaese BH and J Ostwald, 1995; Lui B and JR Mendelson, 2003; 

Ricketts C et al., 1998) although some exceptions do exist (Orduna I et al., 2001). In this species, 

there is a trend that selectivity for FM sweep direction increases at higher levels in the auditory 
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pathway (Poon PW et al., 1991; Rees A and AR Moller, 1983; Ricketts C et al., 1998). Our data 

using the marmoset twitter vocalization to probe neural responsiveness in rats appears to be 

consistent with that trend, particularly given the extreme selectivity of PAF neurons to the 

forward twitter call.  

It is also possible that the preference for forward twitter calls relative to reversed calls in 

the rat and marmoset are simply the result of nonspecific factors such as those studied by Heil on 

cortical onset responses (Heil P, 1997). In the reports by Wang and colleagues, the phrases of the 

twitter call appeared to be accompanied by echoes which have a slow decay time. When such 

sounds are reversed, the acoustic structure (i.e. amplitude envelope) of each twitter phrase has a 

slow onset and a fast decay rather than the sharp onset and slow decay that are present in the 

natural call. Therefore, the influence of acoustic structure and stimulus dependent features cannot 

be conclusively ruled out.   

 It is not yet clear why the cats exhibit no preference for the forward twitter call while 

neurons in both rats and marmosets do exhibit selectivity for this call. It is possible that the 

differences observed between studies may be due to real species differences between cats, 

marmosets, and rats. Rats and marmosets share body size, prey status, and more common 

vocalization characteristics. In contrast, vocalizations in the cat (i.e. meows) typically are 

dominated by low frequency energy and do not have strong repetitive aspects (Gehr DD et al., 

2000) compared to marmosets. In addition, there appear to be real differences in the directional 

bias of rats and cats for elemental frequency modulated sounds. For example, while rats prefer 

upward FM sweeps (Gaese BH and J Ostwald, 1995; Lui B and JR Mendelson, 2003; Ricketts C 
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et al., 1998), a preferred sensitivity to downward FM sweeps is consistently reported in cats 

(Heil P et al., 1992; Mendelson JR et al., 1993).  

In contrast to the pronounced direction selectivity for twitter call, we observed no 

selectivity for the word /SASH/, which has a substantially different amplitude envelope than the 

twitter call, in either A1 or PAF. We did observe a modest degree of selectivity for sash in the 

thalamus, however it was not as robust as the selectivity observed for the twitter call. 

Collectively, our results suggest that thalamic and cortical neurons are extremely sensitive to 

acoustic features of the sensory input and that temporal selectivity may not be as strongly 

influenced by experience or species-specific preferences as it is by simple acoustic features. We 

acknowledge that natural stimuli such as those used in this and previous studies are full of 

spectral and temporal complexities that make interpretations difficult, but in our view, it is clear 

from our findings that it is important to not over interpret preference for the direction of a sound. 

This caveat is true for both direct neural recording studies as well as neuroimaging studies (i.e. 

(Lewis JW et al., 2004)).   

Temporal Manipulations Influence Neuronal Output – Temporal Manipulations of the Twitter 

Call  

 
In experiments in which species-specific monkey calls were manipulated in the temporal 

domain, Wang and colleagues (1995) demonstrated that speeding up or slowing down of the 

signal resulted in reduced neural responses in marmosets. Such manipulations are used in 

primate field studies designed to explore which acoustic cues are used to classify different 

conspecific vocalizations (Ghazanfar AA and MD Hauser, 2001; Ghazanfar AA et al., 2001; 
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Hauser M et al., 1998; Miller CT and MD Hauser, 2004). In our study, the response to 

temporally manipulated versions of the twitter call (and the word sash) and simple sequences of 

tones and noise also demonstrate that such manipulations can substantially influence neural 

output and in some instances spike synchronization.  

We first address the consequences of temporally altered variations of the twitter call. In 

all three regions, the average driven rate was decreased as the modulation rate of the twitter call 

increased. In addition, we observed that compression of the twitter call caused neurons in all 

three areas to display less discharge synchronization when compared to the natural versions of 

the twitter call. The response to rapidly modulated trains of tones at a similar modulation rate as 

the compressed twitter resulted in a similar pattern of results for both driven rate and response 

synchronization. Stretching the twitter call resulted in an increase in the average driven rate in all 

three areas compared to both the normal and compressed twitter call. In A1, no increase in the 

discharge synchronization was observed in response to the stretched call while in the thalamus 

we quantified a decrease in the average discharge synchronization. The lower synchronization 

for the stretched call in the thalamus was the result of the sustained/offset responses preceding 

the onset of each subsequent phrase (with the exception of the first phrase). It is possible that the 

reduction in modulation rate allowed these neurons to detect an acoustic feature in each phrase of 

the twitter call that produced these nonsynchronous discharges. In contrast to the thalamus, 

stretching the twitter call produced an increase in the response synchronization in PAF compared 

to the natural twitter call.  
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Relevance of Temporal Manipulations of Twitter and Repeated Tones or Noise to 

Psychophysical Studies in Humans 

 Most species-specific vocalizations show prominent fluctuations in the temporal 

envelope in the low frequency range below about 100 Hz. In speech, the temporal modulations 

are in the range of 2-16 Hz (Plomp R, 1983). The peak modulation rate in human speech is about 

3-4 Hz which corresponds to the average rate for syllables and to the sequence rate of words and 

psychophysical studies. Psychophysical studies in humans have documented that the modulation 

frequencies most relevant for speech intelligibility and comprehension range from 4-15 Hz 

(Drullman R et al., 1994). The scale of compression and expansion of the twitter call that we 

used in this study was designed to approximate these modulation ranges. The decreased neural 

output and reduced synchrony to the compressed twitter call in this study are generally consistent 

with previous animal studies as well as speech perception and brain imaging studies of human 

auditory cortex (Ahissar E et al., 2001; Creutzfeldt O et al., 1980; Eggermont JJ, 2001; Giraud 

AL et al., 2000; Harms MP et al., 2004; Harms MP and JR Melcher, 2002; Joris PX et al., 2004; 

Liegeois-Chauvel C et al., 2004; Lu T et al., 2001; Schreiner CE and JV Urbas, 1988). Ahissar 

and colleagues, using magnetic responses in auditory cortex, elegantly demonstrated that the 

degree of locking to the temporal envelope correlates with speech comprehension (Ahissar E et 

al., 2001). Specifically, poor comprehension of accelerated speech was paralleled by a degraded 

capacity of auditory cortical responses to follow the frequency of the temporal envelope of 

sentences. Collectively, these studies strongly suggest that the modulation following capacity of 

rostral levels of the auditory system, particularly at the cortical level of processing, needs to 

match the speech range for good speech intelligibility. 
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 The data from the three areas in response to periodically modulated sounds of tones and 

noises is generally complementary to our findings with compressed twitter. The values of the 

best modulation rates of these three areas may be of critical importance because it puts 

constraints on hypotheses about whether thalamic and cortical neurons contribute to the 

sensation of ‘roughness’ or ‘rhythm’ of sounds.   

Temporal Manipulations Influence Neuronal Output – Acoustic Manipulations of the word Sash  

 The general lack of temporal selectivity for the word /SASH/ led us to test how other 

acoustic manipulations altered the output of neurons in each of these three areas. Specifically we 

were interested in testing whether some of the principles of post stimulatory response 

suppression and enhancement observed in previous studies using tones (Brosch M and CE 

Schreiner, 1997, 2000; Brosch M et al., 1999) could also be observed in the processing of speech 

sounds with natural transitions. A key question was whether these mechanisms are observed in 

the processing of more natural sounds. 

In the investigations by Brosch and colleagues, response attenuation in auditory cortex 

and cats and monkeys depends not only on the stimulus onset asynchrony of individual elements 

in a sound pattern, but also on the spectral separation of the two tones in a sound sequence of 

tones. They found that this attenuation was strongest and lasted the longest period of time when 

the first and second tones had the same frequency.  They concluded that the spectral filtering of 

cortical neurons varies with temporal acoustic context as much as the temporal filtering varies 

with the spectral content of tone patterns. Although they did not test this explicitly, an important 

implication of their result is that temporally modulated signals in which the spectral content of 

individual elements changes (i.e. speech and other natural sounds) produces substantial changes 
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in the neural output in response to natural sounds. Our results with the twitter call were in accord 

with that hypothesis and we were interested in testing whether this was also the case for a 

contiguous word which had no silent periods like the twitter vocalization.  

We found that temporal acoustic context in words influences subsequent responses in 

specific subpopulations of frequency tuned neurons and in varying degrees in the three auditory 

areas. For example, our result demonstrating that the neural output in response to /A/ is masked 

by the presence and activity generated by the high frequency sound /S/ that begins 108 msec 

earlier is consistent with forward masking results using tonal stimuli (Brosch M and CE 

Schreiner, 1997). In particular, in thalamus and A1, the high frequency regions are the neurons 

that exhibit the most response attenuation. High frequency neurons are activated by the low 

frequency sound of the vowel /A/, but these responses are suppressed when a strong response of 

these evoked by the high frequency sound /S/. In PAF, response attenuation was observed 

throughout the entire frequency range, but this is not entirely surprising given that the integration 

time required is substantially longer when assayed using elemental repetitive inputs and the 

substantially wider receptive field sizes in this cortical area. 

The tone sequence studies by Brosch and colleagues also demonstrated that response 

attenuation as well as response enhancement could be observed in the same neuron (Brosch M et 

al., 1999). This occurred under different SOA and frequency conditions. Enhancement in the 

cortex was produced only when the tonal stimuli had a minimum SOA of several tens of 

milliseconds, but was maximal at ~100 msec. Of the three areas probed in our study, we were 

able to record response enhancement only in A1. This was observed in response to the /SH/ 

sound when it was preceded by either /A/ or when it was presented in the context of the word 
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/SASH/. The facilitation observed occurred only in 8-16 kHz range. This finding with a 

continuous speech input is consistent with the observation that response facilitation is maximal 

when the spectral separation of elements of the sound pattern was ~1 octave and is separated by 

at least 100 msec. 

The response suppression and enhancement we quantified in this study indicate that 

dynamics of neurons in all three areas to respond with excitatory activity depends on the both the 

spectral and temporal stimulus context even for short duration stimuli (i.e. words).  

Technical Considerations 

 Three methodological aspects of this study warrant brief mention. First, most of the 

functional data reported in this study were obtained from rats anesthetized with pentobarbital. 

Second, all of the spike data collected in these experiments was derived using multiple-unit 

recording technique. Third, no histological verification was conducted for thalamic recordings. 

Auditory cortex has long been known to be affected by anesthesia and these effects on 

cortical responses have been described in detail by a number of other investigators (Cheung SW 

et al., 2001; Gaese BH and J Ostwald, 2001; Zurita P et al., 1994). Although one must be 

cautious in generalizing the results from this study to activity of awake rats (Gaese BH and J 

Ostwald, 2003), our preliminary findings from chronically implanted rats in Figures 14 and 15 

suggests that temporal acoustic context and forward masking is present in the neural activity of 

awake rats. While it is possible that the use of general anesthesia may differentially alter the 

responses of thalamic, primary, and non-primary neurons, the reported data were from responses 

recorded under identical conditions. Thus, the effect of anesthesia represents an experimental 

constant and is unlikely to be responsible for the differential response profiles reported in this 
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study. In addition, the preliminary data presented from chronically implanted rats indicates that 

at least for cortical responses, some of the forward masking findings are present in awake rats. 

Despite the reported limitations of anesthetics, the data reported in this and previous studies 

serve as a basis for comprehensive studies under awake and behaving conditions.  

 The multiple unit recording technique employed in this study offers several advantages. 

The primary advantage of multi-unit recording technique is that it allows spatial distributions of 

neuronal response properties to be determined in fine detail. An additional advantage is that 

responses recorded at each site reflect the summed activity integrated at that location and thus 

more accurately represents the mean activity at that site than would any given single unit. Given 

the large class of sounds used to probe neural responsiveness in this study, multi-unit recordings 

were necessary to sample from as many locations as possible over a limited period of time. In 

addition, Brosch and Schreiner (1997) reported that temporal properties of forward inhibition in 

cat auditory cortex using tones of single and multiunit data recorded in parallel were not 

significantly different. 

An additional caveat of this study is that there was no histological verification conducted 

for thalamic sites; however, most of the sites exhibited short latency responses, consistent with 

those previously been reported in the rat literature using similar recording techniques or stimulus 

protocols (Cotillon-Williams N and JM Edeline, 2003; Massaux A et al., 2004; Villa AE et al., 

1996). We deliberately chose not to subdivide based on physiological criteria because we were 

interested in studying the thalamic population as a whole. It is however, possible that a portion of 

our sample includes non-lemniscal areas of the auditory thalamus which show heterogeneity of 

response properties and cell types (Bartlett EL and PH Smith, 1999, 2002; He J, 2002, 2003; Hu 
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B, 2003; Hu B et al., 1994). Again, given the large class of sounds, several similarities and 

differences between the three areas in this study could be detected based solely on functional 

criteria. 

CONCLUSIONS  

 
 Although rats do not experience monkey vocalizations or human speech sounds in their 

normal environment, the data in this report reveal that many of the basic aspects of acoustic 

processing are likely shared between many species. Nearly every mammalian species studied to 

date exhibits a tonotopically organized auditory system. While there are differences in frequency 

selectivity and the frequency range of hearing, the basic organization of auditory spectral 

receptive fields is qualitatively similar.  

Basic temporal processing is also comparable across species (Joris PX et al., 2004; 

Langner G, 1992). For tones, clicks, and simple acoustic patterns, it is well established that 

neurons in the auditory system often exhibit substantial adaptation when a second stimulus is 

presented. The magnitude of suppression depends on the spectral composition, duration, and 

temporal separation of the two stimuli (Brosch M and CE Schreiner, 1997; Fishmana YI et al., 

2004). In the thalamocortical system, the timescale of this form of sensory adaptation closely 

matches the forward masking phenomena observed in human psychophysical studies which 

demonstrated the perceptual consequences of stimulus context for speech processing (Holt LL 

and AJ Lotto, 2002; Holt LL et al., 2000). The timescale of sensory adaptation for processing the 

acoustic environment likely occur on multiple timescales concurrently (Ulanovsky N et al., 

2004). In general, the data reported in this study are consistent with prior forward masking 
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reports. 

While the representation of speech and many classes of complex sounds have been well 

characterized in the auditory nerve and brainstem (Delgutte B, 1997; Delgutte B and NY Kiang, 

1984, 1984; Eggermont JJ, 2001; Sachs MB and ED Young, 1979; Sinex DG and GD Chen, 

2000; Sinex DG and CD Geisler, 1983; Wang X and MB Sachs, 1993, 1994; Young ED and MB 

Sachs, 1979), there are relatively few studies that have systematically explored how speech and 

other natural sounds may be represented at rostral levels of the auditory system. Physiological 

recordings from auditory cortex in humans and animals have shown qualitatively similar evoked 

responses to speech and other complex sound patterns (Creutzfeldt O et al., 1989; Steinschneider 

M et al., 2003; Steinschneider M et al., 1995; Steinschneider M et al., 2004; Steinschneider M et 

al., 1999). Indeed, our anesthetized data from rats neurons in response to the marmoset twitter 

call were in many ways remarkably similar to those observed in marmosets. Collectively, these 

results indicate that rats can be used to study general auditory processing mechanisms that may 

be engaged in the processing of natural sounds. Additional studies will be needed to determine 

whether the principles observed with this small set of vocalizations will generalize to other 

speech sounds and other species-specific vocalizations. We expect that most auditory thalamic 

and cortical neurons will respond to natural vocalizations with phasic responses to major energy 

transitions dependent upon preceding activity and spectral bandwidth.  

Numerous studies have shown that with sufficient training, non-human animals such as 

rodents (Kuhl PK and JD Miller, 1975, 1978; Toro JM et al., 2003), primates (Kuhl PK and DM 

Padden, 1982; Ramus F et al., 2000),and even birds (Dent ML et al., 1997; Kluender KR et al., 

1987) can learn to distinguish human speech sounds. A great deal of animal and theoretical work 
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has recently been directed towards identifying the neurobiological changes that underlie 

perceptual learning and categorization (Ghose GM, 2004; Gilbert CD et al., 2001; Tsodyks M 

and C Gilbert, 2004). Several studies also support the hypothesis that features of the sensory 

input can help guide the degree and direction of neural plasticity (Kilgard MP and MM 

Merzenich, 1998; Kilgard MP and MM Merzenich, 1998; Kilgard MP and MM Merzenich, 

2002; Kilgard MP, PK Pandya, J Vazquez et al., 2001; Kilgard MP, PK Pandya, JL Vazquez et 

al., 2001; Moucha R et al., in press). A central concept in auditory neurophysiology is that sound 

has basic physical properties that can be parameterized and decomposed into a finite and well-

defined set of acoustic features. The parameters of each of these features are finite (bandwidth, 

modulation rate, modulation depth, intensity/power, duration, etc.). Thus features of the naturally 

occurring sensory inputs may serve to guide experience-dependent neural plasticity associated 

with perceptual learning.  

The underlying neural basis of this form of learning is not well understood. It will be of 

interest to see if and how thalamic and cortical neurons change their processing of 

spectrotemporal information based on experience with different classes of complex sounds such 

as those used in this study. Unfortunately, most studies on auditory plasticity and sensory guided 

reorganization used only pure tones as stimuli, so that the effects of changes in neuronal response 

patterns found may be much too large and non-representative for complex sounds which 

generate a spatially diverse activity pattern in the auditory system like those quantified in this 

and other studies. This calls for studies in which complex sounds are used to investigate the 

plasticity of neural information processing. Although many animal experiments paradigms have 

been used to induce auditory plasticity, most have used relatively simple spatially restricted 
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stimuli. However, plasticity studies using exposure to more complex acoustic stimuli are 

emerging (Bao S et al., 2003; Kilgard MP and MM Merzenich, 2002; Kilgard MP, PK Pandya, 

JL Vazquez et al., 2001; Mercado E et al., 2001; Moucha R et al., in press). For example, under 

what circumstances would long term exposure or training to the acoustic pattern generated by the 

word /SASH/ lead to changes in masking patterns or direction selectivity? What form of 

neurobiological reorganization would occur if a series of frequency modulated sweeps like the 

twitter were used as a training stimulus in a detection or discrimination paradigm and how might 

these changes be expressed in thalamic and cortical neurons? Additional neural coding and 

plasticity studies using speech and speech-like analogues will be needed to extend our present 

understanding of physiologic correlates of acoustic features (i.e. nasals, place of articulation, 

voicing, vowel features, etc) and the effects of their phonetic context at rostral levels of the 

auditory neuraxis where perception presumably occurs.  
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Figure 1. Time-domain waveforms (top) and spectrograms (middle) showing changes in 

frequency content as a function of time for the word /SASH/ (left) and the marmoset twitter 

vocalization (right) that were used as stimuli. The power spectra of the three elements of the 

word /SASH/ and the first two phrases of the twitter call are provided below the each 

spectrogram, respectively.  
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APPENDIX 

CHAPTER THREE 

FIGURE 1 



   

 

 

Figure 2. Temporal population response profile to the English word ‘sash’ (top) and the monkey 

twitter call (bottom). Population PSTHs of neural responses to the word /sash/ and twitter for the 

auditory thalamus (n=5 rats, 182 thalamic sites), A1 (n=12, 445 sites), and PAF (n=8 rats, 179 

sites). 
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FIGURE 2 



   

 

Figure 3. Role of spectral energy in the twitter call in determining the temporal response of A1 

neurons. Population poststimulus time histograms (PSTH) from three frequency regions of the 

A1 map in response to the marmoset twitter call. 
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FIGURE 3 



   

 

Figure 4. Role of spectral energy in sash in determining the temporal response of A1 neurons. 

Population poststimulus time histograms (PSTH) from five frequency regions of the A1 map in 

response to /sash/. 
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FIGURE 4 



   

 

Figure 5. Direction selectivity for the twitter call in thalamus, A1, and PAF. In the first column, 

each scatter plot shows a comparison between mean firing rates to natural and reversed calls for 

individual sites in each area. In the second column, each histogram shows the distribution of the 

selectivity index (d) for each area respectively. The mean of each distribution is marked the solid 

vertical line. In the third column, the averaged temporal discharge patterns of responses to the 

forward twitter call (solid lines) and its time-reversed version (dashed lines) for each area is 

provided for sites with CF’s between 4-16 kHz.  
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Figure 6. Temporal population response profiles to the stretched (top) and compressed (bottom) 

monkey twitter call in thalamus, A1, and PAF. Note: y-scale is different for each area 

respectively.  
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FIGURE 6 



   

 

Figure 7. Entrainment to the twitter vocalization in thalamus, A1, and PAF. Mean driven rate 

across the stimulus duration was calculated for each stimulus temporal manipulation.  
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FIGURE 7 



   

 

Figure 8. Temporal rate representations to elemental modulated tones presented at 14 rates (top) 

and noisebursts presented at 4 rates (bottom) in the auditory thalamus, A1, and PAF. In the each 

panel, the number of evoked spikes per tone (solid line) or noiseburst (dashed line) at each 

repetition rate is plotted with standard error of the mean. 
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FIGURE 8 



   

 

Figure 9. Summary of masking of /A/ when it is preceded by /S/ in the thalamus (top), A1 

(middle), and PAF (bottom). Asterisks indicate frequency ranges where there was a significant 

reduction in the number of action potentials in response to /A/ when it was preceded by /S/.    
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FIGURE 9 



   

 

 
Figure 10. Summary of masking of /SH/ when it is preceded by /A/ in the thalamus (top), A1 

(middle), and PAF (bottom). Asterisks indicate frequency ranges where there was a significant 

reduction in the number of action potentials in response to /SH/ when it was preceded by /A/. 

Note that A1 is the only area that exhibited a significant facilitation.   
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FIGURE 10 



   

 

Figure 11. Spectrotemporal discharge patterns of thalamic neurons to ‘sash’, ‘ash’, ‘sh’, and 

twitter (n=5 rats, 182 sites). Discharges as they occurred in time (abscissa) from individual sites, 

computed in PSTHs, are aligned according to their objectively defined characteristic frequency. 

The gray level in this plot is proportional to the number of spikes in each bin (binwidth – 1.0 

ms). No averaging or interpolation was used to form these neurograms. 
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FIGURE 11 



   

 

 
Figure 12. Spectrotemporal discharge patterns of A1 neurons to ‘sash’, ‘ash’, ‘sh’, and twitter 

(n=12 rats, 445 sites). Discharges as they occurred in time (abscissa) from individual sites, 

computed in PSTHs, are aligned according to their objectively defined characteristic frequency. 

The gray level in this plot is proportional to the number of spikes in each bin (binwidth – 1.0 

ms). No averaging or interpolation was used to form these neurograms.  
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FIGURE 12 



   

 

Figure 13. Spectrotemporal discharge patterns of PAF neurons to ‘sash’, ‘ash’, ‘sh’, and twitter 

(n=8 rats, 179 sites). Discharges as they occurred in time (abscissa) from individual sites, 

computed in PSTHs, are aligned according to their objectively defined characteristic frequency. 

The gray level in this plot is proportional to the number of spikes in each bin (binwidth – 1.0 

ms). No averaging or interpolation was used to form these neurograms. 
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FIGURE 13 



   

 

Figure 14.  Individual examples of post stimulus time histograms of cortical neurons from 

awake non-behaving rats with chronic recording electrodes in response to ‘sash’, ‘ash’, and ‘sh’. 

The characteristic frequency of these two sites were ~11 kHz (left) and ~1.5 kHz (right).  
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FIGURE 14 



   

 

Figure 15. Temporal population response profiles of cortical neurons in awake non-behaving 

rats with chronic recording electrodes in response to ‘sash’, ‘ash’, and ‘sh’ (n=8 rats, 42 sites).  
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FIGURE 15 
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Abstract  

Correlation-based synaptic plasticity provides a potential cellular mechanism for learning 

and memory.  Studies in the visual and somatosensory systems have shown that behavioral and 

surgical manipulation of sensory inputs leads to changes in cortical organization that are 

consistent with the operation of these learning rules.  In this study, we examine how the 

organization of primary auditory cortex (A1) is altered by tones designed to decrease the average 

input correlation across the frequency map.  After one month of separately pairing nucleus 

basalis stimulation with 2 and 14 kHz tones, a greater proportion of A1 neurons responded to 

frequencies below 2 kHz and above 14 kHz.  Despite the expanded representation of these tones, 

cortical excitability was specifically reduced in the high and low frequency regions of A1, as 

evidenced by increased neural thresholds and decreased response strength. In contrast, in the 

frequency region between the two paired tones, driven rates were unaffected and spontaneous 

firing rate was increased.  Neural response latencies were increased across the frequency map 

when nucleus basalis stimulation was associated with asynchronous activation of the high and 

low frequency regions of A1. This set of changes did not occur when pulsed noise bursts were 

paired with nucleus basalis stimulation.  These results are consistent with earlier observations 

that sensory input statistics can shape cortical map organization and spike timing. 
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INTRODUCTION 

Under appropriate conditions, adult cortical sensory representations can be remodeled 

through learning (Jenkins et al. 1990; Recanzone et al. 1992a; Recanzone et al. 1993).  

Experiments conducted in the visual, somatosensory, and auditory systems have provided 

compelling evidence that different sensory input patterns can lead to distinctly different forms of 

cortical reorganization (Allard et al. 1991; Kilgard et al. 2002; Stryker and Strickland 1984; 

Wang et al. 1995). Behaviorally relevant sensory and motor events are marked by increased 

activity in nucleus basalis (NB), which projects to the entire cortex and powerfully modulates 

plasticity (Conner et al. 2003; Kilgard and Merzenich 1998b; Kilgard et al. 2001a; Weinberger 

1998). 

Changes in neural connectivity and dynamics likely provide the biological basis for 

learning and memory (Kandel 2001; Katz and Shatz 1996). Synaptic connections typically 

follow correlation-based learning rules such that connections between neurons with correlated 

activity are strengthened and connections between uncorrelated neurons are weakened (Bi and 

Poo 2001; Hebb 1949; Stent 1973). These changes in synaptic strength are often accompanied by 

changes in neural sensitivity and latency.   

Observations from several cortical plasticity studies are consistent with the operation of 

correlation-based learning rules in vivo. Increasing input correlation via strobe rearing, whisker 

pairing protocols, or tactile discrimination training results in shorter latencies in visual and 

somatosensory cortices (Armstrong-James et al. 1994; Humphrey et al. 1998; Recanzone et al. 

1992b). In contrast, decreasing input correlation via strabismus, monocular deprivation, or 
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frequency discrimination training results in prolonged latencies in the visual and auditory 

cortices (Chino et al. 1988; Chino et al. 1983; Eschweiler and Rauschecker 1993; Recanzone et 

al. 1993). Decreased response latencies were observed after a single tone was paired with 

nucleus basalis stimulation, while latencies were increased when seven different tones were 

independently paired with nucleus basalis stimulation (Kilgard et al. 2001a). In that study, we 

speculated that latency was decreased when map expansion drove a net increase in the correlated 

activity across A1 and latency was increased when tonal inputs were distributed across A1 in the 

absence of map plasticity. Collectively, these observations are compatible with the hypothesis 

that synaptic correlation-based learning rules have a significant impact on the expression of 

network level plasticity. 

To confirm that a net decrease in input correlation induces a weakening of auditory 

cortical responses that is reflected by longer response latencies and reduced response strength, 

we exposed animals to tonal inputs designed to activate two non-overlapping neural populations 

at different times. These tones were paired with electrical activation of the nucleus basalis as in 

our earlier studies. Nucleus basalis stimulation paired with sensory input has been used 

extensively by several research groups to promote input guided cortical plasticity in the absence 

of behavior (Bakin and Weinberger 1996; Edeline et al. 1994; Kilgard et al. 2001a; Metherate 

and Ashe 1993; Rasmusson and Dykes 1988). While nucleus basalis stimulation is an unnatural 

method for gating representational plasticity, this paradigm makes it possible to manipulate 

sensory statistics by delivering arbitrary input patterns without the need for time-consuming 

behavioral training or surgical procedures.  
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In the present study, we use this well-established technique to further explore how 

asynchronous activation directs plasticity in primary auditory cortex. We report that pairing 

randomly interleaved high and low frequency tones, which drove a net decrease in the 

correlation across the frequency map, with activation of neuromodulatory inputs led to map 

plasticity, decreased cortical excitability, increased spontaneous activity, and lengthened 

response latencies compared to naïve controls. This set of changes did not occur when pulsed 

noise bursts were paired with nucleus basalis stimulation.  Our results extend earlier observations 

that spatial and temporal cortical network organization can be shaped by distributed sensory 

inputs. 

Methods 

 The neural responses presented in this report were obtained from nine NB-stimulated rats 

and fifteen naïve controls. Detailed descriptions of experimental preparation and microelectrode 

mapping techniques can be found in previous publications (Kilgard and Merzenich 1998a, 2002; 

Kilgard and Merzenich 1998b; Kilgard et al. 2001a; Kilgard et al. 2001b) and are described in 

brief below.  

Preparation:   

Nine pentobarbital anesthetized Sprague-Dawley rats (~300 grams) were implanted with 

platinum bipolar stimulating electrodes (2.3 posterior, 3.3 lateral and 7 mm ventral to bregma) 

into the right nucleus basalis using sterile stereotaxic techniques approved by the UT-Dallas 

animal care committee. After two weeks of recovery, each animal received 300-400 daily 

pairings of either tones or modulated noise with NB stimulation for 20-25 days. Daily pairing 
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sessions lasted 3-4 hours. The interval between successive pairings was pseudorandom between 

12 and 80 seconds.  

Four rats heard two different randomly interleaved tones (2 kHz at 65 dB SPL and 14 

kHz at 55 dB SPL; 250 msec duration with 5 msec on/off ramps) paired with nucleus basalis 

stimulation. The tone frequencies and intensities were selected to activate two non-overlapping 

neural populations at different times. Five additional rats heard pulsed white noise (15 Hz trains 

of six 25 msec white noise bursts; 5 msec ramps; 55 dB SPL) paired with NB stimulation to 

provide an input pattern in which there was sequential repetitive input that simultaneously 

activated the same high and low frequencies sectors of the tonotopic map and to ensure the 

observed results depend upon tonal activation. To mimic earlier experiments using amplitude 

modulated sounds, animals exposed to pulsed noise were also exposed to a 25 msec long noise 

burst at the same intensity and regularity that was not paired with NB activation (Kilgard and 

Merzenich 1998b). Electrical stimulation of nucleus basalis consisted of 20 charge-balanced 

biphasic pulses (0.1 msec pulse width, 100 Hz, 200 msec train duration) that terminated with the 

end of each paired sound. For the four rats that heard randomly interleaved tones, electrical 

stimulation began 50 msec after tone onset. When pulsed white noise was paired with nucleus 

basalis activity, stimulation occurred simultaneously with the onset of the fourth noise burst in 

the train. In the animals implanted with stimulating electrodes, the current level (70-180 µA) was 

chosen to be the minimum necessary to desynchronize the EEG during slow-wave sleep for 1-2 

seconds. Auditory and electrical stimuli did not evoke any observable behavioral responses, i.e. 

do not cause rats to stop grooming, or awaken, if sleeping.  
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Electrophysiology:   

Twenty-four hours after the last pairing session, animals were pentobarbital anesthetized 

(50 mg/kg), the right auditory cortex was surgically exposed, and multi-unit neuronal responses 

were recorded (Brainware Software, Tucker-Davis Technologies) with parylene-coated tungsten 

microelectrodes inserted to a depth of ~550 µm (layers IV/V). Similar recordings were also 

obtained from fifteen experimentally naïve rats.  As in our earlier experiments, potentials above 

approximately 0.18mV were considered to be action potentials.  Electrocardiography and pulse 

oximetry were used to monitor circulatory function and depth of anesthesia. In addition, body 

temperature was monitored with a rectal probe and maintained at 37° with a heating pad (FHC). 

The average length of each acute mapping experiment was 23.4 hours.  The durations for 

experimental and naïve control animals were not significantly different. Microelectrode 

penetration sites were chosen to avoid damaging blood vessels while generating a detailed and 

evenly spaced cortical map. All auditory stimuli were presented free-field with the same speaker 

used during the nucleus basalis-sound pairings. For each recording site, complete frequency-

intensity response areas (receptive fields) were constructed from the responses to 1296 different 

tonal stimuli presented in a pseudorandom sequence over 16 intensities and 81 frequencies. All 

tonal stimuli used during the acute mapping phase of this study were 25 msec long.  

In the animals exposed to noise bursts and in a subset of the naïve controls, repetition rate 

transfer functions were also derived at each site by presenting a sequence of noise bursts. Noise 

burst trains contained six 75 dB noise bursts (each noise burst was 1.2-30 kHz bandwidth and 25 

msec in duration) presented at 14 repetition rates ranging from 3 to 19 Hz.  
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Data Analysis:   

Primary auditory cortex was defined on the basis of its short latency (8-25 msec) 

responses and its continuous tonotopy, and boundaries were determined using non-responsive 

and non-primary sites (i.e. sites exhibiting long-latency responses, unusually high thresholds, or 

very broad tuning) (as in Kilgard and Merzenich 1999). Characteristic frequency (CF), threshold, 

and latency were determined using a blind procedure. CF is the frequency that evokes a 

consistent neural response at the lowest stimulus intensity. The minimum latency was defined as 

the time from stimulus onset to the earliest consistent response for any of 15 intensities of the 

three frequencies that were nearest the CF (45 stimuli). Peak latency was quantitatively 

determined as the time to reach peak response in the PSTH while termination of response was 

defined as the time after stimulus onset at which activity returned to baseline levels. Response 

duration was defined as the time from the start of the response (i.e. minimum latency) to the end 

of the peak in the PSTH. Spontaneous activity is estimated as the number of spikes occurring in 

the first 5 milliseconds after onset of the 1296 tones. The response strength of each site was 

estimated by determining the average number of spikes in response to tones of every frequency 

and intensity combination that fell within its receptive field.   

Cortical response maps were reconstructed using the Voronoi tessellation procedure 

(Kilgard and Merzenich 1999; Read et al. 2001) (see Figure 1). These maps were used to 

quantify changes in the percent of cortex representing stimulus features. The tessellation 

procedure generates polygons from a set of non-uniformly spaced points so that every point in 

the polygon was nearer to the sampled point than to any other. This permits area information to 
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be estimated from a number of discretely sampled recording sites by assigning each point on the 

cortical surface the qualities of the closest sampled point. The area measures generate reliable 

estimates of the percent of primary auditory cortex that is responsive to a given frequency-

intensity combination. An advantage of this measure is that it allows higher sampling of cortical 

regions of interest without introducing bias into group data because densely sampled regions 

result in smaller polygons that contribute less to the overall percent. This technique is valuable 

because it can be used to estimate the magnitude of topographic reorganization (as in Kilgard 

and Merzenich 1998a).  

 Due to the apparent regional specificity observed in reorganization of the tonotopic maps, 

response characteristics of cortical sites from all animals were subdivided into three 1.4 octave 

frequency ranges: low (sites with CFs between 1.2 and 3.3 kHz), medium (CFs between 3. 3 and 

8.6 kHz), and high (CFs between 8.6 and 22.8 kHz) and analyzed separately. The low and high 

frequency bands were centered on the frequencies (2 and 14 kHz) paired with nucleus basalis 

stimulation.    

Best repetition rate was defined as the repetition rate that elicited the greatest number of 

evoked spikes. In this study, statistical significance was assessed using two tailed t-tests. 

Results: 

The physiological data presented here were obtained from over eleven hundred recording 

sites in primary auditory cortex from twenty-four rats. Neural responses from four rats exposed 

to tones separated by 2.8 octaves and five rats exposed to noise bursts were compared to 15 

experimentally naïve controls. The pattern of neural activity generated by randomly interleaved 
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high and low frequency tones led to:  (1) modest reorganization of the frequency map; (2) 

regionally specific decreases in cortical excitability; (3) regionally specific increases in 

spontaneous firing rate activity; and (3) longer response latencies, when compared to naïve 

control animals.  

Frequency Map Plasticity 

Two and 14 kHz tones activate distinct non-overlapping regions of the A1 frequency 

map. Figure 1A and 1B illustrates the best frequency map of an experimentally naive animal. 

The highlighted recording sites in Panel A and B responded to 2 kHz (65 dB SPL) and 14 kHz 

(55 dB SPL) tones. The percent of A1 surface area (see Methods) that responded to the 2 kHz 

tone and to the 14 kHz tone was 44% and 34%, respectively. After exposure to both tones 

independently paired with nucleus basalis activation, more A1 recording sites responded to each 

of these tones (Figure 1C and 1D). In the representative example from an experimental animal, 

54% of A1 surface area responded to the 2 kHz tone and 45% responded to the 14 kHz tone. 

These results indicate that NB stimulation increases the proportion of A1 neurons that include 

the paired tones in their receptive fields.  

Average map reorganization for each group was quantified by estimating the percent of 

cortex responding to tones ranging from 1 to 32 kHz and 10 to 75 dB SPL for naïve control and 

experimental animals (Figure 2 A & B).  For example, in controls, the average percent of cortex 

responding to 30 dB 2 kHz, 60 dB 2 kHz, and 60 dB 8 kHz tones were 15% ± 2.0, 44% ± 2.3, 

and 45% ± 2.9, respectively.  After pairing high and low frequency tones with nucleus basalis 

activation, a greater proportion of neurons in primary auditory cortex responded to frequencies 
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just above 14 kHz and below 2 kHz (Figure 2B).  The percent of A1 responding, for example, to 

a 60 dB 1.6 kHz tone and a 50 dB 15 kHz tone increased significantly (p<0.05) from 42% ± 2.4 

and 35% ± 1.9 to 52% ± 9.5 and 44% ± 6.0, respectively.  These changes represent a 25 percent 

increase in the number of neurons that respond to these frequencies. The remodeling of the 

frequency maps after experience with tones that asynchronously activated the high and low 

frequency regions of A1 is best seen by calculating the difference in the percent of cortex 

responding to each tone from naïve controls (Figure 2C). The increased responses to tones near 

the paired frequencies indicate that competing, asynchronous tonal inputs distorted the normal 

frequency representation, apparently in a frequency specific manner. No significant changes in 

receptive field size were observed (1.42 ± 0.03 octaves vs. 1.44 ± 0.04 octaves at 20 dB above 

threshold for naives and animals exposed to two tones, p>0.5). 

Effect of Asynchronous Inputs on Response Strength 

The finding of regional changes in frequency preference suggests that other response 

parameters may also have been altered in these regions. After exposure to 2 and 14 kHz tones 

reinforced by nucleus basalis stimulation, both the high and low frequency bands showed 

significant changes in response strength (Figure 3). The response of neurons in the low 

frequency band was decreased by 20% and the response of neurons in the high frequency band 

was decreased by 15%. No difference was observed in the average response strength of 

experimental and control sites from the intermediate region (CFs 3.3 - 8.6 kHz).   

Effect of Asynchronous Inputs on Neural Threshold  

The regional decrease in response strength was accompanied by a regional decrease in 
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intensity threshold. Figure 4 shows the changes in neural sensitivity for each of the three 

frequency bands. The average threshold in the high and low frequency regions were increased by 

nearly 4 dB, while no significant difference was observed in the intermediate region. The 

frequency-specific increase in threshold and decrease in response strength indicate that spectrally 

distinct input patterns can reduce cortical excitability in a topographically specific manner.  

Effect on Spontaneous Activity 

Spontaneous firing rate (see Methods) was also altered in a regionally specific manner. 

While there were no changes in the high and low frequency regions, we observed a 67% increase 

in the spontaneous firing rate in the middle frequency region (Figure 5).  

Response Latency 

Neural response latency includes delays due to conduction, synaptic transmission, and 

synaptic integration. Although conduction velocity is unlikely to change significantly, previous 

studies have demonstrated that some aspects of cortical response latency are plastic. High and 

low frequency tones paired with nucleus basalis activation significantly increased the average 

time to first spike, peak response, and end of response all across the A1 frequency map, 

compared to naïve controls (Figure 6). The average minimum latency was lengthened from 13.8 

to 15.2 msec (p<0.000001). The average time to peak for animals conditioned with these discrete 

inputs was nearly 4 msec longer than naïve controls (22.6 vs. 18.8 msec, p<0.000005). The 

average response duration of the experimental animals was longer than naïve controls (18.6 vs. 

17.7 msec, p<0.05).   
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Input Specificity  

 To demonstrate that the observed plasticity does not occur after nucleus basalis 

stimulation is paired with any arbitrary sound containing high and low frequency energy, we 

paired white noise bursts with nucleus basalis stimulation in a different group of rats.  Pairing 

NB stimulation with sounds that simultaneously activated neurons across A1 did not alter the 

frequency map.  In contrast to the two tone group, there was no difference in the proportion of 

A1 neurons that responded to frequencies above 14 kHz and below 2 kHz.  The percent of A1 

responding to a 60 dB 1.6 kHz tone and a 50 dB 15 kHz tone was indistinguishable between 

naïve controls animals exposed to modulated noise (42% ± 2.4 vs. 41% ± 1.9 and 35% ± 1.9 vs. 

37% ± 4.8, p>0.5).  

Pairing noise bursts with NB stimulation did not significantly alter response strength or 

thresholds in any region of A1 (p>0.5). Noise pairing also did not alter any of the measures of 

response latency (p>0.5). The ability to respond to successive inputs was unaffected (best 

repetition rate = 7.2±0.2 and 7.4±0.2 Hz for controls and experimentals, respectively). 

Interestingly, spontaneous firing rate was altered in a regionally specific manner in this 

experimental group.  In the middle frequency region spontaneous activity was increased by 48% 

(3.7 ± 0.26 vs. 5.4 ± 0.25, p<0.005), while no increase was observed in the low and high 

frequency regions of A1 (p>0.5).   Pairing NB stimulation with noise bursts did not significantly 

alter the relationship between CF and anterior-posterior position (mean correlation coefficients = 

0.923± 0.016 and 0.914± 0.014 for controls and experimentals, respectively). 
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Discussion:    

Numerous studies have demonstrated that altered sensory experience can reorganize 

cortical responses (Ahissar et al. 1992; Edeline 1999; Engineer et al. 2004). Significant changes 

have been observed in receptive field size, cortical topography, response latency, 

spectrotemporal selectivity, response strength, and neuronal discharge coherence.  Although it is 

clear that different behavioral paradigms generate different cortical changes, it has not been 

established what specific aspects of these experiences are responsible for the different forms of 

cortical plasticity.  Studies of experience-dependent plasticity often differ in a number of 

parameters likely to be important for determining the form of plasticity: including input statistics, 

modality, behavioral response, task difficulty, task goal, motivation, duration of training, 

background stimuli, and species.  We have found that differential sensory experience associated 

with activation of nucleus basalis can generate systematic and enduring alterations in the spatial 

and temporal responses of primary auditory cortex neurons (Kilgard et al. 2001a).  This 

preparation allows for direct comparison of many different forms of experience-dependent 

plasticity since all other experimental parameters can be held constant.   

In the present study, we recorded responses of cortical neurons after several weeks of 

electrical activation of nucleus basalis paired with high and low frequency tones that 

asynchronously activated distinct regions of the tonotopic map. We report that this exposure 

leads to: (1) cortical map plasticity; (2) decreased cortical excitability; and (3) increased response 

latency. None of these changes have been reported to occur with nucleus basalis stimulation 

alone or tone exposure alone (Bao et al. 2003; Recanzone et al. 1993).  
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Map and Receptive Field Plasticity 

When a single unmodulated tone was repeatedly paired with activation of nucleus basalis 

the number of neurons representing the paired tone was increased by approximately fifty percent 

(Kilgard and Merzenich 1998a). When we paired two nearby tones (1.1 octave separation) the 

average map expansion was more modest (~25%).  The decrease in the extent of cortical map 

expansion in a prior study when two nearby tones were associated with nucleus basalis 

stimulation may have resulted from competition for topographic sectors of the cortex between 

the two nearby inputs.  In the current experiment the tones were separated by 2.8 octaves so that 

each tone activated distinct regions of the cortical map.  It was theoretically possible that the 

additional separation would have made greater map expansion possible by reducing the 

competition for cortical space.  The observed map reorganization was modest, as in our earlier 

two tone pairing study.  This result suggests that map plasticity is reduced as the number of tones 

associated with NB stimulation increases.  Consistent with this interpretation, no map 

reorganization was observed after seven different tones were independently paired with nucleus 

basalis stimulation (Kilgard et al. 2001a).  

Average receptive field size can be either increased or decreased by operant training 

depending on task parameters (Recanzone et al. 1992a; Recanzone et al. 1993). Similar 

observations of differential plasticity have been made using NB stimulation paired with different 

sounds.  Differences in the input statistics appear to be responsible for the direction and degree 

of receptive field plasticity.  For example, frequency bandwidth (receptive field size) was 
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significantly decreased when nearby tones (either 2 or 7) were associated with nucleus basalis 

(Kilgard et al. 2001a), and broadened when a single tone was repeatedly paired. In this study, we 

did not detect a significant change in receptive field size when two distant tones (2.8 octave 

separation) were associated with NB stimulation.  This result suggests that receptive field 

narrowing develops when the cortical zones activated by each input overlap.  This hypothesis is 

supported by our earlier observation that pairing seven different tones with NB stimulation 

generated receptive field narrowing in the absence of map plasticity. 

Changes in Cortical Excitability and Latency  

Earlier studies showed that cortical excitability and latency could be increased or 

decreased depending on what sound was associated with NB stimulation.  Pairing either an FM 

sweep or a train of simple tones increased response strength and decreased the mean onset 

latency (Kilgard et al. 2001a; Mercado et al. 2001; Moucha et al. in press). Pairing complex 

stimuli, such as a spectral ripple or a tone-tone-noise sequence, decreased latency without 

affecting response strength (Kilgard and Merzenich 2002; Kilgard et al. 2001b).  No changes in 

response strength or latency were noted after two nearby tones were paired with NB stimulation.  

Pairing seven different tones increased response latency (Kilgard et al. 2001a).  These results 

suggested that cortical excitability and response latency are improved when sounds paired with 

NB activity activate a fixed cortical zone and are degraded when the sounds activate different 

zones at different times.  After pairing NB stimulation with 2 and 14 kHz, most A1 neurons 

responded to one of two tones.  It is not clear why the changes in response strength and threshold 

were restricted to low and high frequency regions of A1, while the changes in latency were not.  
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It could be that response strength and threshold are altered only in neurons near the center of the 

region activated by the paired stimuli.  Our observations of decreased excitability and increased 

latency when distant (but not nearby) tones were paired with NB supports our conclusion that 

asynchronous activation of non-overlapping cortical regions weakens cortical responses.  

Similarity with Earlier Plasticity Studies 

Our observations that sensory input statistics determine the direction and extent of both 

cortical map plasticity and excitability are consistent with the conclusions of many earlier 

plasticity studies using very different techniques.     

The topographic alterations observed above support the conclusions of several studies 

demonstrating that maps in primary sensory cortex tend to segregate inputs that are 

asynchronous and integrate correlated inputs (Clark et al. 1988; Hubel and Wiesel 1965; Stryker 

and Strickland 1984; Wang et al. 1995). For example, fusion of two digits increases input 

correlation and leads to integration of inputs within the somatosensory cortical map (Allard et al. 

1991; Clark et al. 1988). Surgical reversal restores natural input patterns and cortical map 

segregation. The normally distinct digit representations were also integrated together after 

extensive operant training with stimuli that simultaneously activate several fingers (Wang et al. 

1995).  In primary visual cortex, both strabismus and alternating electrical stimulation of the 

optic nerves disrupt the normally high correlation between the eyes and increase the segregation 

of inputs from each eye (Eschweiler and Rauschecker 1993; Hubel and Wiesel 1965; Roelfsema 

et al. 1994; Stryker and Strickland 1984). These and other results suggest that simultaneous 

activation of neural networks leads to greater integration of sensory inputs, while asynchronous 
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activation leads to segregation (Clark et al. 1988; Constantine-Paton and Law 1978; Hubel and 

Wiesel 1965; Stryker and Strickland 1984; Wang et al. 1995).  

Many studies have also shown that input correlations can shape cortical excitability, 

sensitivity, and latency.  Increasing input correlation by strobe rearing, whisker pairing, or tactile 

discrimination training results in shorter latencies in visual and somatosensory cortices 

(Armstrong-James et al. 1994; Humphrey et al. 1998; Recanzone et al. 1992b). In contrast, 

decreasing input correlation via strabismus, monocular deprivation, or frequency discrimination 

training results in prolonged latencies in the visual and auditory cortices (Chino et al. 1988; 

Chino et al. 1983; Eschweiler and Rauschecker 1993; Recanzone et al. 1993).  Strabismus also 

decreases contrast sensitivity in visual cortex which may be analogous to the increased 

thresholds observed in the current study (Chino et al. 1988; Chino et al. 1983).  Collectively, 

these observations are compatible with the hypothesis that synaptic correlation-based learning 

rules have a significant impact on the expression of network level plasticity (Buonomano and 

Merzenich 1998). 

Potential Mechanisms 

Changes in the relative balance of thalamocortical and corticocortical inputs could 

explain many of the changes observed in this and other studies.  Recanzone and colleagues 

proposed that increased latency following extensive frequency discrimination training was due to 

a greater proportion of corticocortical connections, which have longer latencies than 

thalamocortical inputs.  Recent findings in rat auditory cortex have shown that frequencies 

distant from the CF activate corticocortical inputs which generate subthreshold responses at long 
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latencies (Kaur et al. 2004). A redistribution of synaptic inputs favoring corticocortical 

connections could explain the longer latencies and decreased response strengths observed in our 

study. The network consequences of experience-dependent plasticity likely depend on the local 

microarchitecture and cell type specific variation in synaptic plasticity rules, as well as the 

patterns of sensory stimulation and neuromodulator release.   

Recent experiments demonstrating that input timing on the order of milliseconds can be 

the difference between synaptic strengthening and weakening provides a potential mechanism 

that would allow sensory statistics to precisely control the connectivity and temporal dynamics 

of large networks of neurons (Bi and Poo 1999; Feldman 2000; Froemke and Dan 2002; Schuett 

et al. 2001; Song and Abbott 2001; Song et al. 2000; Yao and Dan 2001; Zhang et al. 1998).  

Network models that incorporate this form of Hebbian learning, called spike-timing dependent 

synaptic plasticity (STDP), are highly sensitive to changes in input correlation (Song and Abbott 

2001).  Tones generate the most spatially restricted auditory input and are distinct from most 

naturally occurring activation patterns.  We propose that the focal activation pattern caused by 

tones coupled with the asynchronous activation of the high and low frequency regions of A1 

resulted in a net decrease in the correlation across the frequency map compared to normal 

acoustic experience. This reduction in input correlation (unlike reductions in activity) may result 

in decreased synaptic strength (Song and Abbott 2001) that could explain the longer latencies, 

higher thresholds, and lower response strengths that results from exposure to two distant tones.  
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Experiential Specificity 

To confirm that the effects reported above do not result from NB stimulation paired with 

any sound that activates both high and low frequency neurons, we also tested cortical responses 

from a group of rats that were exposed to noise bursts on an identical experimental schedule as 

the two tone group. This 15 Hz pulsed noise exposure had little effect on cortical responses 

compared to naïve controls.  Modulated broadband noises are quite common sounds in 

laboratory housing conditions and in natural settings.  A possible reason that NB-noise pairing 

did not alter cortical topography, response strength, or latency is that this stimulus may not have 

differed sufficiently from naturally occurring input statistics.   

The only response parameter that was significantly different from controls was the 

increased spontaneous activity of mid-frequency neurons.  Since this effect was similar to the 

spontaneous changes observed after pairing two distant tones, the plasticity could simply be an 

effect of NB stimulation.  However, changes in spontaneous activity are not always observed in 

animals exposed to nucleus basalis stimulation.  Pairing a single tone did not significantly alter 

spontaneous activity in any region of A1 (Kilgard et al. 2001b).  In contrast, spontaneous activity 

was reduced when seven different tones distributed across the rat frequency range were 

randomly interleaved and paired with nucleus basalis stimulation (Kilgard et al. 2001b).  

Collectively these nucleus basalis induced plasticity studies suggest that the pattern of acoustic 

experience may also be important in determining the level of spontaneous activity.   

An earlier study reported that pairing NB stimulation with 10 Hz noise burst trains 

degraded topographic organization of primary auditory cortex (Bao et al. 2003).  No such 

degradation was observed after NB-noise pairing in this study.  It is reasonable to suspect that 
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the different rates of modulation are responsible for the different results.  While many cortical 

neurons can respond to every pulse of a 10 Hz train, very few can respond to every pulse of a 15 

Hz train (Kilgard and Merzenich 1999).  Additional experiments will be needed to understand 

when NB-noise pairing will disorganize A1 topography. 

Conclusions 

 Primary auditory cortex can be substantially reorganized in an experience-dependent 

manner. Results from a number of studies indicate that the spectral and temporal response 

properties of A1 neurons are shaped by the pattern of sensory inputs.  The present study indicates 

that asynchronous high and low frequency tones paired with NB stimulation leads to cortical 

responses that are substantially slower, less sensitive, and less responsive. These inputs also 

induce modest reorganization of the frequency map that increases the segregation of high and 

low frequency responses.  These results parallel observations in visual and somatosensory cortex 

suggesting that some aspects of network self-organization may be similar across modalities. The 

known physiological differences between the different primary sensory cortices may be 

influenced by differences in the input correlation structures of each modality. Since the complex 

relationship between sensory input patterns and cortical plasticity are still poorly understood, 

additional studies documenting how specific input patterns control cortical network organization 

and dynamics will be needed to clarify how neural plasticity mechanisms contribute to learning 

and memory in large populations of neurons. 
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Figure 1. Representative best frequency map of primary auditory cortex from a naïve adult rat 

(A & B) and an animal conditioned with nucleus basalis activation separately paired with 2 and 

14 kHz tones three hundred times daily for one month (C & D). Each polygon represents one 

microelectrode penetration and color represents the best frequency. The objectively defined 

characteristic frequency of each location is also labeled within each polygon. White hatched 

regions with bolded black borders indicate regions activated by 2 kHz at 65 dB (A & C) and 14 

kHz at 55 dB (B & D) for the naïve and experimental animal. Locations marked with X indicate 

sites where a reliable frequency could not be objectively defined. In D, two 14 kHz sites not 

activated had thresholds at 60 and 57 dB. The line length on the direction marker in A shows the 

scale (.25mm). 
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APPENDIX 

CHAPTER FOUR 

FIGURE 1 



   

 

 
Figure 2. Summary of frequency map plasticity. (A & B) The percent of the surface of primary 

auditory cortex (A1) that responds to each tone is represented as a color in experimentally naïve 

rats (A, n=15) and those conditioned with 2 and 14 kHz tones paired with nucleus basalis (NB) 

stimulation (B, n=4). The percent of A1 responding was quantified as the sum of the areas of all 

the recording sites that responded to the tone frequency-intensity combination of interest divided 

by the total area of A1 (as in Kilgard and Merzenich 1998a). (C) The difference in the percent 

cortical area of the naive group and the conditioned group illustrates the magnitude of the 

cortical map reorganization. Solid vertical lines (B & C) mark the tone frequencies paired with 

nucleus basalis activation for the group conditioned with asynchronous tonal inputs. The white 

dots in panel C indicate frequency-intensity combinations (described in the text) that were 

statistically different between the naïve controls and experimental animals. 
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FIGURE 2 



   

 

 
Figure 3. Frequency specific decrease in response strength (mean ± SEM) due to asynchronous 

activation of the high and low frequency regions of A1. Data are pooled for all recording 

locations in the low frequency band (1.2-3.3 kHz; 161 control sites and 93 experimental sites), 

the middle frequency band (CFs between 3.3-8.6 kHz; 158 control sites and 75 experimental 

sites), and the high frequency band (CFs between 8.6–22.8 kHz; 193 control sites and 99 

experimental sites). * Statistical significance at p<0.05; ** statistical significance at p<0.005.  
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FIGURE 3 



   

 

Figure 4. Frequency specific increase in neural threshold due to asynchronous activation of the 

high and low frequency regions of A1. Data are pooled using the convention described in Figure 

2. * Statistical significance at p<0.05; ** statistical significance at p<0.00001.  
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FIGURE 4 



   

 

 
Figure 5. Frequency specific increase in spontaneous firing rate activity due to asynchronous 

activation of the high and low frequency regions of A1. Data are pooled using the convention 

described in Figure 2. * Statistical significance at p<0.00005.   
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FIGURE 5 



   

 

 
Figure 6. Global increase in neural response latency due to asynchronous activation of the high 

and low frequency regions of A1. Data are pooled for all A1 recording locations (630 control 

sites and 318 experimental sites). * Statistical significance at p<0.00001. 
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FIGURE 6 
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ABSTRACT  
 

Topographic maps in primary sensory cortices of adult animals can be reorganized as a 

function of experience. It is becoming increasingly clear that specific aspects of the sensory input 

can guide different forms of reorganization. In the auditory system, several studies have 

demonstrated that the representation of sound frequency can be substantially remodeled 

following long-term conditioning with tonal stimuli paired with electrical activation of nucleus 

basalis of Meynert (NB) located in the basal forebrain. The majority of auditory cortical 

plasticity studies have characterized changes evoked by relatively simple sounds (i.e. tones), 

even though most sounds encountered in the real world are broadband and have time-varying 

features. The objectives of this study were (1) to evaluate how the distributed cortical response to 

speech and vocalization sounds changes after long-term sensory experience associated with NB 

stimulation and (2) to probe how non-reinforced sounds influence the expression of cortical 

plasticity. 

We investigated how acoustic experience with complex sounds alters temporal masking 

patterns (i.e. neural adaptation/forward masking) and the tonotopic map of frequency. In one 

series of experiments, NB activation of awake rats was repeatedly paired (~300 times per day for 

one month) with the presentation of a primate vocalization known as a twitter call.  As in our 

earlier studies with FM sounds, NB-twitter pairing resulted in a decrease in response thresholds 

in the region of the primary auditory cortex (A1) frequency map that was responsive to the call. 

In addition, the normal preference of A1 neurons for the forward call over the reverse call was 

eliminated. 
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In another set of experiments, the English word ‘sash’ was paired with NB stimulation. 

After pairing, the region of A1 that responded to high-frequency sounds was expanded compared 

to naïve controls. Since the first energy in the word ‘sash’ is the high-frequency ‘s’ sound, this 

topographic reorganization may be the consequence of  Pavlovian conditioning principles 

whereby the brain dynamically adapts its response to the acoustic cue that predicts the reward. 

The increased response to ‘s’ also leads to greater masking of the ‘a’ compare to controls.  

Since non-reinforced sounds are known to influence the expression of cortical plasticity, 

we repeated the sash-NB pairing experiments, but added four modified speech sounds (‘s’, ‘a’, 

‘sh’, and ‘sash’ played backwards) that were not paired with NB stimulation. The addition of 

these sounds prevented the high frequency map expansion and increased the masking of ‘sh’ 

rather than ‘a’. These results indicate that experience with complex vocalizations can 

significantly alter the distributed cortical response to this important class of sounds.  

These results suggest that additional plasticity studies will be needed to determine how 

the cortical networks process and refine their representation of complex acoustic patterns and 

deal with the natural statistics of our acoustic environment.   
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INTRODUCTION 

The perceptual and neurobiological mechanisms of speech processing are becoming 

increasing well understood (Miller and Jusczyk, 1989; Fitch et al., 1997; Diehl et al., 2004). 

Many animal studies and a handful of human studies have shown that neurons in the classical 

ascending pathways of the auditory neuraxis respond with phasic activity to energy transitions in 

complex sounds (Creutzfeldt et al., 1980; Creutzfeldt et al., 1989; Eggermont, 1995). The neural 

response to complex sounds generally depends on the similarity between the tone frequency 

preference of individual neurons and the spectral composition of the individual elements of 

sound. However, the processing of complex sounds is not purely spectral and is strongly 

modulated by preceding sounds (Wang et al., 1995). It is becoming clear that both the spectral 

and temporal acoustic context influence response strength and spike timing in the central 

auditory system.  

 Contemporary research suggests that changes in neural processing contribute to the 

optimization of speech sound coding. Cortical plasticity has been reported in adults after training 

on non-native speech sounds (Golestani and Zatorre, 2004) and in learning-impaired children 

after auditory and language training (Temple et al., 2003). Successful learning of non-native 

speech contrasts by adults is accompanied by the recruitment of the same cortical areas that are 

involved during the processing of native contrasts (Golestani and Zatorre, 2004). In children with 

dyslexia, the magnitude of increased activation in left temporo-parietal cortex was correlated 

with improvements in language ability (Temple et al., 2003).  Although the neural mechanisms 

underlying these perceptual improvements have not been defined, the changes observed using 
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functional brain imaging may reflect changes in spectrotemporal selectivity of cortical neurons.  

Greater knowledge of how neurons develop selectivity for complex sounds could aid in the 

development of better rehabilitation strategies for communication disorders.   

Behaviorally relevant sensory and motor events are marked by increased activity in 

nucleus basalis (NB), which projects to the entire cortex and powerfully modulates plasticity 

(Conner et al. 2003; Kilgard and Merzenich 1998b; Kilgard et al. 2001a; Weinberger 1998). 

Neurons in NB respond to in puts that are associated with either rewarding or aversive stimuli 

(Richardson and DeLong, 1991). NB stimulation paired with sensory input has been used 

extensively by several research groups to promote input guided cortical plasticity in the absence 

of behavior (Bakin and Weinberger 1996; Edeline et al. 1994; Kilgard et al. 2001a; Metherate 

and Ashe 1993; Rasmusson and Dykes 1988). Sensory experience with simple acoustic patterns 

that are associated with neuromodulatory activity can generate changes in the topographic 

organization, response threshold, receptive field size, latency, maximum following rate, and 

spectrotemporal sensitivity of primary auditory cortex neurons. To expand upon the principles 

derived from previous NB-induced plasticity studies, we explored how acoustic experience with 

complex sounds alters A1 response selectivity. 

In both behavioral training studies and NB-induced plasticity studies, it has been reported 

that non-reinforced stimuli can influence the expression and magnitude of cortical plasticity. 

Pairing foot shock with a single tone frequency in the context of other unpaired tones generates 

plasticity that is in the opposite direction compared to pairings presented without the context of 

different tones (Ohl and Scheich, 1996). In NB studies, pairing a single tone resulted in an 

increase in receptive field size if no other sounds were presented during conditioning (Kilgard et 
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al., 2001b). Receptive field expansion was blocked when tones that were not associated with NB 

stimulation were interleaved during conditioning. Narrow band FM sweeps paired with NB 

activation only generated receptive field plasticity when presented in the context of unpaired 

sweeps of contrasting rates and direction (Moucha et al., in press). Collectively, these findings 

suggest that neural plasticity is determined not only by features of behaviorally relevant sounds, 

but also by features and the presence of irrelevant or contrasting sounds. Contextual cues also 

contribute to the learning of speech distinctions in humans.  

Accordingly, the objectives of this study were (1) to evaluate how the distributed cortical 

response to speech and vocalization sounds is altered by long-term sensory experience associated 

with neuromodulatory stimulation and (2) to probe how nonreinforced acoustic inputs influence 

the expression this cortical plasticity.  

MATERIALS AND METHODS 

Chronic Implantation and Electrical Stimulation of Nucleus Basalis 

Chronic implant. The NB stimulation used in this study was identical to our previous 

reports (Kilgard et al., 2001b; Moucha et al., in press). In this study, thirteen pentobarbital 

anesthetized Sprague-Dawley rats (~300 grams) were implanted with platinum bipolar 

stimulating electrodes (2.3 posterior, 3.3 lateral and 7 mm ventral to bregma) into the right 

nucleus basalis using sterile stereotaxic techniques approved by the UT-Dallas animal care 

committee. Rats received prophylactic treatment with ceftizox antibiotic (20 mg/kg), 

dexamethazone (4 mg/kg), and atropine (1 mg/kg). Three or four bone screws were used to 

anchor the electrode assembly. Leads were attached to screws over the cerebellum and cortex so 
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that the global electroencephalograph (EEG) could be monitored during NB activation in 

unanesthetized animals during the sound-NB pairing phase of the experiments.  

Vocalization sound-NB pairing. After two weeks of recovery, each animal received 300-

400 daily pairings of either the word /SASH/ (n=8 rats) or a marmoset twitter vocalization (n=5 

rats) with NB stimulation for 20-25 days in a sound-shielded test chamber. Stimulation of NB 

consists of a train of twenty charge balanced biphasic pulses (100 Hz, 0.1 ms pulse width). 

Microdialysis studies have shown that this stimulation paradigm results in release of cortical 

acetylcholine (Jimenez-Capdeville et al 1997; Rasmusson et al 1992). For the eight rats that were 

conditioned with /SASH/, electrical stimulation began 375 msec after sound onset. To test the 

potential influence of nonreinforced inputs on the expression of cortical plasticity, three of the 

animals conditioned with the word /SASH/, were also presented on the same schedule, 

background sounds that were not paired with NB stimulation (/S/, /A/, /SH/, and /SASH/- played 

backwards). When the marmoset twitter call was paired with nucleus basalis activity, electrical 

stimulation began at 550 msec (i.e. near the termination of the 4th phrase of the call. In the 

animals implanted with stimulating electrodes, the current level (70-180 µA) was chosen to be 

the minimum necessary to desynchronize the EEG during slow-wave sleep for 1-2 seconds. 

The speech sounds were presented through Tucker-Davis Technologies (TDT Systems 

II/III) modular hardware and presented via custom software written in MATLAB (StimGen) 

through a bullet horn tweeter (Optimus model 40-1221). Daily pairing sessions lasted 3-4 hours. 

The impedances of the stimulating electrodes and at the EEG screw electrodes are recorded at 

the beginning of the daily pairing sessions. The interval between successive pairings was 
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pseudorandom between 12 and 80 seconds.  Auditory and electrical stimuli did not evoke any 

observable behavioral responses, i.e. do not cause rats to stop grooming, or awaken, if sleeping. 

Acute Surgical Preparation 

Acute Mapping. Dense microelectrode mapping techniques were used to collect data 

from over twelve hundred microelectrode penetrations into the right auditory cortex of 18 adult 

female Sprague-Dawley rats (250-325g).  Methods were similar to those described in previous 

publications from this lab (Kilgard et al., 2001b; Engineer et al., 2004; Moucha et al., in press). 

All protocols and recording procedures conformed to the Ethical Treatment of Animals (NIH) 

and were approved by the Institutional Animal Care and Use Committee of the University of 

Texas at Dallas. Animals were anesthetized with sodium pentobarbital (50mg/kg).  Supplemental 

pentobarbital (8mg/ml) was periodically administered either subcutaneously or intraperitoneally 

to maintain a state of areflexia throughout the surgical procedures and during the recording 

session.  The trachea was cannulated and humidified air was provided to ensure adequate 

ventilation and to minimize breathing related noises.  After a surgical level of anesthesia was 

obtained, the skull was fixed in a palato-orbital restraint and exposed through a rostrocaudal 

incision.  The cisternae magna was drained of CSF to minimize cerebral edema. The temporalis 

muscle was reflected and the dura over the right auditory cortex was exposed through a 

craniotomy of approximately 6mm by 4mm. The dura was resected and the cortex was 

maintained under a layer of viscous silicone oil to prevent desiccation.  A digitized image of the 

cortical surface was taken to aid in electrode placement and topographic reconstruction. 

Electrocardiography and pulse oximetry were used to monitor circulatory function and to control 

the depth of anesthesia. Body temperature was monitored with a rectal probe and maintained at 
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37° with a heating pad (FHC).  Proper hydration was maintained with lactated Ringers solution 

provided periodically during the course of the acute experiment. 

Action potentials were recorded simultaneously from Parylene-coated tungsten 

microelectrodes (FHC, 2MΩ at 1 kHz) lowered orthogonally into the cortex using a 

micromanipulator.  Cortical recordings were made at a depth of approximately 550 to 650 µm, 

corresponding to layers IV/V in both A1.  

Tucker-Davis Technologies neurophysiology hardware and software (Brainware) were 

used for signal filtering (0.3 to 8 kHz), amplification (10,000X), and data acquisition.  Recording 

thresholds were set to maximize the signal- to-noise ratio.  Whenever this fixed threshold was 

exceeded, action potential waveforms were recorded for more detailed quantitative analysis.  As 

in our earlier experiments, potentials above approximately 0.18mV were considered action 

potentials.  Neural responsiveness was quantified using multi-unit data.  Penetration sites were 

chosen to avoid damaging blood vessels while generating a detailed and evenly spaced cortical 

map.  

Acoustic Stimulation and Recording 

For acute mapping, recordings were made in a shielded, doubled-walled sound chamber 

(Acoustic Systems) and sounds were presented via free-field using a calibrated speaker. For 

awake recordings, animals were placed in sound attenuated boxes. Frequency and intensity 

calibrations were performed with an ACO Pacific microphone (PS9200-7016) and Tucker-Davis 

SigCal software.  The speaker was positioned 10 cm from the ear at 0° elevation and 90° azimuth 



  221 

 

for all acute experiments. Tucker-Davis Technologies hardware and software (SigGen) were 

used for stimulus generation.  

TUNING CURVES. Auditory frequency response tuning curves (spectral receptive 

fields) were determined by presenting 81 frequencies from 1 to 32 kHz at each recording site for 

cortical locations. Each frequency was presented at 16 intensities ranging between 0 and 75 dB 

SPL (1296 total stimuli). Tuning curve tones were randomly interleaved and separated by at least 

500 msec between presentations to minimize adaptation effects.  

‘SASH’ CODING. Twenty-five repetitions to the human vocalization /SASH/, (Figure 1 

Panel A), were presented at approximately 55 decibels. The original speech sample for /SASH/ 

was spoken by a female speaker in a sound booth sampled at 44,100 Hz.  To frequency shift the 

original waveform into the rat hearing range, we presented the waveform at 100,000 Hz using 

Tucker-Davis Technologies hardware.  This manipulation is similar to that used by other 

investigators to record responses of bat IC neurons to human speech sounds (Bauer et al., 2002).  

Playing the waveform at a higher sampling rate increased the frequency of all elements by 1.18 

octaves and decreased the duration by 54% (from 862 to 380 ms).  Since the word in the original 

recording was spoken clearly and in isolation, the duration of the word was lengthened. As 

presented, the duration of the word closely approximates the duration observed in naturally 

occurring speech (Bradlow and Bent, 2002; Krause and Braida, 2004).   

Sash consists of a series of three elements (Figure 1 Panel A). The magnitude spectrum of 

the first element /S/ is dominated by frequencies between 8-22 kHz with the maximum of the 

spectrum at 16 kHz. The second element, the vowel-like /A/ is contains energy from 1-20 kHz. 

The predominant energy is in the lower frequencies with spectral peaks at 4 and 8 kHz. A third 
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peak is evident at approximately 16 kHz, but is substantially lower in magnitude than the lower 

frequencies. The third element, a noise burst-like /SH/ sound contains a band of energy ranging 

from 4-20 kHz. A spectral peak at 8 kHz dominates this element with a second peak at 

approximately 14 kHz.   

Digitally edited segments of the ‘sash’ stimulus were presented in order to examine 

quantitatively the influence of masking on spectrotemporal patterns of activation. These 

segments were ‘ash’ and ‘sh’ presented in isolation. A time-reversed version of this word was 

also presented. Time-reversed versions of sounds contain spectral contents occupying the same 

frequency range as the forward version and a reversed time course of its amplitude envelope. To 

minimize adaptation effects, all vocalization stimuli (including the monkey call and its variants 

described below) were randomly interleaved and separated by at least 2 seconds of silence. 

‘TWITTER’ CODING. A monkey vocalization known as a marmoset twitter call was 

also presented (Epple, 1968; Wang et al., 1995; Nagarajan et al., 2002). Twenty-five repetitions 

were played during the acute recording experiments. The twitter call was composed of six 

segments (phrases) of rapid ascending FM sweeps and their harmonics (Figure 1 Panel B) and 

was generously provided to us by Xiaoqin Wang from Johns Hopkins University Center for 

Hearing and Balance. Each phrase has a rapid attack time and slow decay. The magnitude 

spectrum of the twitter call is dominated by frequencies between 4-16 kHz. The overall duration 

of the twitter call is ~780 msec. A time-reversed version was also presented during the recording 

to probe how temporal manipulations affect neural response output. The reversed twitter call 

preserves spectral characteristics and results in the each phrase becoming a descending FM 

sweep rather than the normal ascending FM sweep. The average modulation rate of the natural 
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and time-reversed twitter was 7.1 Hz. 

Data Analysis   

TUNING CURVE ANALYSIS. MATLAB (Mathworks) was used for all analysis.  To 

prevent the possibility of experimenter bias, an experienced blind observer determined tuning 

curve parameters. The parameters were defined using custom software that displayed raw spike 

data, the penetration location, or the identity of the animal. For each site, the characteristic 

frequency, threshold, bandwidth (10, 20, 30 & 40 dB above threshold), and latency data were 

recorded. The characteristic frequency was defined as the frequency where a response is obtained 

to the lowest stimulus intensity (i.e. threshold).  Bandwidth was defined as the frequency range 

(in octaves) that activated the neurons. Neural onset latency was defined as the time from 

stimulus onset where the neural response was above background activity (determined from the 

16 intensities at the best frequency and its two neighboring frequencies (best frequency ± 1/16th 

of an octave).  Peak latency was quantitatively determined as the time to reach peak response in 

the PSTH.  The end-of-peak latency or the termination of response was the time after stimulus 

onset at which activity returned to spontaneous levels.   

QUANTIFICATION OF CHANGE IN PERCENT OF CORTEX ACTIVATION. For 

each animal, cortical response maps were reconstructed using the Voronoi tessellation procedure 

(Kilgard and Merzenich 1999; Read et al. 2001) to visualize topography of A1. These maps were 

used to quantify changes in the percent of cortex representing stimulus features. The tessellation 

procedure generates polygons from a set of non-uniformly spaced points so that every point in 

the polygon was nearer to the sampled point than to any other. This permits area information to 

be estimated from a number of discretely sampled recording sites by assigning each point on the 
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cortical surface the qualities of the closest sampled point. The area measures generate reliable 

estimates of the percent of primary auditory cortex that is responsive to a given frequency-

intensity combination. The percent of A1 responding was quantified as the sum of the areas of all 

the recording sites that responded to the tone frequency-intensity combination of interest divided 

by the total area of A1 (as in Kilgard and Merzenich 1998a). An advantage of this measure is 

that it allows higher sampling of cortical regions of interest without introducing bias into group 

data because densely sampled regions result in smaller polygons that contribute less to the 

overall percent. This technique is valuable because it can be used to estimate the magnitude of 

topographic reorganization by simply taking the difference in the percent cortical area of the 

naive group and the experimental groups (as in Kilgard and Merzenich 1998a). Because of the 

large number of possible frequency-intensity combinations, for this analysis, we set a statistical 

criterion of p<0.001. 

ANALYSIS OF VOCALIZATION SOUNDS. Responses to vocalizations were first 

analyzed by collecting the spike counts for each site/penetration in 1 msec bins to form 

poststimulus time histograms (PSTHs). The response strength of each cluster of neurons to sash 

and its variants was calculated as the average spike rate during the entire word (500 msec) and 

for each individual element (/S/, /A/, or /SH/). Spontaneous discharge rate was estimated and 

removed from the mean firing rate for all measures of driven rate for all vocalization sounds. 

Whenever the firing rate was lower than the spontaneous rate, the number of evoked spikes was 

set to zero.  This gives the total amount of excitatory firing above the spontaneous rate elicited 

during the word and for each element. The durations of the /S/, /A/, and /SH/ elements were 108, 
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152, and 140, respectively.  This measure reflects the relative strength of neuronal responses to 

different elements of the stimuli.  

To evaluate response adaptation to different elements of the word /SASH/, we compared 

the response (total number of driven spikes corrected for spontaneous activity) to an individual 

element (/A/ or /SH/) when preceded by other elements (/S/ or /SA/) compared with the response 

to the same element presented in isolation. Since A1 neurons primarily responded with short 

latency phasic responses, we used narrow windows (from 8 to 45 msec after element onset) to 

quantify the onset component of the response.   

QUANTIFICATION OF DIRECTION SELECTIVITY. To quantify direction selectivity 

for the marmoset twitter vocalization and for /SASH/, mean firing rate, calculated over the 

stimulus duration, was used to measure responses to forward and reversed sounds. A standard 

metric known as the direction selectivity index was used to quantify the difference between the 

forward and reversed version of these sounds (as in Kadia and Wang, 2001). The selectivity 

index of individual recording was computed on a site by site basis and is defined as follows: 

DS = (Rforward-Rreverse) /( Rforward+Rreverse) 

R is the response (in number of spikes averaged from 25 repetitions) elicited by the forward or 

reverse sound. The discharge rate was set to 0 spikes/s for the DS index calculation if a neurons 

firing was suppressed below its spontaneous level during presentation of the stimulus (i.e. when 

the discharge rate was less than 0 spikes/second. A value of 0 indicates no preference for either 

for forward or reverse while a value of 1 or -1 indicates a perfect selectivity for the forward or 

reverse sounds, respectively. 
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In addition to a measure based on discharge rate, vector strength was used as an index of 

synchronization of the forward and time reversed calls. The vector strength index is a measure of 

how closely in time the response of an individual site follows the call phrases. The vector 

strength values for range from a minimum of 0 to a maximum of one. A response with all spikes 

at precisely the same phase has a vector strength of 1 (i.e. perfect phase locking).  Vector 

strength was calculated only for sites between 4 and 16 kHz.  

POPULATION TEMPORAL RESPONSE PROFILES. Population PSTHs and 

neurograms were also computed by averaging the responses across electrode penetrations. A 

population PSTH was computed by simply averaging the PSTHs from individual recording sites 

across an entire set of recordings for each stimulus.  

 NEUROGRAM REPRESENTATIONS. We constructed neurograms in response to each 

of these sounds. Neurograms provide neural images of the distributed responses to a particular 

stimulus. The neurograms display the spectrotemporal discharge patterns in response to each 

sound. To construct each neurogram, discharges as they occur in time (abscissa) from individual 

sites, computed from individual PSTHs, were aligned according to their objectively defined best 

frequency (ordinate). No smoothing was performed along the time or frequency axis.  

OPERATIONALLY DEFINING A1. A1 was functionally defined on the basis of 

latency, receptive field size, and tonotopy (Kilgard and Merzenich, 1999).   

Statistical analysis was done using MATLAB. Statistical significance between response 

measures was evaluated using a t-test. Error bars on all figures reflect standard error of the mean.  
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RESULTS 

Frequency Map and Receptive Field Plasticity - Speech and Vocalization Sounds Paired with NB 

Stimulation  

In the first experiment, rats heard a marmoset twitter vocalization repeatedly paired with 

NB activation every day for approximately one month. Associating a marmoset twitter call with 

NB stimulation did not alter receptive field size, topography in A1, or tone response latency; 

however intensity threshold was altered in the region of auditory cortex maximally activated by 

the phrases of the twitter.  

Across all A1 recording sites, the average neural threshold was decreased by 5 dB. The 

greatest changes occurred in the 8-20 kHz region of the animals conditioned with the twitter call 

where the mean tone threshold of neurons was 9 dB more sensitive than similar neurons in naïve 

control animals (9.0 ± 0.6 vs. 18 ± 1.0, p<0.00001). The power spectrum the twitter call was 

dominated by frequencies between 4-16 kHz (including the 1st and 2nd harmonics) with a peak 

near 8 kHz (Figure 1). The first phrase however was higher than the others (8-13 kHz first 

harmonic and 16-20 kHz second harmonic. Thus, it appears that this paradigm generates 

plasticity that is specific to the region of the A1 frequency map most strongly activated by the 

spectral content of the twitter call.  

The average receptive field size at 20 dB above threshold in animals conditioned with the 

twitter call (1.4±0.04 octaves) was indistinguishable from controls (1.4±0.03 octaves). Changes 

in the A1 response to tones were also quantified by estimating the percent of cortex responding 

to tones ranging from 1 to 32 kHz and 10 to 75 dB SPL (Figure 2). The average percent of A1 
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responding to 2, 4, 8, and 16 kHz tones presented at 50 dB SPL was 41.5±2, 36±2, 38±3, and 

34±2 percent, respectively (Figure 2, Panel A). After exposure to the twitter vocalization, we 

observed no significant changes in percent of A1 surface area responding to suprathreshold tones 

compared to naïve control animals (p>0.05) (Figure 2, Panel B). The proportion of neurons 

responding to 2, 4, 8, and 16 kHz tones in this group was 39.3±6, 34±2.3, 45.6±1.5, and 36±3.2 

percent, respectively. The average minimum latency and time to peak for animals conditioned 

with the twitter call also remained unchanged compared to naive controls. 

Animals in the second experimental group heard the word /SASH/ paired with NB 

activation. Exposure to this broadband acoustic pattern followed by NB stimulation resulted in 

an increase of average receptive field size, more A1 recording sites responding to high 

frequencies, and longer response latencies. The average receptive field size at 20 dB above 

threshold for animals conditioned with /SASH/ was 1.6±0.04 octaves (p<0.005). At 40 dB above 

threshold, the excitatory response areas in this group were nearly 20% wider than naïve controls 

(p<0.0001). While the average percent of A1 responding to 2, 4, and 8 kHz tones at 50 dB in this 

group was higher than naïve controls (48.6 ± 4.3, 44.7 ± 5.6, 50.6 ± 7.7), it did not exceed our 

statistical criterion (p=0.001; See Methods). In contrast, the percent of A1 responding to 16 kHz 

tones presented at 50 dB increased significantly from 34% ± 2 to 55% ± 4.4 (p=1.56e-5). The 

increase in the representation of high frequencies after experience with /SASH/ is best seen by 

calculating the difference in the percent of cortex responding to each tone from naïve controls 

(Figure 2, Panel C). The change at 16 kHz in this experiment represents a 60 percent increase in 

the number of neurons that respond to this particular frequency-intensity combination. In Figure 
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2 (Panels B, C, & D), areas circumscribed by the black line indicate frequency intensity 

combinations that met our statistical criterion for each group. The change in the representation of 

high frequencies indicates that sensory experience with this particular acoustic pattern paired 

with NB stimulation distorted the normal frequency representation. The frequency range with the 

greatest increase is similar to the power spectrum of the first element /S/ in the word /SASH/ (8-

22 kHz with a peak at 16 kHz, Figure 1B). 

The increase in the number of high frequency neurons likely contributed to the 6 dB 

decrease in minimum response threshold compared to naive controls (mean neural threshold of 

naïve: 22 ± 0.5 vs. mean neural threshold of NB+SASH: 15.5 ± 0.6 dB, p<0.00001) since higher 

frequencies in this range are known to be more sensitive than frequencies at the edges of the 

minimum audibility curve. The average minimum latency of animals conditioned with /SASH/ 

was lengthened from 13.8 ± 0.14 to 14.5 ± 0.27 msec (p<0.01) and time to peak was nearly 1.5 

msec longer than naive controls (18.4 ± 0.21 vs. 19.9 ± 0.57 msec, p<0.005). Collectively, these 

results indicate that A1 can reorganize its global spectral organization and the temporal response 

to tones following long term sensory experience with speech sounds.  

To probe how non-reinforced sounds influence the expression of this plasticity, we 

repeated our second experiment with additional background sounds randomly interleaved with 

the word /SASH/ paired with NB activation (see Methods). The background sounds that were not 

paired with NB stimulation consisted of the individual sounds that make up the word sash (/S/, 

/A/, & /SH/) as well as the entire word played backwards. These unpaired sounds had the same 

spectral energy as /SASH/ but occurred in different acoustic contexts. The reinforced sound, the 
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same number of paired trials, and the amount and schedule of neuromodulatory activation were 

identical in the two groups. Across all sites, the average neural threshold was 3 dB more 

sensitive than naïve controls (p<0.01) and 3 dB less sensitive (p<0.001) than animals conditioned 

with /SASH/ without the unpaired background sounds. The average minimum latency and time 

to peak for animals conditioned with /SASH/ in the presence of unpaired background sounds 

during the daily conditioning remained unchanged compared to naive controls and animals 

conditioned with /SASH/ in isolation (p>0.05).  

We observed no significant changes in receptive field size at 10, 20, 30, and 40 dB above 

threshold compared to either naive controls or animals conditioned with /SASH/ presented in an 

otherwise silent background. Unlike the /SASH/ alone group, in rats that heard background 

sounds during NB-sash pairing, the percent of A1 responding to 2, 4, 8, and 16 kHz tones at 50 

dB did not reach statistical significance (Figure 2, Panel D). Thus it appears that the presence of 

sounds that were not paired with NB stimulation, prevented (or at least reduced) the high 

frequency map expansion that occurs when the word /SASH/ is paired with NB stimulation 

without unpaired background sounds.   

Responses to Twitter Calls after Experience NB+Twitter  

The population response of A1 neurons illustrated in Figure 3 shows that neurons in the 

4-16 kHz CF range were most strongly excited by the marmoset vocalization. This finding was 

true of both naïve controls and animals conditioned with the twitter call. Animals conditioned to 

the twitter call responded with 37% fewer spikes to the forward call compared to naïve control 
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animals (2.89 ± 0.3 vs.  4.57 ± 0.27, p=7.3816e-005; n=265 experimental sites vs. 445 control 

sites).  

Since cortical neurons are known to be sensitive to temporal as well as spectral features 

of complex sounds, we quantitatively compared the response to forward and time-reversed 

versions of the twitter call to probe for differences in the direction preference of neurons in each 

group. In Figure 4, we provide the mean PSTH for CFs between 1 and 32 kHz to the forward and 

reversed calls for both groups. Examining the neural representation to speech and vocalization 

sounds that rats were exposed to during the NB-sound pairing phase may reveal specific 

adaptations to the paired sounds.  

In Figure 5 (Panel A and B), mean firing rates of responses to the forward and reversed 

call for sites with CFs between 4 and 16 kHz are compared for neurons studied in naïve control 

animals and animals conditioned with the forward twitter call. Overall, the responses of 149 

control sites for the forward twitter call resulted in greater mean firing rates than did the 

corresponding reversed call in a majority of the recording sites. The distribution of the selectivity 

index in controls is 0.257 ± 0.03 (Figure 5, Panel C) indicating a net preference for the forward 

twitter call over the same call played in reverse. Responses of 116 sites from experimental 

animals exposed to the twitter call with NB activation are distributed around the solid line which 

indicates equal discharge rates to both stimuli. The distribution of the selectivity index has a 

mean of only 0.089 ± 0.05 (Figure 5, Panel D), indicating that the forward and time-reversed call 

produced equivalent responses over the population of the neurons studied. The selectivity index 

of animals conditioned with the twitter call is significantly lower than that of neurons in naïve 
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control animals (p<0.005). To quantify how closely in time neurons in each area follow 

individual call phrases of the twitter call, we also computed a vector strength measure of these 

sites for the forward and time-reversed calls. No significant changes were noted in discharge 

synchrony of the forward and reversed calls were noted after the conditioning procedure (data 

not shown).  

To demonstrate that the decrease in twitter direction selectivity does not occur after NB 

stimulation is paired with any arbitrary sound, we also collected responses to forward and 

reversed twitter calls from animals conditioned with the word /SASH/ (in the presence of 

unpaired background sounds during the daily conditioning). Direction selectivity of this group 

was not significantly different from naïve controls (0.236 ± 0.06, p>0.5, n=65 sites). 

Responses to Sash after Experience NB+Sash  

On average, A1 neurons in controls responded to the word /SASH/ with 2.97 ± 0.14 

action potentials. The distribution of the selectivity index of the control group in response to the 

forward and time-reversed versions of /SASH/ was -0.025 ± 0.017 (n=397 sites, p>0.1), 

indicating that the both versions produced approximately equal number of responses over the 

population of neurons studied. After exposure to the word /SASH/ paired with NB stimulation, 

we observed a modest 20% increase in the mean firing rate to the word sash (3.54± 0.19 spikes, 

p<0.05) compared to controls.  There was no preference for the forward or reversed direction 

(DS index: 0.029 ± 0.018, p>0.1, n=263 sites). In contrast to the group conditioned with /SASH/ 

in isolation, no increase was observed in the average response strength of sites when /SASH/ was 

paired with NB in the context of unpaired background sounds (2.89 ± 0.22 spikes, p>0.5). This 



  233 

 

result may be related to the lack of high frequency map reorganization described above. There 

was no difference in the distributions of the direction selectivity indices of all three groups. 

Changes in Forward Masking after Sensory Experience with Vocalizations (NB+SASH)  

 Sequential context plays a critical role in influencing neural response profiles. 

Interactions between spectral and temporal contextual cues contribute to normal processing of 

natural sounds and are likely influenced by acoustic experience. It is unclear how 

spectrotemporal acoustic inputs repeatedly paired with activation of neuromodulatory input from 

nucleus basalis changes these interactions. Neurograms (formed from PSTHs ordered according 

to their objectively defined frequency) for each group provide the easiest method to visualize 

changes in the population response.  

Examination of Figures 6-9 reveals many similarities and several important differences in 

the spatiotemporal discharge patterns of each group. In every group of rats, most A1 neurons 

respond to some part of the word /SASH/ (Figures 6A, 7A, 8A, and 9A). High frequency neurons 

typically respond to the /S/, low frequency neurons respond to the /A/, and mid-frequency 

neurons respond to /SH/. For example, the neurogram for /S/ in response to /SASH/ evoked 

responses with CFs greater than ~ 8 kHz, while /A/ evoked responses from units with tuning for 

lower frequencies (<8 kHz). 

By deleting the initial /S/ and /SA/ sounds, we were able to quantify the masking caused 

by these sounds. Specifically, we compared the total number of spikes evoked to an individual 

element (such as /A/) in isolation with the number of spikes evoked for that element when it was 

in the acoustic context of the whole word (Figure 10). In all four groups, high frequency neurons 

(CF between 6-24 kHz) responded to /A/ with significantly fewer spikes (p<0.000) when it was 
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preceded by the /S/ compared to when it was presented in isolation. This masking can be seen by 

comparing the neural patterns of activation to the word /SASH/ with the activation pattern of the 

same neurons to /ASH/ (compare top panel to second panel in Figures 6-9). The group 

conditioned with /SASH/ in isolation exhibited significantly more masking compared to naive 

controls as well as the other two groups that received NB stimulation. Low frequency neurons 

(1-6 kHz) from the group conditioned with /SASH/ in isolation also showed significant masking 

of the /A/ response by the preceding /S/. In the other three groups, the response of low frequency 

neurons to /A/ was unaffected by the presence of the preceding /S/. The magnitude of the 

increase in masking of the /A/ response by the preceding /S/ in the group conditioned with 

/SASH/ in isolation is likely related to the increase in the number of high frequency neurons.  

We also tested the influence of the preceding /A/ on the response to /SH/ in each group. 

In controls and in rats conditioned with twitter call or with /SASH/ in isolation, neurons with 

CFs between 4-20 kHz exhibited no significant /SH/ masking. /A/ did generate significant 

masking of the /SH/ response in animals that received /SASH/ with activation of NB in the 

presence of unpaired background sounds (/S/, /A/, and /SH/, and /SASH/ played backwards).  

Collectively, these results demonstrate that pairing the word /SASH/ with NB stimulation 

can significantly alter the sequential activation and masking of A1 neurons. The extent of /S/ 

masking /A/ was specifically increased when /SASH/ was paired with NB in an otherwise silent 

context, while masking of /SH/ by a preceding /A/ was only observed when /SASH/ was paired 

with NB in the context of the unpaired sounds presented during the daily conditioning. These 

observations demonstrate that experience with speech sounds (whether associated with NB 
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activity or not) can significantly influence if and when masking occurs in the cortical response to 

speech sounds.  

DISCUSSION 

 The adult cortex is reorganized through learning of behaviorally important sensory inputs 

under attention-based and reinforced conditions (Ahissar et al., 1992; Recanzone, 2000). Pairing 

activation of the neuromodulatory systems such as the cholinergic nucleus basalis or 

dopaminergic ventral tegmentum neurons with sensory stimulation induces cortical plasticity that 

resembles plasticity induced by behavioral training (Kilgard and Merzenich, 1998; Bao et al., 

2001; Kilgard et al., 2001b). In all of these experiments, the form of plasticity is specific to 

particular features of the sensory input.  Receptive field size, cortical topography, response 

latency, neural threshold, response strength, neural discharge coherence, and order selectivity 

can all be altered in an experience-dependent manner. Relatively simple sounds have been used 

in most studies of auditory cortical plasticity. It is not known how complex sounds, such as 

vocalizations, alter cortical responses.  

Brain imaging studies in humans have documented that optimization of speech 

processing is associated with changes in cortical evoked potentials and blood flow (Temple et al., 

2003; Golestani and Zatorre, 2004). However, these techniques lack the resolution to quantify 

changes in the spectral and temporal selectivity of cortical neurons. To shed light on this 

important issue, we have developed an animal model of vocalization-specific cortical plasticity. 

In this study, we used nucleus basalis stimulation to explore how acoustic experience with 
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human speech sounds and a primate vocalization directs spectral and temporal plasticity in rat 

primary auditory cortex.    

Summary of Major Results  

Exposure to human and monkey sounds associated with NB stimulation altered response 

thresholds, frequency map organization, receptive field size, forward masking profiles, and 

direction preference of A1 neurons. In our initial series of experiments, we found that pairing a 

monkey vocalization with nucleus basalis stimulation resulted in a decrease in neural response 

thresholds and elimination of the normal preference of A1 neurons for the forward twitter call 

over the same call played backwards. In our second experimental series, we found that pairing 

the English word /SASH/ with NB activation resulted in high frequency map expansion, a 

broadening of receptive fields, lower thresholds, and an increase in forward masking of ‘a’ by ‘s’ 

compared to naïve control rats. In our final series of experiments, we discovered that the 

presence of non-reinforced speech sounds while animals received NB-SASH pairing blocked the 

high frequency map expansion and altered the pattern of masking compared to the group that 

received NB-SASH pairing without background sounds. 

Experience-Dependent Changes in Neural Threshold  

We have previously observed frequency specific increases and decreases in neural 

thresholds when certain sounds were paired with activation of NB. When two tones separated by 

2.8 octaves (2 and 14 kHz) were independently paired with NB activity, we observed increased 

neural thresholds in the high and low frequency regions of A1 (Pandya et al, in press). In 

contrast, when a single FM sweep (8-4 kHz) was paired with NB stimulation, we observed 

decreased neural thresholds in the region of the tonotopic map that was most strongly activated 
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by this stimulus (Moucha et al., in press). No threshold changes were observed after a single 

unmodulated tone, tone trains, noise trains, or acoustic gratings were paired with identical NB 

stimulation (Kilgard and Merzenich, 1998; Kilgard et al., 2001b; Kilgard et al., 2001a)(Pandya et 

al, in press).  

Since the twitter call is composed of a sequence of modulated narrowband FM sweeps, 

we expected that NB-twitter pairing would lower neural thresholds. As in our earlier experiment, 

decreased thresholds appear to be specific to the region of the frequency map activated by the 

FM sounds. This result supports our earlier observations that rapid changes in spectral features 

can affect neural thresholds. In both cases the sweeps spanned an octave in less than 200 ms. 

Additional studies will be needed to determine how rate, direction, and extent of the frequency 

change influence thresholds.  

Experience-Dependent Changes in Receptive Field Size  

 The average receptive field size of cortical neurons can be increased and decreased by 

operant training (Recanzone et al., 1992; Recanzone et al., 1993).  NB stimulation can also 

generate either form of plasticity depending on the features of the associated sounds (Kilgard et 

al., 2001b; Kilgard et al., 2002). For example, frequency bandwidth decreased after two nearby 

tones (1.1 octave separation) or an acoustic grating were associated with NB stimulation (Kilgard 

et al., 2001b; Kilgard et al., 2001a). In contrast, frequency bandwidth increased by as much as 

60% when a modulated tone with a constant carrier frequency was repeatedly associated with 

NB activity (Kilgard et al., 2001b). Repeated pairing of a single unmodulated tone resulted in a 

20% increase in receptive field size when no other sounds were presented during conditioning. 

Interestingly, the 20% receptive field expansion observed in our prior NB-tone pairing studies 
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was blocked when other tones frequencies were interleaved that were not associated with NB 

stimulation (Kilgard et al., 2001b). In this study, we did not detect a change in receptive field 

size when the twitter vocalization was paired with NB or when the word /SASH/ was paired in 

the context of the unpaired sounds. We did, however, observe a significant increase in receptive 

field size in the group conditioned with /SASH/ in isolation which likely contributed to the high 

frequency map expansion. The average bandwidth for animals conditioned with /SASH/ in 

isolation at 40 dB above threshold was nearly 20% wider than those obtained from control rats. 

The lack of receptive field when unpaired sounds were added during the conditioning procedure 

is consistent with the observation that background sounds also influence receptive field plasticity 

(Ohl and Scheich, 1996; Kilgard et al., 2001b; Moucha et al., in press). 

Experience-Dependent Changes in Direction Preference for Twitter Call, but not /SASH/  

One of the fundamental issues in understanding how the auditory system processes 

communication sounds is whether they are processed differently from behaviorally irrelevant 

sounds and how experience influences neural coding. A long line of studies in cats, primates, 

songbirds, and bats has provided strong evidence that natural vocalizations produce stronger 

responses than complex artificial sounds (Margoliash, 1983; Wang et al., 1995; Doupe and Solis, 

1997; Esser et al., 1997; Gehr et al., 2000). These reports suggest that there is a preference to 

vocalizations that are of behavioral significance. For example, primary auditory cortex neurons 

of marmoset monkeys respond more strongly whether their twitter call is played in the forward 

direction than when it is played in the reverse direction (Wang et al., 1995). Since A1 neurons in 

cats (Wang and Kadia, 2001) and rats (Pandya et al, manuscript in preparation) are not as 

strongly direction selective, it was proposed that the direction selectivity of marmoset neurons 
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indicates specialized (species-specific) processing of the call. The development of song direction 

preference in birds is known to be experience-dependent and it is possible that marmoset neurons 

also learn to prefer the acoustic features of the twitter call only after thousands of occurrences in 

a behaviorally meaningful context. Since NB neurons are naturally activated by behaviorally 

arousing sounds, it was possible that repeated pairing of twitter calls in rats could result in the 

development of direction selectivity.  

In fact, NB twitter pairing not only did not increase direction preference in rats; it 

eliminated the normal modest preference of A1 neurons for the forward call over the reversed 

call. This result mimics an earlier report that pairing NB stimulation with moving acoustic 

gratings which also reduced the normal direction preference of rat A1 neurons (Mercado et al., 

2001). These results indicated that simple repeated association of a complex sound with 

neuromodulatory release may not be sufficient for development of direction preference. In birds, 

it is known that many behavioral and hormonal factors contribute to song learning. While NB 

stimulation is sufficient to facilitate many forms of cortical plasticity, perhaps other factors are 

needed for the development of selectivity for complex sounds. 

It may be possible to bias the direction preference observed in rats to be more similar to 

marmosets by exposing them to naturalistic acoustic contexts in which they are presented twitter 

calls that are not in a silent context. An earlier study showed that is possible to change the neural 

preference for stimulus order after pairing nucleus basalis activity with auditory patterns that are 

presented in an acoustic context rich in contrasts (Kilgard and Merzenich, 2002). Specifically, 

one month of conditioning with a simple acoustic sequence (high-frequency tone, low-frequency 

tone, and a white noiseburst separated by 100 msec) increased the proportion of neurons that 
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developed response facilitation that was specific to the order of the sequence elements paired 

with NB activity. In that study, four other sequences were interleaved but not paired with NB 

activity during the conditioning period to encourage the development of order-sensitive 

responses. The unpaired sequences all had three elements – each separated by 100 msec, and 

occurred equally often as the paired sound. Thus, these unpaired sounds provided contrasting 

inputs relative to the paired sounds. The development of order sensitive neurons in that study 

was similar to the development of neural combination sensitivity reported in the songbird 

literature (Doupe, 1997; Solis and Doupe, 1999).    

The selection of the word /SASH/ was in part motivated by its acoustic similarity to the 

sequence of simple sounds used in our earlier paper.  /SASH/ has natural transitions which 

activated high, low, and broadband areas of the cortex similar to the high-tone low-tone noise 

burst acoustic sequence used in a prior study (Kilgard and Merzenich, 2002). In contrast to the 

finding of order-selective responses when a simple acoustic sequence was paired with NB 

activity (Kilgard and Merzenich, 2002), we observed no shift in direction preference for the word 

/SASH/ whether it was conditioned in a silent context or in the presence of contrasting sounds. 

Since there are many acoustic differences between /SASH/ and the sequence used in the earlier 

study, we cannot be certain what features of the sequences facilitated the development of order 

sensitivity. However, two differences are likely to be important. The first is that the high-tone 

low-tone noise burst acoustic sequence was specifically chosen because it results in a pattern of 

cortical activation that is quite different from the reversed sequence even in naïve controls. The 

neurograms in response to /SASH/ forward and reversed are qualitatively more similar partly 

because of the greater bandwidth of speech sounds compared to tones. A second potentially 
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important difference is the short duration of elements and the presence of silent periods in the 

sequence. Neurophysiologic data from the auditory cortex of anesthetized cats (Brosch and 

Schreiner, 1997) and awake primates (Bartlett and Wang, personal communication) suggest that 

the magnitude of masking increases with longer durations of preceding stimuli. Since the 

duration of sequence elements and interstimulus intervals affect the interactions between 

acoustic elements, these factors may also influence the development of direction selectivity. 

Although A1 neurons did not develop direction selectivity for /SASH/ in either of the two 

experimental groups conditioned with this sound, we did observe several interesting changes in 

the spectrotemporal interactions of stimulus elements of the word /SASH/. 

Experience-Dependent Changes in Forward Masking as a Potential Mechanism to Improve the 

Representation of Spatiotemporal Inputs  

  Improvements in the coding of complex acoustic input patterns can be achieved by 

changing how neural filters respond to each spectrotemporal transition. It may be possible, for 

example, to sharpen the fidelity of neuronal representations by altering the forward masking 

profile of cortical neurons. In all of the groups, the response to /A/ was suppressed when it was 

preceded by /S/, however, the overall magnitude of this masking can differ as a function of the 

sounds presented during the conditioning protocol. In our experiments with /SASH/, it appears 

that the degree of forward masking is related to map plasticity. Exposure to /SASH/ with 

activation of NB without the context of background sounds increased the number of neurons that 

responded to high frequencies, broadened receptive fields, and dramatically increased the 

magnitude of suppression of /A/ by /S/.  It is likely that the large scale changes observed in this 

group involve changes not only in network connectivity but also synaptic dynamics. The 
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processes of LTP and LTD are the consequences of Hebbian learning rules and likely contribute 

to most of the changes we observed in this study (Bi and Poo, 2001). Specifically, LTP 

mechanisms results in more paired pulse depression (i.e. synaptic depression), thus slowing 

down the recovery dynamics for spectrotemporal time-varying inputs. Our finding of longer 

onset and peak latencies in response to tones in the excitatory receptive field are consistent with 

increased integration times and are a likely byproduct of the large scale map reorganization. The 

map reorganization and longer response latencies in this group resembles the results from NB-

tone pairing studies where the paired input was a high frequency tone. The high frequency map 

expansion suggests that cortical neurons can change their global topographic representation 

based on the acoustic cue that predicts the NB stimulation if there are no other sounds presented. 

In this case, the first element is composed of high frequency power; therefore, it seems 

reasonable for the cortex to increase the number of neurons responding to that acoustic cue or 

feature. Conditioning experiments using VTA stimulation are consistent with this hypothesis 

(Bao et al., 2001). When VTA activity was preceded by a 4 kHz tone and followed by a 9 kHz 

tone, the cortical representation of the 4 kHz tone was expanded. The cortical reorganization 

enabled by neuromodulatory activity from VTA stimulation apparently enhanced the saliency of 

the acoustic input that consistently precedes VTA activity. The VTA area also sends projections 

to NB. 

Map reorganization, broader receptive fields, and longer latencies were not observed in 

animals conditioned with /SASH/ when contrasting background sounds were presented during 

the pairing protocol. Rather than increasing the masking of /A/ by /S/, the group exposed to 

/SASH/ with unpaired background sounds exhibited an increased masking of /SH/. Thus, when 
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there was no change in the global topographic organization, we saw no evidence of increased 

masking of ‘s’. It is plausible that this difference is due to the presentation of the ‘s’ in isolation 

as one of the contrasting sounds. Every time this unpaired sound was presented, the same high 

frequency neurons were activated as in the case of /SASH/, but not always reinforced with NB 

activity. This essentially removes the acoustic cue that predicts the reward. The finding in the 

/SASH/ group with unpaired background sounds is similar to the lack of map expansion in the 

experiments where NB activity was associated with a simple acoustic sequence and contrasting 

background sounds were presented. Thus, cortical topography and forward masking profiles are 

determined not only by the paired acoustic inputs, but are powerfully influenced by the presence 

of contrasting sounds. 

CONCLUSIONS  

 Many basic aspects of acoustic processing of speech and vocalization sounds are likely 

shared among many species. While the representation of speech and many classes of complex 

sounds have been characterized at caudal levels of the auditory system (Sachs and Young, 1979; 

Young and Sachs, 1979; Sinex and Geisler, 1983; Delgutte and Kiang, 1984a, b; Wang and 

Sachs, 1993, 1994; Delgutte, 1997; Sinex and Chen, 2000; Eggermont, 2001), there are relatively 

few studies that quantitatively examined how speech and other natural sounds are represented at 

rostral levels (Creutzfeldt et al., 1989; Steinschneider et al., 1990; Eggermont, 1995; Schreiner, 

1998; Steinschneider et al., 2003; Wong and Schreiner, 2003). In addition, there are even fewer 

studies that examine the underlying neural basis and neurobiological mechanisms that may be 

used to improve our representation of speech despite the finding that non-human animals can 
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learn to distinguish features of human speech sounds with sufficient training (Kuhl and Miller, 

1975, 1978; Kluender et al., 1987; Sinnott and Adams, 1987; Kluender and Lotto, 1994). A 

detailed understanding of the neurobiologic mechanisms detailed in this study will be necessary 

to elucidate how perceptual improvements in humans are achieved (Fitch et al., 1997). A fine-

grained analysis of the different strategies that determine how neurons develop selectivity for 

complex sounds could aid in the development of better rehabilitation strategies for 

communication disorders.   

Our findings suggest that topographic reorganization is not the only way to perturb neural 

representations of complex speech sounds. Notwithstanding the differences in topographic 

organization and forward masking profiles between the group conditioned with /SASH/ in a 

silent context and in the context of competing background sounds, the critical fact is that the rats 

in these two sets of experiments were exposed to the same reinforced sound, the same number of 

paired trials, and the same neuromodulatory activation. Although we found no evidence of 

changes in cortical topography in animals exposed to the word /SASH/ with background sounds 

or even the twitter call, we did obtain evidence for several other classes of reorganization in 

neuronal response characteristics. Among the more intriguing findings is the change in nonlinear 

interactions of the acoustic history in the spectrotemporal discharge patterns. The results of this 

study are part of our initial efforts to develop an animal model of vocalization-specific cortical 

plasticity to examine potential strategies that cortical networks employ to improve the 

representation of complex spatiotemporal inputs. Additional studies will clearly be needed to 

determine whether the principles observed in this study will generalize to other speech sounds 

and vocalizations. In particular, cortical coding and plasticity studies using speech and speech-
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like analogues will be needed to extend our present understanding of how the physiologic 

correlates of acoustic features are represented and how spectrotemporal interactions are 

perturbed as a function of experience. 
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Figure 1. Time-domain waveform and spectrogram showing changes in frequency content as a 

function of time for the word /SASH/ and the marmoset twitter vocalization. Below each panel, 

the power spectra is provided. 
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CHAPTER FIVE 

 
 

 
 

FIGURE 1 



   

 

 
Figure 2. Summary of frequency map plasticity. The percent of the surface of primary auditory 

cortex (A1) that responds to each tone is represented as a color in experimentally naïve control 

rats (A, n=15). The percent of A1 responding was quantified as the sum of the areas of all the 

recording sites that responded to the frequency-intensity combination of interest divided by the 

total area of A1 (as in (Kilgard and Merzenich, 1998)). The difference in the percent cortical area 

of the naïve group and the animals conditioned with the twitter vocalization (B), the word 

/SASH/ (C), and the word /SASH/ in the presence of unpaired background sounds illustrates the 

magnitude of the cortical map reorganization. Solid black lines in B, C, and D mark the 

frequency intensity areas that were significantly different from controls at the p<0.0001 criterion.
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FIGURE 2 



   

 

 
Figure 3. Spectrotemporal discharge patterns of A1 neurons to the forward and reversed twitter 

calls from naïve control animals (n=9 rats, 381 sites) and animals exposed to the forward twitter 

call associated with activation of NB (n=5 rats, 265 sites). 
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FIGURE 3 



   

 

 
Figure 4. Population differences of forward and reversed calls from naïve control animals and 

animals exposed to the forward twitter call associated with activation of NB.
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FIGURE 4 



   

 

 
Figure 5. Direction selectivity for the twitter call in naïve controls (left) and in animals 

conditioned with the forward twitter call associated with activation of nucleus basalis (right). In 

the top row, each scatter plot shows a comparison between mean firing rates to the natural and 

reverse call for individual sites. In the second row, each histogram shows the distribution of the 

selectivity index for controls and animals that were exposed to the twitter call. The mean of each 

distribution is marked by the solid vertical line

. 
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FIGURE 5 



   

 

 
Figure 6. Spectrotemporal discharge patterns of A1 neurons from controls in response to 

/SASH/, /ASH/, /SH/, and the twitter call (n=12 rats, 447 sites)
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FIGURE 6 



   

 

 
Figure 7. Spectrotemporal discharge patterns of A1 neurons from animals conditioned with the 

word /SASH/ associated with NB stimulation in response to /SASH/, /ASH/, /SH/, and the 

twitter call (n=5 rats, 280 sites) 
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FIGURE 7 



   

 

 
Figure 8. Spectrotemporal discharge patterns of A1 neurons from animals conditioned with the 

word /SASH/ associated with NB stimulation (with unpaired background sounds) in response to 

/SASH/, /ASH/, /SH/, and the twitter call (n=3 rats, 155 sites) 
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FIGURE 8 



   

 

 
Figure 9. Spectrotemporal discharge patterns of A1 neurons from animals conditioned with the 

twitter vocalization associated with NB stimulation in response to /SASH/, /ASH/, /SH/, and the 

twitter call (n=5 rats, 265 sites)
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FIGURE 9 



   

 

 
Figure 10. Summary of magnitude of response suppression for each group 

 



  265 

 

 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 10 
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CHAPTER SIX 
 

SUMMARY AND CONCLUSIONS 
 

The central nervous system embodies an interesting dichotomy in the representation of 

information. On one hand, it must maintain a consistent and reliable representation of important 

information while on the other hand, it must be able to modify these representations to adapt and 

learn. The manuscripts contained in this thesis revolve around these two major questions in 

neuroscience. First, how is information represented in the brain? Second, what are the learning 

principles and rules that cortical networks use to change these representations? The results of the 

experiments described in this dissertation confirm and extend the principles derived from 

previous studies experimental work on neural information processing and experience-dependent 

plasticity in the auditory system. 

The neural code can be loosely defined as the way information is represented in the 

activity of neurons. The fundamental unit of information and signaling in the nervous system that 

was considered in this thesis were derived from action potentials. It is well accepted that sensory 

information in the brain is represented by the distributed activity of large numbers of neurons 

over many distinct regions. In the experiments presented in Chapters 2 and 3, I recorded activity 

of a large number of neurons from three distinct auditory areas: the thalamus, primary auditory 

cortex (A1), and posterior auditory field (PAF). I systematically mapped these areas using 

extracellular recording technique in adult rats to examine in fine spatial and temporal detail the

 distributed responses to both simple and complex acoustic patterns. I probed each of these areas 
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with a stimulus repertoire that included a wide from range of sounds with varying degrees of 

spectral and temporal complexity (e.g. tones, modulated trains of tones and noise, monkey 

vocalizations, & human speech sounds). In addition to traditional frequency tuning curve 

analysis, population post stimulus time histograms and spectrotemporal discharge patterns (i.e. 

neurograms) were computed and compared. 

In Chapter 2, I compared spectral and temporal processing in the primary and posterior 

auditory fields of adult rats to simple steady state and simple modulated acoustic patterns. 

Although auditory processing in the ascending auditory pathway has been extensively studied in 

this species, relatively little data is available regarding the functional properties of non-primary 

auditory fields in this valuable animal model (Malmierca, 2003). In other sensory modalities, 

neurons in ‘higher order’ cortical areas have a tendency to exhibit longer latencies, larger 

receptive fields, more adaptation to repeated stimuli, and less precise topographic representation 

of the sensory periphery (Mountcastle, 1997). In the visual cortex, for example, the differences in 

these neural response properties are often accompanied by selectivity for more complex 

attributes of the visual scene. Similar findings in the auditory cortical areas of many other species 

(cats, ferrets, primates, and gerbils) also indicate that higher order cortical areas analyze and 

integrate information on larger spatial and longer temporal scales (Bizley et al., 2005; Ehret and 

Romand, 1997; Joris et al., 2004; Recanzone et al., 2000; Schreiner and Urbas, 1988; Van Essen 

et al., 1992).  

Basic neural coding studies are a necessary step for: (1) extending comparative 

investigations of the functional organization of a species that is being used to an increasing 



  273 

 

extent by researchers and (2) future studies of auditory processing and experience-driven 

plasticity (see Chapters 4 and 5). The results from Chapter 2 suggest that the rat auditory cortex 

shares many organizational principles with other species and other sensory modalities. I 

demonstrate that there are several neurophysiological differences between rat A1 and PAF. Rat 

PAF neurons have larger receptive fields, stronger responses to tones and broadband noise, 

longer latencies, and stronger adaptation and weaker synchronization to rapidly repeated sounds 

compared to A1 neurons. It is clear that cortical fields in rats can in large part be distinguished 

on physiological criteria when the neural responses to multiple stimulus features are probed. In 

contrast to an earlier report (Doron et al., 2002), we observed no systematic tonotopic 

organization in PAF even when we quantified topographic organization in every possible 

orientation. These results indicate that the organization of the rat auditory cortex is comparable 

to the functional organization of auditory cortex reported in many other species. Establishing 

cross-species homologies may require physiological mapping of cortical areas using more 

complex sounds as well as a study of their thalamocortical and corticocortical connectivity (Lee, 

Imaizumi et al., 2004; Lee, Schreiner et al., 2004). Such an approach will lead to the 

development of testable models about cortical processing streams and cross-species homologies. 

In addition, these results dovetailed with other research findings in the literature are consistent 

with the notion that acoustic signal processing occurs in both parallel and serial fashion 

(Rauschecker et al., 1997; Van Essen et al., 1992). A greater understanding the connectivity and 

physiology of A1 and PAF will make it possible to examine the influence that higher cortical 

areas have over fundamental neuronal properties as they emerge from lower areas. 
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Now that quantitative physiologic data on basic spectral and temporal representations 

regarding the functional organization of PAF has been acquired, future studies should be 

designed to examine the role that this cortical region has in mediating specific aspects of 

perception and other cognitive functions. This will require testing on a range of tasks to 

determine whether this region is necessary and sufficient for different sensory behaviors and how 

it contributes to processing of the acoustic biotope.  

Understanding how and why representations change in different sectors of the auditory 

cortex will provide a powerful basis for studying a number of general issues concerning cortical 

information processing, the mechanisms underlying learning and memory, and the interactions 

between behavior and sensation. With the detailed characterization of how PAF represents basic 

features of the auditory scene, it will also be possible to examine the role of sensory experience 

in guiding plasticity at this level of auditory cortical processing. Specifically, we will be able to 

tackle the question of how spectral and temporal response properties are shaped by differential 

acoustic experience. For example, we know that receptive fields of A1 neurons can be narrowed, 

broadened, or unaltered depending on the statistics of the acoustic input (Kilgard et al., 2002; 

Kilgard et al., 2001). In addition, we know that the maximum cortical following rate neurons in 

A1 can be increased, decreased, or left unaltered based on features of the acoustic input 

associated with neuromodulatory activity or behavioral training (Bao et al., 2004; Beitel et al., 

2003; Kilgard and Merzenich, 1998). Finally, A1 neurons can develop order sensitive responses 

and increase population discharge synchrony after long-term experience with simple acoustic 

sequences (Kilgard and Merzenich, 2002). 
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The neural responses of PAF neurons make it practical to use the same stimuli that have 

been used to examine input-directed plasticity in A1. By conducting well executed and designed 

experiments based on our knowledge of basic response properties of non-primary cortical 

neurons, future experiments should address the intriguing questions about the relative plasticity 

at different levels of neural processing. It remains to be tested whether plasticity expressed in 

primary sensory cortex increases progressively in successive levels of processing in sensory 

cortex or is simply passively propagated from early areas. Although there is some evidence that 

that the PAF in rats is susceptible to sensory experience (Bao et al., 2001; Puckett et al., 2003), 

its plasticity potential may be specifically related to the parameters for which it has the greatest 

selectivity. It is also possible that some of the known forms of plasticity that are expressed in A1 

are not generated in non-primary cortical areas or may be expressed in the opposite direction 

from what is expressed in primary sensory cortex. Alternatively, it is possible that non-primary 

cortical areas may express unique forms of plasticity that cannot be generated and expressed at 

earlier stages of cortical processing. 

The processing of natural sounds such as speech changes over multiple timescales from 

as short as a few milliseconds to tens of hundreds of milliseconds. My review of the relevant 

literature led me to a rather surprising void. While we have learned much about how A1 

processes information in a wide range of species, very little empirical data exists on how sounds 

are represented in the thalamus and cortex of non-specialist mammalian species such as the rat.   

In Chapter 3, I elaborated on the experiments presented in Chapter 2 by recording 

responses to a well characterized primate vocalization sound and the English word ‘sash’ in the 
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auditory thalamus, A1, and PAF. While the representation of speech and many classes of 

complex sounds have been well characterized in the auditory nerve and brainstem (Delgutte, 

1997; Delgutte and Kiang, 1984, 1984; Eggermont, 2001; Sachs and Young, 1979; Sinex and 

Chen, 2000; Sinex and Geisler, 1983; Wang and Sachs, 1993, 1994; Young and Sachs, 1979), 

relatively few studies have explored how stimulus history and the spectrotemporal context in 

natural sounds influence neural processing (Creutzfeldt et al., 1989; Eggermont, 1995; Schreiner, 

1998; Steinschneider et al., 1990; Steinschneider et al., 2003; Wong and Schreiner, 2003). 

Psychophysical studies in humans have revealed that stimulus context can profoundly influence 

auditory perception (Holt and Lotto, 2002; Holt et al., 2000) presumably via mechanisms such as 

forward masking (Moore, 1989). In neurophysiologic studies of mammalian auditory cortex, the 

influence of stimulus context has been studied in relation to forward masking (Brosch and 

Schreiner, 1997, 2000; Calford and Semple, 1995). General auditory mechanisms related 

neuronal adaptation likely play a role in the processing of natural sounds. The primary objective 

of this experimental series was to quantitatively test how a neurons’ prior activation and the 

spectral and temporal context in which it is embedded affected patterns of neural activation in 

three different auditory areas.  

There were several similarities in the processing of sounds across the three areas 

examined. The major findings were as follows: (1) all three areas exhibit phasic responses to 

major energy transitions in the complex sounds; (2) the fine time patterns of neural discharges 

depends on the frequency tuning of individual recording sites; (3) neurons show preferences for 

stimulus order for some classes of complex sounds, but not all classes of complex sounds; (4) 
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temporal and spectral acoustic manipulations influence response strength and the precision of 

spike-timing; (5) spectrotemporal discharge patterns in response to speech and vocalization 

sounds in these three areas are not faithful replicas of the acoustic input, but are considerably 

more abstract compared to those reported in the auditory periphery. In Chapter 3, we also 

provide preliminary evidence that the effects of spectrotemporal acoustic context and neural 

adaptation are present for cortical coding in unanaesthetized cortex. The detailed characterization 

of the spectrotemporal interactions described in Chapter 3 was necessary to examine the role of 

experience with complex sounds in guiding neural plasticity.  

In Chapter 5, I probed the forms of plasticity that are generated in A1 after experience 

with the word ‘sash’ and the primate twitter vocalization. Animal models can be used to study 

the neurobiological changes that may underlie the learning of communication sounds since 

psychophysical studies in several species have shown that animals can learn to distinguish 

human speech sounds with sufficient training (Dent et al., 1997; Kluender et al., 1987; Kuhl and 

Miller, 1975, 1978; Kuhl and Padden, 1982; Ramus et al., 2000; Sinnott and Adams, 1987; Toro 

et al., 2003).  While there is a growing body of evidence demonstrating how experience with 

simple sounds guides self-organization in cerebral circuits, there are relatively few plasticity 

studies in the auditory modality which examine how sensory input with spatiotemporal inputs 

guides plasticity. Most studies of experience-dependent plasticity differ in a number of critical 

parameters that are likely important for determining the form of plasticity. These parameters 

include the modality, behavioral response, task difficulty, task goal, motivation, duration of 

training, background stimuli, and species. These important differences between have made it 
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difficult to directly compare the results across plasticity studies. In the experiments presented in 

Chapter 5, we developed an animal model of vocalization-specific cortical plasticity to document 

the potential changes that primary auditory cortex generates in response to complex acoustic 

patterns. The modality, species, behavioral state, and number of paired repetitions were the same 

across the experimental groups that varied only in their acoustic experience.  

We demonstrate that exposure to human and monkey sounds associated with 

neuromodulatory input altered response thresholds, frequency map organization, receptive field 

size, forward masking profiles, and direction preference of A1 neurons. Many of these forms of 

reorganization are also expressed when simple acoustic sounds are associated with 

neuromodulatory input. For example, as in our earlier studies with frequency modulated sounds 

(Moucha et al., in press), we provide evidence that associating a primate twitter call with 

activation of nucleus basalis generated a decrease in response thresholds in the region of the 

frequency map that was responsive to the call. In addition, the normal preference of A1 neurons 

to the forward call over the reverse call was eliminated. This finding is consistent with an earlier 

study which reported that nucleus basalis stimulation associated with moving acoustic gratings 

reduced the normal direction preference of rat A1 neurons (Mercado et al., 2001). Associating 

the English word /SASH/ resulted in high frequency map expansion, a broadening of receptive 

fields, lower thresholds, and an increase in forward masking of ‘a’ by ‘s’ compared to naïve 

control rats. The increase in the representation of high frequencies and broadening of receptive 

field has also been observed with a modulated tone with a constant carrier frequency or a single 

unmodulated tone was associated with nucleus basalis activity (Kilgard and Merzenich, 1998; 
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Kilgard et al., 2001).  

We also confirm the important role that non-reinforced sounds have in the expression of 

cortical plasticity. In a subgroup of animals conditioned with the word /SASH/, we presented 

four modified speech sounds that were not paired with NB stimulation. The addition of these 

sounds prevented the high frequency map expansion and increase in receptive field size that was 

observed when the word /SASH/ was paired without the presence of these unpaired sounds. 

Previous nucleus basalis-tone pairing studies showed that receptive field expansion could be 

blocked when other tone frequencies were interleaved that were not associated with nucleus 

basalis activity (Kilgard et al., 2001). The presence of unpaired sounds in this group also altered 

the pattern of forward masking compared to the group that received conditioning with the word 

/SASH/ without background sounds by increasing the masking of ‘sh’ rather than ‘a’. The 

cortical plasticity results from this group suggest that the presentation of non-reinforced sounds 

provides a form of context that can powerfully affect neuronal responses. Our observations 

suggest that the role of unpaired acoustic experiences must be more thoroughly investigated in 

future cortical plasticity studies. Collectively, the results of from Chapter 5 are consistent with 

previous findings of experience-dependent cortical plasticity which employed much simpler 

sounds. 

Cortical plasticity is a dynamic and progressive process. The results from this thesis 

demonstrate that there are many strategies that neural networks use to improve the representation 

of reinforced sounds ranging from tones, modulated noise, and even vocalization sounds. The 

experiments in this dissertation led to the development of an animal model of vocalization-
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specific plasticity that can now be used to clarify the changes in neural processing that contribute 

to the optimization of speech sound coding. This model will provide a powerful tool in studies of 

speech-sound learning so we can learn how neurons can develop selectivity for communication 

sounds. The ultimate goal of this knowledge is to aid in the development of better rehabilitation 

strategies for individuals suffering from communicative disorders based on neuroscience 

principles.  
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