
 

 

 

CALL RESPONSES IN THE AMYGDALA OF THE MUSTACHED BAT, 

PTERONOTUS PARNELLII: STIMULUS-SPECIFIC EXCITATION, 

SUPPRESSION, AND SPIKE TIMING 

 

 

 

A Dissertation 

submitted to the faculty of the 

Graduate School of Arts and Sciences of 

Georgetown University 

in partial fulfillment of the requirements for the 

 degree of 

Doctor of Philosophy 

in Neuroscience 

 

 

 

 

 

by 

 

 

 

 

 

Robert Thomas Naumann III, B.A. 

 

 

 

 

 

Washington, DC 

September 21, 2010



 

ii 

 

 

 

 

 

 

 

 

Copyright 2011 by Robert Thomas Naumann III 

 

All Rights Reserved



 

 iii 

CALL RESPONSES IN THE AMYGDALA OF THE MUSTACHED BAT, 

PTERONOTUS PARNELLII: STIMULUS-SPECIFIC EXCITATION, 

SUPPRESSION, AND SPIKE TIMING 

 

 

Robert Thomas Naumann III, B.A. 

Thesis Advisor: Jagmeet S. Kanwal, Ph.D. 

ABSTRACT 

 In interactions with their conspecifics, social animals are presented with social signals 

representing different opportunities and dangers.  This work reflects an attempt to elucidate how 

the amygdala, a brain structure intimately involved in social behavior and behavioral flexibility 

in challenging situations, responds selectively to communication sounds that differ in their 

acoustic structure and behavioral significance.  Our animal model of audiovocal communication 

is the mustached bat, pteronotus parnellii, a social and vocal bat species whose communication 

sound repertoire has been characterized acoustically.  Some of these sounds have a consistent 

relationship to aggressive and affiliative behaviors.  I hypothesized that amygdala neurons would 

respond robustly and selectively to calls.  I recorded action potentials from 104 single units in the 

basolateral amygdala (BLA) of 7 awake, restrained mustached bats in response to 14 simple-

syllabic calls and their pitch-shifted variants.  Amygdala neurons were excited by calls 

expressing aggression or fear, while spiking was relatively suppressed by an affiliative call.  This 

supports the widely held view that the amygdala is one of the most important structures 

mediating appropriate fear expression, and further suggests that spike suppression in BLA 

neurons evoked by safety signals is a mechanism for inhibiting inappropriate fear.  I also 
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examined whether a neuron’s call preference is related to the anatomical location of the 

recording site within the BLA.  Analysis of instances where dorsal and ventral neurons were 

recorded from the same penetration provided evidence that ventrally located neurons were 

subject to more frequent call-evoked spike suppression than their dorsal counterparts. 

 To determine whether preference for motivationally significant call types is a specific 

property of BLA neurons, we compared their call responses to those of neurons in the primary 

auditory cortex.  Neurons of the primary auditory cortex showed a different pattern of 

responding across call types, which did not indicate selectivity for calls based on motivational 

significance.  Instead, cortical neurons showed more precise time-locking to stimuli, consistent 

with responses triggered by discrete acoustic features, in contrast to relatively slower 

modulations of firing rate induced in BLA neurons.  
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I. General Introduction 

Hypotheses 

 Despite the fact that social vocalizations are an integral part of the lives of many 

mammalian species, and especially humans, thorough analyses of single and multiunit activity 

and/or of local field potentials (LFPs) in the amygdala evoked by species-specific vocalizations 

are lacking.  The amygdala is a critical brain structure mediating adaptive fearful and appetitive 

responses to environmental stimuli that have been associated with aversive and rewarding 

outcomes.  Recent reports have also emphasized that inhibition in the amygdala is important for 

controlling fear expression.  Commensurate with these roles, the amygdala participates in 

generating appropriate responses to social stimuli, leading to adaptive social interactions.  How 

the amygdala responds to species-specific vocalizations is a relatively unexplored area of 

research.  Different patterns of amygdala activity might contribute to the diversity of behavioral 

responses that calls can evoke.  Mustached bats are a unique animal model of audiovocal 

communication which use a substantial number of social calls that are rich in acoustic diversity 

and behavioral significance.  I used this animal model to address two specific hypotheses:  

 

Hypothesis 1: Amygdala neurons will respond robustly, consistently, and selectively to 

social calls. 

 

Hypothesis 2: Timing of call-evoked spikes recorded from the basolateral amygdala 

encodes more information about the call type than mean spike rate alone.  Timing of call-

evoked spiking in BLA is less precise than that of the primary auditory cortex, and persists 

for longer after stimulus onset. 
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Social Vocalizations as Cues for Adaptive Behavior  

 Audiovocal communication has a variety of adaptive functions for many organisms.  

These include coordination of foraging (Barlow and Jones 1997; Hauser 1998), warning of 

nearby predators (Seyfarth et al. 1980), defending territory and competing for mates (Morton 

1977a), recruiting parental care (Knornschild and Von Helversen 2008), expressing affiliation, 

and announcing individual identity and group membership, among other functions.  For 

audiovocal communication to serve these adaptive purposes, appropriate signals need to be sent, 

received, and interpreted.  Communication sounds in many mammalian species are rich in 

acoustic structure (Kanwal et al. 1994; Ma et al. 2006; Morton 1977b) are readily discriminated 

(Bastian and Schmidt 2008; Blumstein and Daniel 2004; Esser and Lud 1997; Hauser 1998), and 

convey information about the emitter's intentional state (Ghazanfar and Hauser 1999; Litvin et 

al. 2007; Morton 1977b; Seyfarth and Cheney 2003).  In many species of mammals, much 

attention has been devoted to communication sound processing within structures of the classical 

ascending auditory system.  These studies have demonstrated hierarchal stages of auditory 

processing leading to discrimination of successively more complex acoustic features and 

combinations thereof, including a lateral temporal cortical stream for perception of auditory 

"objects" (Rauschecker and Scott 2009).  How the perceptual endpoint of auditory object 

recognition is linked with a behavioral response is less clearly demonstrated.  Recently, some 

investigators have focused their attention specifically on the behavioral significance of the 

perceived sounds (Fritz et al. 2003; Liu and Schreiner 2007).  It is known that different call types 

have specific effects on the autonomic state and overt behavior of the receiver (Berntson and 

Boysen 1989; Hammerschmidt et al. 2009; Wilson and Hare 2004; Wohr and Schwarting 2007).  

While auditory cortical structures that play a primary role in sound identification do not have 
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strong direct projections to effectors involved in behavioral expression, they do project to the 

amygdala (Fitzpatrick et al. 1998; McDonald 1998; Stefanacci and Amaral 2000).  Several lines 

of experimental evidence implicate the amygdala in linking perception of communication sounds 

to specific social behavior.  These include investigations seeking to identify brain regions that 

play a specific role in social interaction, investigations demonstrating the role of the amygdala in 

acquisition of stimulus-specific conditioned responses or conditioned discrimination, and direct 

electrophysiological measurements from amygdala neurons in awake animals during adaptive 

behaviors and social interactions.  These will be addressed further below.  My interest in how 

amygdala neurons respond to communication sounds is motivated by the desire to understand 

how sensation and perception of sound leads to specific motivational and behavioral effects.  The 

amygdala, as I will show, is one brain structure that is engaged in call processing, in ways that 

are related to the behavioral significance of specific call types. 

The Basolateral Amygdala: Anatomical Connections and Functional Significance 

 The amygdala is divided into many different nuclei (numbers vary from around 8 to 13 

depending on the author) with different sets of inputs and outputs (McDonald 1998; Pitkanen 

2000; Pitkanen et al. 1997) and different developmental origins.  The lateral and more ventrally 

located basal nuclei of the amygdala (LA and BA, respectively) together comprise a basolateral 

group of nuclei that are considered to be developmentally related to the cortex (Swanson and 

Petrovich 1998), and contain glutamatergic projection neurons characteristic of the cortex.  The 

basolateral amygdala (BLA) is situated to receive raw and processed sensory inputs representing 

all the potentially important features of an animal’s surroundings.  The lateral nucleus is thought 

of as the sensory input of the amygdala.  It is a major site of convergence of projections 

conveying information about pain (Lanuza et al. 2004) and other unconditioned stimuli (Wang et 
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al. 2005) with those conveying information from all the other sensory modalities.  In the case of 

audition, the amygdala receives input from the medial geniculate and the non-primary auditory 

cortices (LeDoux et al. 1990; Romanski and LeDoux 1993; Stefanacci and Amaral 2000)  In rats 

neurons of the medial and dorsal divisions of the medial geniculate body (mMGB), which 

receive nonlemniscal inputs, project to the amygdala (Doron and Ledoux 2000; Edeline and 

Weinberger 1992; LeDoux et al. 1985).  There is also evidence from bats and gerbils that the 

lateral amygdala receives a projection from the primary auditory cortex (Budinger et al. 2008; 

Fitzpatrick et al. 1998). 

 Convergence of auditory and nociceptive inputs in the lateral amygdala (LA) endows its 

neurons with the ability to encode a conditioned association between an arbitrary auditory 

conditioned stimulus (CS) and an aversive unconditioned stimulus (US), leading to increases in 

spike firing evoked by the CS (Blair et al. 2003; Quirk et al. 1995).  These changes parallel 

behavioral measures of fear conditioning (Rogan et al. 1997) like the elicitation of freezing as a 

conditioned response (CR) after multiple CS-US pairings.  Many studies have demonstrated that 

the BLA is necessary for Pavlovian fear conditioning (Choi and Brown 2003) as well as 

instrumental learning (Killcross et al. 1997), active avoidance learning (Choi et al.), and 

extinction of learned fear (Park and Choi 2010).  Manipulations that block synaptic plasticity in 

the LA also block the development of the CR during fear conditioning (Rumpel et al. 2005).  

Thus, neurons of the LA that store conditioned associations are necessary for the behavioral 

measures of conditioned fear. 

The participation of the LA and BA in conditioned behavior is not limited to fear alone.  

Recent evidence suggests that reward seeking behavior requires simultaneous input from the 

BLA and ventral tegmental area to the core of the nucleus accumbens (Ambroggi et al. 2008).  
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Conditioned place preference (Everitt et al. 1991) and second-order appetitive conditioning 

(Hatfield et al. 1996) are also abolished by disruption of the BLA. 

 These experimental findings demonstrate that the amygdala is critical in enabling an 

organism to generate an active response to threats and opportunities in its environment.  

Conversely, suppression of BLA activity may be a mechanism for resource conservation.  A 

“rest and digest” behavior pattern is also necessary for survival, and suppression of sympathetic 

responses to cues signaling safety, or cues that do not predict significant outcomes, would give 

an animal the opportunity to conserve resources and achieve homeostasis.  Rogan et al. (2005) 

showed that field potentials recorded from the BLA in response to a tone were attenuated after a 

safety conditioning procedure where the tone signaled temporary cessation of randomly 

delivered foot shocks.  Cromwell et al. (2005) demonstrated that amygdala neurons exhibit 

"gating" of the second of two repeating auditory cues, one mechanism for limiting activity of 

these neurons in response to predictable and innocuous environmental events.   

The influences that the BLA exerts on adaptive behavior are not surprising when one 

considers its efferent connectivity.  Recipients of amygdala outputs are numerous, and many are 

known to exert important influences over behavior themselves.  These include the orbitofrontal 

cortex, bed nucleus of the stria terminalis, periaqueductal gray, mediodorsal thalamus, nucleus 

accumbens, cingulate cortex, infralimbic and medial prefrontal cortex, and hippocampal 

formation.  LA neurons project ventrally to the basal amygdala (BA) and ventromedially to the 

central amygdala (CeA).  The central amygdala projects to autonomic effectors in the brainstem 

and hypothalamus, mediating autonomic effects of conditioned stimuli (e.g. changes in heart 

rate, blood pressure, and general arousal, as well as defensive reactions like freezing).  The 

influence of the BLA on goal-directed approach and avoidance behavior may be mediated by 
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connectivity with the orbitofrontal cortex (Schoenbaum et al. 2003), especially during the 

encoding of changes in incentive values of stimuli (Wellman et al. 2005).  Projections to the 

hippocampal formation are important for contextual fear conditioning (Rudy et al. 2004; Sanders 

et al. 2003). 

Social Interaction as an Amygdala-Dependent Class of Adaptive Behaviors 

Social interactions can involve a large number of inputs, can bring about a large number 

of potential outcomes, and may therefore require that an individual use complex adaptive 

strategies in order to maximize success.  Considering the diversity of adaptive behaviors that 

have been shown experimentally to require the amygdala, it is not surprising that experimental 

evidence also points to the amygdala as an important brain structure mediating social interaction.  

In one study, fiber-sparing neurotoxic lesions of the amygdala produced measurable changes in 

behavior evoked by social stimuli (Meunier et al. 1999), including decreased aggression and 

increased submission.  Interestingly, NMDA receptor blockade in the amygdala prevents 

development of a pattern of submissive behavior (termed "conditioned defeat") in male Syrian 

hamsters following defeat in an aggressive encounter with another male (Jasnow et al. 2004).  

Katayama et al. (2009) provided direct electrophysiological evidence that activity of many BLA 

neurons is positively correlated with social interaction.   

 Again recalling the similarities between social interactions and experimental learning 

paradigms, we can look at social vocalizations as cues that, like conditioned stimuli in classical 

and instrumental conditioning, alert animals to opportunities to behave adaptively.  As 

mentioned above, social vocalizations are used by many mammalian species to refer to real 

threats or opportunities in the immediate environment.  Furthermore, calls can communicate a 

threat or an opportunity presented by the emitter of the call.  In many mammalian species, 
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females call to advertize that they are at the peak of their estrus cycle and are receptive to males’ 

attempts at mating (Blake 1992).  Calls communicating aggressive threat (e.g. in defense of 

territory or when competing for access to mates) are nearly ubiquitous among mammals (Morton 

1977a).  As with auditory conditioned stimuli, there is direct evidence showing that the amygdala 

responds to communication of affect by conspecifics, including social vocalizations. 

 Functional MRI studies in humans have shown that perception of laughing and crying 

elicits a BOLD response in the amygdala (Sander and Scheich 2001), and studies using positron 

emission tomography have shown amygdala activation in macaque monkeys in response to two 

types of conspecific vocalizations (Gil-da-Costa et al. 2004).  One recent study (Kuraoka and 

Nakamura 2007) investigated responses of single units in the macaque amygdala to three 

conspecific emotional stimuli that were auditory, visual, or audiovisual.  They found that only a 

small minority of units (one unit in their sample) responded to the auditory stimulus alone, but 

that 51% of the visual responses were facilitated by simultaneous auditory stimuli.  The authors 

point out that vocalizations are only emitted in a small percentage of macaque social interactions, 

and the primacy of vision in macaques may be a species specific phenomenon.  This differs 

dramatically from social interactions in humans and a host of other organisms (mammals, birds, 

and amphibians), where audiovocal communication is a primary component of social interaction.  

Another recent report in the rat, a species that is less reliant on vision than macaques, supports 

this notion, demonstrating that 82% of units responded to species-specific ultrasonic 

vocalizations or their pure-tone analogs (Parsana et al. 2009). 

Potential Relevance for Recognition of Individual Conspecifics 

The identity of the conspecific emitting a particular vocalization is likely to be a 

characteristic, in addition to the call type, that contributes to the perceived motivational 



 

8 

significance of a call.  Bats and other mammals can recognize their conspecifics from 

vocalizations (Yovel et al. 2009).  These species have social structures involving competition for 

resources like food, territory, and access to mates, and recognition of kin and competitors is 

common.  In some bat species mothers can identify the isolation calls of their own pups and give 

them priority over other pups in the nursery (Knornschild and Von Helversen 2008).  Males can 

recognize individual male competitors, reacting with fear to the vocal threat of a dominant male, 

and reacting with aggression to the threats of a smaller or less threatening male.  In the visual 

domain, it has been demonstrated that some amygdala neurons are selective for the identity of 

conspecific faces, often irrespective of the facial expression made by the individual (Gothard et 

al. 2007; Kuraoka and Nakamura 2006). 

The Animal Model: Mustached Bats 

 Mustached bats, pteronotus parnellii, are a highly social and vocal bat species.  These 

animals live in colonies of thousands of individuals, often roosting in dense clusters.  Most 

roosting sites are in caves or other dark enclosures, necessitating frequent audiovocal 

communication for social interaction.  Their auditory system has been extensively studied to 

uncover the neural substrates of echolocation in this species (Riquimaroux et al. 1991; Suga and 

Manabe 1982; Suga and Oneill 1979; Suga et al. 1983).  Many of the same brain regions that 

have been studied in the context of echolocation have also been found to respond to 

communication sounds, and some information is available regarding call response properties in 

the inferior colliculus (Holmstrom et al. 2007), auditory cortex (Esser et al. 1997; Medvedev and 

Kanwal 2008; 2004; Washington and Kanwal 2008) and frontal cortex (Kanwal et al. 2000) in 

this species.  Acoustic properties of the communication sound repertoire of this species have 

been thoroughly characterized (Kanwal et al. 1994), as well as their relationships to various 
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behavioral interactions (Clement et al. 2006).  Co-occurrences of calls with predefined types of 

behaviors have been determined from hundreds of hours of videotaped social interactions 

between captive mustached bats.  The percentage of instances of a behavior that coincided with a 

given call was quantified across all call types for each behavior, including a no-call category.  

These percentages are expressed as "bubbles" of varying diameter for each call-behavior 

combination in Figure 1.  In this species at least two calls have a clear relationship to behavior: 

the rectangular Broadband Noiseburst (rBNB) is used as an aggressive display between males, 

often when defending a territory containing a harem of females, and coinciding with 98% of 

observed "fights".  The long Quasi-Constant Frequency call is used in both male-male and male-

female interactions.  Between males, the call seems to reaffirm affiliation, and rarely coincides 

with aggression.  Females also emit this call as males sniff their genital region (Clement, 2006), 

which may indicate that females of this species advertize that they are in heat, as is the case in 

some other mammalian species. 
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Figure 1. Relationships between behaviors and vocalizations in mustached bats.  Social 
interactions were videotaped and spectrograms were generated to identify call types.  For each 
call occurrence, the corresponding video was thoroughly reviewed  (often frame-by-frame) to 
categorize the type of behavioral interaction and to determine the identity of the caller.  
Behavioral categories are indicated on the x-axis, and call types on the y-axis.  For each 
behavioral category, coincidence between an observed behavior and a call type (or by silence, 
termed "None") is represented by a circle, whose diameter represents the percentage of 
instances of that behavior accompanied by the call (each column of bubbles sums to 100%).  
Figure reprinted from Clement et. al (2006) with permission from Cambridge University Press. 
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Implications for the Understanding of Human Pathology 

 Several human pathologies exist which specifically affect social interaction and fearful 

and appetitive behavior.  Autism is one such disorder, where the cluster of symptoms suggests 

amygdala involvement.  Autistic individuals can show a complete lack of interest in social 

interaction, in addition to aberrant emotional reactions to harmless stimuli and events, and may 

also display stereotyped behavior patterns.  Structural MRI shows that amygdala volumes in 

children with autism (at 2 and 4 years of age) are larger than controls, and that amygdala size in 

this group is correlated with a cognitive measure of autism.  Interestingly, adolescents and adults 

with autism exhibit smaller than normal amygdala volumes, and amygdala volumes in these 

populations are inversely correlated with autism symptom severity (Nacewicz et al. 2006).  Some 

researchers have suggested that other human disorders characterized by excessive fear and 

anxiety, including social anxiety and post traumatic stress disorder, may result from a lack of 

inhibitory control over amygdala neurons and the over expression of fearful associations (Quirk 

and Gehlert 2003).  Amygdala neurons are typically subject to strong inhibitory control, and 

potentiated inhibition in the amygdala is a mechanism for fear extinction (Likhtik et al. 2008; 

Milad et al. 2006; Pare et al. 2004; Quirk and Mueller 2008)  Blocking GABAergic inhibition in 

the BLA (Sanders and Shekhar 1995b) or lesioning of BLA inhibitory interneurons (Truitt et al. 

2009) has been shown to induce anxiety like behavior, including a decrease in social interaction. 

 Understanding how amygdala neurons respond to social stimuli and other behaviorally 

significant stimuli in normally functioning animals will establish a baseline to which animal 

models of human pathologies may be compared.  Furthermore, drug testing or other therapies 

could then be applied in these animal models to identify means of restoring normal functioning 

in amygdala circuits. 
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 Mustached bats are a unique and important model of human audiovocal communication 

because they use a diverse repertoire of sound signals, which can have myriad influences on 

conspecifics' behavior, even when the two communicating animals are not in visual contact.  

Furthermore, these animals engage in social interactions frequently, and calls mediate many of 

these interactions.  Communication sounds have similar functions and degrees of importance for 

humans and for mustached bats, so understanding the amygdala's role in processing social calls 

in this species may provide important insights into human amygdala function.  Findings from 

single unit recordings reported here provide the most detailed electrophysiological 

characterization of the representation of species-specific social calls in the amygdala thus far.   

Chapter Organization  

 In chapter II. I will outline the procedures used for stimulus presentation and for 

recording call evoked action potentials from amygdala neurons.  Chapter III. addresses several 

topics: whether amygdala neurons respond robustly to calls, what types of responses (including 

spike suppression) are evoked by calls, whether BLA neurons show substantial call selectivity, 

and whether there is an observable anatomical arrangement of call response properties.  

Statistical methodology for defining significant excitatory responses and spike suppressions is 

described before presenting these results.  In Chapter IV. I will address the second hypothesis, 

namely, that timing of call evoked spikes in the BLA transmits more information about call type 

than the mean evoked firing rate alone, but that spike timing in the BLA is less precise than that 

in the primary auditory cortex, reflecting a transformation from the high-fidelity cortical 

encoding of acoustic features towards representation of behavioral significance of sounds with 

less detailed information about their structure. 



 

13 

II. General Methods 

Experimental Animals* 

 Wild mustached bats were caught in Trinidad.  The mean body weight of the animals was 

approximately 20 grams.  Bats were housed under diurnal lighting conditions (dimmed lights 

from 09:00 to 14:00 hours) and deionized water and mealworms were provided ad libitum.  

Environmental temperature was maintained at approximately 27°C and relative humidity at near 

60%. Bio-safety level II procedures were followed for all animal handling and experimental 

protocols per guidelines established by the Centers for Disease Control (CDC).  

Surgery* 

 Bats were administered medetomidine (0.3 mg / kg) as a pre-anesthetic.   For anesthesia, 

an initial dose of 0.5% to 1% Isoflurane was supplied for 1 to 2 minutes, or until the animal 

ceased to respond to sound or pinching of the foot, and was followed by a continuous stream of 

approximately 0.25% Isoflurane/oxygen mixture.  For each bat, Isoflurane levels were adjusted 

to maintain complete anesthesia without being so high as to reduce the respiration rate below 

~50 breaths per minute.  A skin incision was made at the mid-line on the head and a metal post 

(15-mm-long and 2-mm-diameter) was affixed just to the skull with cyanoacrylate (Loctite 411, 

Loctite Inc.; Lang Dental Manufacturing Co.) or methacrylate (OptiBond self-etching dental 

adhesive, cured with the Demetron A2 light-curing unit, both from Kerr Corp.).  The incision 

was kept open after the surgery and the bat was allowed to recover for 3 days before the first 

recording session.  Recording sessions lasted from 5 to 8 hours a day and were performed two or 

                                                 

*
 Naumann and Kanwal 2011; Am Physiol Soc, with permission 
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three times a week for a period of up to 12 weeks.  Bats were not anesthetized during recording 

sessions.  A video camera was used to watch for excessive discomfort during recordings.  

Intermittent movement of the pinnae, jaw, or body provided evidence that the bats were awake 

for the majority of each recording session.  Surgical and experimental procedures were approved 

by the Institutional Animal Care and Use Committee (Animal welfare assurance number A3282-

01). 

Acoustic Stimulation* 

 Sounds were presented in a heated (31°C) soundproofed chamber (IAC 400A), the walls 

of which were covered with echo-attenuating foam (Sonex, Acoustical Solutions, Inc.).  Tones 

were presented from two custom-made condenser loudspeakers and call stimuli were delivered 

via a leaf-tweeter (Panasonic model # 841).  The three speakers were positioned at the same 

azimuth, 95 cm directly in front of the bat, and were calibrated with a microphone (ACO Pacific 

Inc.) placed at the position of the ear.  Output sound amplitude was reasonably flat (±6 dB) 

between 5 and 60 kHz for the leaf tweeter and 10 to100 kHz for the condenser speaker.  With 

few exceptions, the mean frequency of the predominant harmonic of each call used in this study 

was below 60 kHz, and all were below 70 kHz. 

 An analog waveform generator (Wavetek 144) and custom hardware were used to 

generate constant frequency (CF or “pure tone”) bursts of 30 ms duration with a 0.5 ms onset and 

offset taper.  CF tone bursts were used to identify the best frequency (BF) by repeatedly 

presenting a series of tones stepped up and down in frequency and attenuated by 10 dB after 20 

repetitions at each amplitude level.  Tones were presented at amplitude levels ranging between 
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55 and 75 dB SPL and sometimes multiple levels were used to determine rate-level functions of 

single units. 

 Species-specific call stimuli included fourteen simple-syllabic call types, ranging in 

duration from 4 ms to 167 ms.  Several variants of each call were synthesized to represent the 

natural variation in the fundamental frequency, or "pitch", of each call type.  The pitch was 

shifted by either ±1 or ±2 standard deviations of the mean (of all exemplars) to represent ~95% 

of the range of pitch variation for each call type.  Details of stimulus conditioning for 

presentation are explained elsewhere (Ohlemiller et al. 1996); Kanwal et al 1994).  Briefly, 

simple syllabic calls were digitized and presented at a 250 kHz sampling rate using SIGNAL 

software (Engineering Design Inc.) and an A/D-D/A board (DT 2821G).  Call presentation was 

sequenced according to an acoustic classification of call types via multidimensional scaling to a 

single dimension and presented at a rate of either 1 or 2 per second to eliminate or minimize any 

adaptation effects.  Each trial consisting of the presentation an array of calls was preceded by a 

no-stimulus control (silent interval), used to estimate the spontaneous activity of a neuron.  Call 

stimuli were attenuated by either 5 or 10 dB after 20 repetitions of the entire array.  This 

procedure was repeated for each set of pitch-shifted variants of the fundamental frequency of 

each call type.  This yielded responses to 14 call types at 3 to 5 intensity levels for 3 to 5 

fundamental frequency or pitch-shifted variants (i.e. typically between 42 and 70 different call 

stimuli).  In a few cases call types were presented in random order and with randomized 

interstimulus intervals to rule out any effects of presentation order or short-term response history 

of a neuron.  
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Microelectrodes 

 The majority of single unit activity was recorded using electrodes that were made in the 

laboratory.  First, bare tungsten wire of 100 µm outer diameter was reduced to an outer diameter 

of ~50 µm by electrolysis, using 7 V alternating current in a saturated solution of potassium 

nitrate (KNO3) for ~1.5 minutes (Hubel 1957).  The tip could be sharpened by repeatedly 

immersing and withdrawing the electrode while voltage was applied, thereby exposing the tip to 

longer etching times and eventually producing a smooth taper to a sharp point.  Electrodes were 

insulated by suspending a bead of vinyl from a loop of copper wire and passing it over the 

sharpened tungsten wire.  Vinyl viscosity was adjusted by addition of solvent or by allowing it to 

dry, until the coating thickness produced an electrode of < 120 µm outer diameter which was 

completely insulated.  To selectively insulation from the tip of the electrode, I constructed the 

device described by Ciacone and Rebec (1989) for generating a high voltage between the 

microelectrode and a closely positioned counter-electrode, resulting in an arc that burns the 

insulation from the microelectrode tip.  The device consists of capacitors that are charged and 

then discharged through a step-up transformer.  Varying the charging voltage, distance between 

electrodes, and number of sparks, one can make very fine adjustments to the tip exposure and 

resulting electrode impedance.   Impedances between 1.75 and 2 MΩ were optimal for good 

single unit isolation in the BLA using these electrodes.  These electrodes were used for ~75% of 

recordings.  Additionally, commercial stainless steel electrodes (FHC, Bowdoin ME) with 

impedances of 3 to 4 MΩ were used to record and to produce electrolytic marking lesions for 

subsequent verification of recording sites in each of three animals. 

 In several of the final experiments, bundles of 5 to 10 wires were used for recording.  

Bundles were made from tungsten or nickel-chromium wires of 10 or 15 micron diameter, 
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respectively, which were coated with formvar.  Individual wires were twisted into a bundle and 

heated to fuse them together.  The bundle was cut and the cut end was sharpened with a Dremel 

and grinding stone to a beveled tip.  Free wire ends were soldered into a DIP socket for later 

connection to the headstage amplifier. 

Recording of Neural Activity* 

 For recordings with single tungsten or stainless steel electrodes, a reference electrode was 

placed in the non-auditory frontal cortex.  When wire bundles were used, differential recordings 

were made using one wire from the bundle as a reference, and attaching the amplifier ground to 

the head muscle via a copper wire and electrode gel.  Bundle recordings were generally free from 

movement artifacts because muscle potentials appeared at both the inverting input and non-

inverting inputs (i.e. these potentials were "common mode" across wires at the tip of the bundle) 

and were therefore rejected.    

 Neural activity from single electrodes was amplified with a Grass P55 preamplifier.  

These signals were filtered to separate LFPs (1 - 300 Hz) from single/multi-unit (SU/MU: 500 - 

3000 Hz) activity.  LFPs were digitized at 1 - 5 kHz.  MU/SU activity was digitized at > 20 kHz, 

and threshold crossing and template matching were used for online spike sorting using a Power 

1401 and Spike2 software (Cambridge Electronic Design, Inc.).  MU/SU activity from wire 

bundles was amplified using a 16-channel high impedance headstage and a preamplifier (Tucker 

Davis Technologies RA16AC and RA16PA) and digitized at 25 kHz.   

 Calls were presented as search stimuli as the electrode was advanced remotely.  An 

audio-monitor and oscilloscope also aided in the audiovisual identification of stimulus-evoked 
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responses along the trajectory of the electrode.  Raster plots, peristimulus histograms, and 

average evoked LFPs were generated online for a visual representation of responses.  Locations 

of rapidly habituating neurons were noted, but no further attempt was made to study them.  If 

any isolated unit responded consistently to call stimuli, preference for different call types, 

including one or more pitch-shifted variants, was tested.   

Stereotaxic Method and Recording Site Reconstruction* 

 The lateral and basal nuclei of the amygdala were targeted using an unpublished atlas of 

the mustached bat brain (provided by William O’Neill) and measurements from Nissl-stained 

coronal sections (Prasada Rao and Kanwal 2004).  Our stereotaxic method and apparatus are 

similar to those outlined by Schuller et al. (1986).  During neural recordings, unanaesthetized 

bats were placed in a Styrofoam body mold to prevent excessive bodily movement.  The head-

post was fixed in the same position and orientation across recording sessions relative to the axes 

of three perpendicular micromanipulators (Mitutoyo Digimatic 164 series) and the leaf-tweeter 

speaker.  Recording site coordinates were kept relative to a common origin on the stereotaxic 

apparatus across sessions, and later referred to marking lesions recovered from tissue sections.   

Histology* 

 To determine the absolute anatomical location of recording sites, small electrolytic 

lesions were made following some recording sessions at several locations along the electrode 

track using anodal current (3 µA, 15 sec).  In one animal I was able to visualize iron deposited 

during electrolysis using the Prussian Blue reaction.  This procedure was omitted in subsequent 

animals because it adversely affected the quality of the Nissl stain (and therefore the resolution 
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of tissue morphology), and because the lesions were visible without staining for electrolytically 

deposited iron.  For tissue fixation, bats were deeply anesthetized by subcutaneous injection of a 

mixture of tribromoethanol and amylene hydrate (Avertin) and perfused transcardially with 25 

mL of heparinized phosphate-buffered saline (PBS, 0.1 M, pH 7.4) followed by 25mL of a 

solution of 4% paraformaldehyde in PBS. The brain was removed from the skull and placed in 

30% sucrose in PBS until it sank prior to coronal sectioning at 40 µm on a cryostat.  One brain 

was sectioned using a vibratome.  This brain was stored in a 4% paraformaldehyde solution 

before embedding in an egg-albumin/gelatin solution which was hardened with ~8% 

glutaraldehyde.  The embedded tissue was cut into 50 µm coronal sections, which were washed 

with PBS and mounted onto gelatin-subbed slides.  Slides were dried for 1 week before staining 

with cresyl violet. 



 

20 

 



 

21 

Figure 2.  Anatomy and recording site reconstruction A. An outline of the mustached bat brain 
illustrating reciprocal connections between the amygdala and structures in the auditory forebrain 
of mammals (Armony et al. 1997; LeDoux et al. 1990a; LeDoux et al. 1990b). The BLA also 
receives projections from the dorsomedial prefrontal cortex (McDonald et al. 1996) where a 
frontal auditory field (FAF) is located in this species. The CeA projects back to the ACg 
(Ghashghaei and Barbas 2002) and the BN project to the IC within the brainstem (Marsh et al. 
2002). Vertical dashed lines indicate the antero-posterior levels of the sections charted in B and 
C, respectively.  B & C.  Reconstruction of locations of 55 recorded units from 48 different sites 
in the basolateral complex of the amygdala. Units recorded from the left (12) and right (43) 
hemispheres at each rostrocaudal level are plotted on the same hemisection. The two sections 

are separated by ~600 µm along the rostrocaudal axis. Recording sites were located within 300 

µm of the section plane. Grey rectangular outline in C shows location of the image in E.  
D.   Digitally sectioned coronal image of a bat brain with dark spots (on right side) indicating iron 
deposited in an electrode track and visualized using MRI procedure. (Grey vertical line 
representing a recording electrode is superimposed to emphasize collinearity of deposits). Iron 
deposits were made at depths of 1.5, 3.0 and 3.75 mm from the skull surface with anodal 
current levels of 2, 2, and 3 µamps, respectively. Current duration ranged from 15 to 20 
seconds.  A high contrast Nissl-stained section from equivalent anteroposterior level of the brain 
is superimposed in the cranial space on the left.  Recordings were subsequently performed in 
this animal.  AC, auditory cortex; AT, auditory thalamus; BA, basal nucleus of the amygdala; 
CB, cerebellum; CPU, caudate putamen; CC, corpus callosum; EC, external capsule; ECT, 
ectorhinal cortex; FB, forebrain; FPC, frontoparietal cortex; FXC, column of the fornix; GP, 
globus pallidus; LN, lateral nucleus; LV, lateral ventricle; PRH, perirhinal cortex; PVN, 
paraventricular nucleus; RS, rhinal sulcus; SF, sylvian fossa; SP, spinal cord; ST, septal 
triangular nucleus; V, ventricle. (reprinted from Naumann and Kanwal 2011; Am Physiol Soc, 
with permission) 
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 Offline Spike Sorting* 

 Spikes were sorted offline with Spike2 software.  For single electrodes, single unit spikes 

were identified using template matching or by manually clustering spikes in two or three 

dimensions using waveform measurements and principal components.  Single unit action 

potentials generally had a peak-to-peak amplitude of >3 times that of the baseline noise in the 

recordings, had consistent spike waveforms (Figure 3), and formed discrete clusters.  Recordings 

from bundles of wires were multiple unit recordings.  A single unit typically appeared on more 

than one recording channel, with a characteristic profile of spike amplitudes and shapes across 

channels.  Units were clustered using spike waveform measurements or principal components 

generated from 2 to 4 recording channels. 
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Figure 3. Illustration of single-unit isolation and call sequence presentation. A.. Neural potentials 
filtered from 500 Hz to 3 kHz. Inset. 107 overlaid isolated spikes. B. Inter-spike interval 
histogram for the single unit depicted above, indicative of high frequency bursting and 
demonstrating a clear refractory period. C. Raster plot and PSTH of the neuron's response to an 
array of simple syllabic calls presented at their mean fundamental frequency. Calls were 
presented 30 times with an inter-stimulus interval of 500ms. Black horizontal bars above the 
rasters represent the onset and duration of each stimulus in the sequence. PSTH bin width = 
10ms.  (reprinted from Naumann and Kanwal 2011; Am Physiol Soc, with permission) 
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III. Amygdala Neurons Respond Robustly, Consistently, and Selectively to 

Social Calls 

Specific Methods: Data Analysis* 

 Call responses were analyzed in 250 ms windows following stimulus onset.  A no-

stimulus interval (equal to the inter-stimulus interval) was included in each repeated call 

sequence (or randomized block of calls) to provide a record of spontaneous activity interleaved 

with call responses.  Call evoked excitation or suppression of spiking was identified by 

comparing the stimulus-evoked spike counts across trials to the no-stimulus spike counts 

(Wilcoxon rank sum test, two-tailed p < 0.01).   

 In many cases call presentation did not evoke a significant change in the number of 

spikes, but the spiking probability appeared to vary as a function of time following stimulus 

onset.  Therefore, two additional statistical tests were performed to determine the significance of 

periods of excitation and suppression time-locked to stimulus onset.  First, peristimulus spike 

times were convolved with a Gaussian function of 2 ms standard deviation to estimate the spike 

density function at each post-stimulus time point.  The peak spike density in the 250 ms 

following stimulus onset was determined, along with the longest interval that the spike density 

remained below the mean of the no-stimulus condition (referred to here as “quiescence”).  To 

assess the significance of each stimulus-evoked peak firing rate or interval of quiescence, null 

hypothesis distributions were generated for each measurement using activity from the 250 ms 

no-stimulus interval accompanying each call sequence.   Spikes from this interval were assigned 

random times from 0 to 250 ms before filtering with the Gaussian kernel and measuring  
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Figure 4.  Response statistics and probability distributions.  A. Spike density functions were 
generated for spikes recorded during the no-stimulus control interval and each post-stimulus 
interval. Shaded gray area represents the longest duration for which each 250 ms spike density 
function was below the no-stimulus mean (horizontal dashed line).  B. Spike density functions 
were also generated by randomization of spike times in the no-stimulus control period.  Intervals 
of quiescence were measured from 10,000 randomized spike density functions to form a 
probability distribution representing interval lengths under the null-hypothesis that spike times 
are random.  Measured post stimulus intervals were compared to this distribution and 
considered significant at p < 0.01.  C and D.  The same procedure was used to assess 
significance of peak values of the spike density functions (the highest “instantaneous” firing 
rate).  Units for axes representing spike density are somewhat arbitrary, as they are dependent 
on the selection of a standard deviation for the smoothing kernel employed and the bin width 
used for the discrete spike density functions.  (reprinted from Naumann and Kanwal 2011; Am 
Physiol Soc, with permission) 
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the peak firing rate and longest quiescence.  This procedure was repeated 10,000 times to 

generate a distribution for each of the two measures of randomized spontaneous activity for each 

call sequence presented.  Call evoked peak rates and intervals of quiescence were compared to 

these distributions only when the neuron’s spontaneous firing rate was greater than 1 Hz.  The 

peak rate and longest interval of spike suppression measured from the spontaneous activity were 

also compared to the null hypothesis distribution (p < 0.05) to identify spontaneous spike timing 

that was non-random (e.g. spontaneous bursting).  Call responses of neurons with non-random 

spontaneous firing were excluded from these statistical comparisons.  Otherwise, if the peak 

firing rate or longest interval of suppression following call presentation was greater than that 

expected for a random arrangement of a neuron’s spontaneous spikes (one-tailed p < 0.01), the 

neuron was considered to be responsive to the call in question (Figure 4).  Thus a neuron was 

considered to show call-evoked excitation if an increase in spike count or peak firing rate was 

significant, or showed call-evoked spike suppression if a decrease in spike count or a prolonged 

quiescence met our criteria for significance.  Increases in spike rate were sometimes preceded or 

followed by periods of suppressed spiking within the same “mixed” response, and could coexist 

with increases or decreases in spike count as well.  For most analyses reported here, we pooled 

responses to calls presented at 65 and 75 dB SPL (unless explicitly stated) to increase our 

statistical power in identifying significant intervals of suppression and peak spike densities.  

Statistics are reported as a mean ± the standard deviation unless otherwise noted. 

 We quantified the tendency of a neuron towards excitatory or inhibitory responses to 

calls using an index, (E - I) / (E + I), where E and I are the number of excitatory and inhibitory 

call responses, respectively, evoked by calls for a given neuron.  Percentages were calculated 
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from among all call stimuli presented, including all call types and multiple pitch-shifted variants 

of each type.   

To determine response-onset latency, we convolved peristimulus spike times with a 

causal exponential kernel having a 5 ms decay constant to form a spike density function.  The 

response onset was marked as the first time point, following stimulus presentation, after which 

the spike density function exceeded the mean spike density of the no-stimulus control period by 

2 s.d. for at least 10 ms consecutively (Kusmierek and Rauschecker 2009).   

 

Results 

Basic Call Response Parameters and Patterns* 

 104 single units were recorded from 7 bats (4 males and 3 females).  Thirty-four units 

were located in the left hemisphere, and 70 in the right hemisphere.  At the two highest sound 

intensity levels tested, 100 of these units had a response to one or more calls by our criteria.  

Ninety-three percent of responsive units exhibited a phase of excitation to one or more calls.  A 

subset of 82% of units showed significant call-evoked peak firing rates (measured from the 

Gaussian-convolved spike density functions), and 69% showed significant increases in the mean 

firing rate (over a 250 ms duration following call onset).  Seventy-six percent of call-responsive 

units showed periods of call-evoked quiescence that were longer than those expected by chance, 

and thus considered to reflect spike suppression, and 16% showed significant decreases in the 

mean spike rate following call onset.  Thirty-three percent exhibited a mixed response pattern 

(i.e. consisting of excitation and suppression) to at least one call type. 
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Table 1. Basic response characteristics of BLA neurons.  Means, standard deviations, and 
ranges for call-response measurements made from BLA neurons are provided.  Response 
latencies, magnitudes, and durations were averaged across significant call responses for a 
given neuron before averaging each measure across neurons, thus giving each neuron an 
equal weighting despite differences in the number of call responses across neurons.  Excitatory 
and inhibitory response magnitudes and durations were calculated separately.  Excitatory 
durations reflect the longest continuous interval that the spike density function exceeded 2 s.d. 
above the spontaneous spike density.  Inhibitory durations were calculated in a similar manner 
(see Methods for details).  Response magnitudes are expressed as the change in the mean 
spike rate over the whole 250 ms interval following stimulus onset, and are reported for units 
with evoked mean firing rates greater than (n = 69) or less than (n = 16) spontaneous (Wilcoxon 
Rank Sum, p < 0.01).  (reprinted from Naumann and Kanwal 2011; Am Physiol Soc, with 
permission) 

Measure Mean Standard deviation Range 

Spontaneous firing rate (Hz) 3.7 3.3 0.15 – 19.9 

Average excitatory response onset latency (ms) 50.2 34.0 9 – 179.5 

Average latency to peak firing rate (ms) 81.9 42.3 18.8 – 224.4 

Normalized best peak firing rate (s.d. > 

spontaneous firing) 

20.76 19.5 3.9 – 113.7 

Avg. magnitude of increase in mean spike rate (Hz) 6.2 5.4 1.7 – 45.5 

Avg. magnitude of decrease in mean spike rate (Hz) 4.0 1.6 2.2 - 8.3 

Excitatory phase response duration (ms) 11.4 6.9 1 – 31.7 

Inhibitory phase response duration (ms) 94.0 40.3 37 - 250 
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 Table 1 summarizes some of the basic response properties of spiking in the BLA.  48.4% 

of the responses were purely excitatory, 46.2% were purely inhibitory, and the remaining 4.4% 

were comprised of some combination of increases and decreases in the spike rate (with each 

response phase reaching significance by the criteria described). 

 Tone bursts typically centered at around 58 kHz (the bat’s resting CF2 in the echolocation 

pulse) and stepped up and down in frequency (step size of 1 kHz) provided a preliminary 

characterization of a small set of neurons.  Twenty-five (61%) of 41 single-units tested were 

excited by either a single tone or a tone pair (CF1/CF2 frequencies).  Nearly half (n = 19) of the 

units tested showed clear excitatory frequency tuning based on visual examination of PSTHs.  

Virtually all of these (96% of all tone responsive neurons) were also excited by one or more 

calls.  Overall, calls elicited greater response magnitudes than tones in a BLA neuron that 

responded to both stimuli.  The ratio of the best pure-tone response to the best call response was 

0.82 +/- 0.75 when comparing z-scores of evoked spike counts, or 0.75 +/- 0.56 when comparing 

normalized peak firing rates.  Using equivalent numbers of tone and call stimuli (including only 

responses to each call at its mean pitch), the spike count z-score call-to-tone ratio was 1.41 +/- 

3.2 whereas that for peak firing rates was 1.05 +/- 0.73.  The average tone response onset latency 

across units was 33.1 ms (Figure 5).  Across call responsive neurons, the average call response-

onset latency was 41.8 ms.  A longer average latency for calls likely reflects the relative 

spectrotemporal complexity of the call stimuli, with neurons responding at the onset of a 

preferred acoustic feature(s) rather than absolute call onset.     
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Figure 5. Onset latencies for tone and call responses.  Density histograms showing the 
distribution of the shortest tone (A) or call (B) response onset latencies calculated for the entire 
sample of single units.  (reprinted from Naumann and Kanwal 2011; Am Physiol Soc, with 
permission) 
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Response Adaptation  

 To determine whether call responses adapted over repeated presentations, we first 

determined the latency of the initial negative peak in the trial-averaged field potential.  The value 

of the LFP at this peak latency was determined for each trial, and the set of call-evoked LFPs 

was compared to the no-stimulus control to determine whether there was a significant response 

(independent samples t-test, one-tailed p<0.001).  A one-way ANOVA was performed on the 

group of significant evoked LFPs, with trial as the factor and peak magnitude as the dependent 

variable.  Over the first 5 presentations, there was a main effect of trial on peak magnitude 

(F(4,5910) = 3.678, p = 0.005).  Tukey’s post-hoc tests revealed that peak values for the third 

trial were significantly smaller than those on trial 1, but not different from trials 4 or 5, 

suggesting that most or all of the habituation took place by trial 3.   

*To probe whether single unit activity also showed adaptation across repeated call 

presentations, I analyzed stimulus-evoked spiking and spike suppression across stimulus 

repetitions at the highest sound intensity for those neurons where calls were presented in 

repeating sequences (n = 90).  For each of the 20 repetitions of the stimulus sequence, an 

absolute change in spike number from spontaneous spiking was calculated for each stimulus by 

subtracting the average spontaneous spike count on each trial from the evoked count, and 

rectifying negative counts.  An average change in spike number was calculated across stimuli for 

each sequence repetition, and plotted over the 20 repetitions.  The average trend for these 90 

neurons is plotted in Figure 6A.  A repeated measures ANOVA (with Greenhouse-Geisser 

correction) revealed an effect of stimulus-sequence repetition number on the absolute response 

(F(6.16, 547.92) = 3.6, p < 0.001).  Post hoc t-tests with Bonferroni correction showed that the 
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response to the first sequence presentation was higher than the response to the fourth 

presentation and several subsequent ones (asterisks in Figure 6A).  

Initial dissection of response adaptation according to the pitch of a call indicated that 

responses to typical call pitch variants (i.e. those at the mean pitch, or shifted by 1 standard 

deviation above or below the mean) exhibited greater adaptation than atypical pitch variants 

(those shifted in pitch by either 2 or 3 s.d.).  Average responses across stimulus repetitions from 

these two pitch categories are plotted in Figure 6B.  A two-way repeated measures ANOVA 

comparing responses across pitch category (2 levels; typical vs. atypical) and stimulus repetition 

number (20 levels) showed a significant interaction between the two factors (F(11.14, 490.14) = 

2.425, p = 0.006) and significant main effects of both stimulus repetition number (F(8.66, 

381.02) = 4.52, p < 0.001) and pitch (F(1, 44) = 5.53, p = 0.023).  For calls presented at atypical 

pitches, the average response to the first call presentation was 27.6% higher than the average of 

the subsequent 19 presentations.  In contrast, the first presentation of calls at common pitches 

was just 9.1% above the average for the remaining presentations.  Paired t-tests revealed that on 

the first presentation, response magnitudes were significantly larger for atypical pitch variants 

than for the common or typical pitch variants (p = 0.002, corrected for 20 comparisons).  

Differences in response magnitude were only marginally significant for one of the remaining 19 

presentations (trial 8, p = 0.044 corrected for 20 comparisons).  Repeating the ANOVA after 

removing the data from the first stimulus presentation resulted in elimination of both the main 

effect of stimulus repetition number (F(10.91, 480.18) = 1.06, p = 0.39) and the interaction 

between pitch category and repetition number (F(10.86, 477.70) = 1.25, p = 0.25).  The main 

effect of pitch category remained marginally significant (F(1, 44) = 4.21, p = 0.046), indicating 

that the steady state response magnitude was higher for atypical pitches. 
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Figure 6. Adaptation of responses across repeating call sequences.  A.  The change in spike 
count averaged across neurons (n = 90) that were presented with repeating sequences of calls.  
For each sequence repetition, an average response (absolute value of evoked minus 
spontaneous spike count) across call types and pitches was plotted to visualize the trend in 
response magnitude across repetitions.  Asterisks denote repetitions where the response was 
lower than that evoked by the first call sequence.   B.  Separate plots of response magnitudes 
for common and eccentric pitch variants of calls.  Neurons tested with both types of calls tended 
to have a stronger response to eccentric variants on the first sequence repetition, and a higher 
steady-state response, pooled across the remaining 19 repetitions.  (reprinted from Naumann 
and Kanwal 2011; Am Physiol Soc, with permission) 
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Correlation Between Local Field Potentials and Single Unit Activity 

 At 57 recording locations, we obtained local field potentials in addition to single unit 

recordings.  Positive and negative call-evoked peaks in the LFP were compared to those 

measured from the no-stimulus control interval on a trial-by-trial basis.  At 27 recording sites, 

peaks in the post-stimulus field potentials differed significantly from peak potentials in the no-

stimulus interval (independent samples t-test, p < 0.001).  At 10 of these sites there were weak 

but significant correlations between the magnitudes of field potentials (quantified as a t-statistic) 

evoked by the various pitch-shifted call sets and the single unit spike counts evoked by the same 

stimuli at the same recording site.  The average r
2
 value for the correlation at these 10 sites was 

0.181.   

Call Response Heterogeneity* 

 We could not easily classify neurons into different types based on their response to 

different call types or their response patterns.  Figure 7A shows the response of a neuron to four 

different call types.  This unit had a strong response to the rBNB, whereas spiking was 

suppressed by the QCFl call type -a pattern exhibited by other units in our sample as well.  Note 

the similarity in the response pattern to two different call types (fSFM and rBNB) in the same 

neuron.  Figure 7B shows a sequence of spike suppression, excitation followed by suppression 

and simple tonic excitation (bottom panel) evoked at different locations by the descending 

Rippled FM (dRFM).   
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Figure 7. Variability of call response patterns.  The amplitude envelopes of the call stimuli are 
illustrated above raster plots and peristimulus histograms representing stimulus-evoked action 
potentials. PSTH bin width is 10 ms. A. Example BLA neuron exhibiting 4 distinct response 
types, each evoked by a different call. B. Suppression, excitation, and combinatorial temporal 
response patterns evoked in four different neurons in the BLA, each in response to the 
stretched Rippled FM, or sRFM.  (reprinted from Naumann and Kanwal 2011; Am Physiol Soc, 
with permission) 
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Rate-Level Functions* 

Fifty-five units were presented with calls at 3 to 5 sound levels.  A given call sequence 

was presented 20 times at each attenuation level and evoked changes in the mean firing rate (i.e. 

evoked minus spontaneous) were quantified for each combination of call-type and stimulus-

intensity, resulting in many rate-level functions for each neuron.  Rate level functions (n = 985) 

were pooled across stimuli and neurons, including only those stimuli which evoked a significant 

excitatory response at one or more intensities.  Spike count and peak firing rate were the 

response parameters evaluated for significance (see methods for details).  Firing rates were then 

subjected to a one-way ANOVA with stimulus intensity as the independent variable, revealing a 

significant effect on response strength (F(4,4532) = 67.3, p < 0.001).  We also performed an 

ANOVA using only a single average rate-level function per neuron (i.e. averaged across all 

responses of a given neuron), which produced similar results (not shown).  Figure 8A shows that 

mean changes in firing rate evoked by calls increase monotonically with increasing stimulus 

amplitude.  For each neuron tested at 5 or more sound levels (n = 32), we generated a single rate-

level function by averaging across significant call responses before calculating the correlation 

between the mean firing rate and sound level.  Eighteen of 32 (56%) units showed significant 

correlations between sound amplitude and changes in mean firing rate (r(3) > 0.805, one-tailed p 

< 0.05), and 1 of 32 showed a significant inverse correlation.  Figure 8B shows a neuron’s 

response to the sAFM, at three different amplitude levels.  Note that the response pattern does 

not change dramatically across call amplitudes.  
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Figure 8. Dependence of mean firing rate on stimulus amplitude.  A.  Changes in the mean firing 
rate were averaged across excitatory call responses for each sound level.  On average, 
response strength increased with increasing sound amplitude (One-way ANOVA, F(4,1498) = 
392.7, p < 0.001).  Error bars represent SEM.  B.   Example call response matching the average 
trend shown in A.  PSTHs were generated from 20-trial blocks of call presentations at the top 
three stimulus amplitudes.  (reprinted from Naumann and Kanwal 2011; Am Physiol Soc, with 
permission) 
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Pitch preference* 

I first sought to determine how often the magnitude of a response to a given call type 

varied across call pitches.  Sixty-nine units were presented with multiple sets of 14 simple 

syllabic calls at different pitches.  As indicated in the description of acoustic stimuli, pitch 

variants were standardized for each call type, i.e. expressed in units of standard deviations 

relative to the mean pitch of a call type within the population.  Call types evoking a change in the 

mean firing rate (above or below spontaneous, Wilcoxon rank sum test, two-tailed p < 0.01) at 

any pitch were subjected to a one-way ANOVA with call pitch as the factor (3 to 7 levels per 

response).  Of the 279 such responses recorded from these 69 units, 159 (57%) showed 

significant variation across call pitch (p < 0.01).  Figures 9A and 9B show examples of neurons 

exhibiting significant variation in spike count across pitches for two different call types.   

Of those units analyzed above (i.e. the 69 presented with multiple pitches) 50 had a 

response to more than one call.  For these neurons we performed a two-way ANOVA with firing 

rate as the dependent variable and with call type and call pitch as factors.  Seventy-two percent 

(36/50) of these units showed a significant interaction between call type and call pitch, indicating 

that for these neurons’ the effect of shifting the pitch depended on the call type in question.  

Accordingly, the preferred (best) pitch varied with call type.  A small minority of units (n = 8) 

preferred the same pitch across effective call types (significant main effect of pitch and no 

interaction between pitch and call type).  These were considered to be pitch-selective neurons.   
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Figure 9. Call-pitch selectivity.  Pitch dependance of firing rate of two example neurons in 
response to two different call types, the Downward Frequency Modulation (or DFM, A) and the 
fixed Sinusoidal Frequency Modulation (or fSFM, B).  Call pitch (expressed as s.d. above or 
below the mean pitch of the exemplars for the call type) is indicated above each PSTH.  
(reprinted from Naumann and Kanwal 2011; Am Physiol Soc, with permission) 
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Call Preference* 

Unlike the AC in this species (Ohlemiller et al. 1996; Washington and Kanwal 2008), a 

substantial percentage of BLA call responses consisted of either transient or sustained spike 

suppression.  We sought to determine whether call types differed in the frequency with which 

they elicited excitation versus suppression.  We were especially interested in examining the 

response to two call types, which are distinct from a behavioral perspective.  The long Quasi-

Constant Frequency call (QCFl) is used in affiliative social interactions, and the rectangular 

Broadband Noise Burst (rBNB) is used prior to and during aggressive interactions (Clement et 

al. 2006).  Figure 10 shows scatter plots comparing each neuron's response to the rBNB against 

its response to the QCFl, both in terms of the peak firing rate (Fig. 10A, expressed as a Z-score 

relative to spontaneous activity) and the duration of spike suppression (Fig. 10B, expressed as a 

multiple of the longest spontaneous quiescence; see methods and Figure 4 for details).  Paired t-

tests confirmed the tendency for the rBNB to evoke higher peak firing rates than the QCFl (t104 = 

6.8, P < 0.0001), resulting in the majority of data points (representing individual neurons) lying 

above the diagonal in Figure 10A.  Paired t-tests also verified that periods of quiescence were 

longer in response to the QCFl than for the rBNB (t104 = 3.85, P = 0.0002).  Note the scattering 

of points below the diagonal in Figure 10B.  Figure 10C provides an example raster plot and 

PSTH from a neuron with a robust increase in spike firing in response to the rBNB, and Figure 

10D shows that the QCFl evokes a robust decrease in spiking in the same neuron.  
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Figure 10. Comparison of responses to aggressive and affiliative call types.  A.  The peak firing 
rates evoked by the aggressive rBNB call (y-axis) and the affiliative QCFl call (x-axis), averaged 
across pitches, are plotted against one another for each of the sampled neurons. Firing rates 
are expressed here as standard deviations above and below the mean spontaneous firing rate. 
The rBNB evoked a higher peak rate than the QCFl in a majority of cells.  B.   Intervals of spike 
suppression evoked by the rBNB and QCFl were expressed as a proportion of the longest 
quiescence measured from the spontaneous activity, and plotted for each unit.  The affiliative 
QCFl tended to evoke longer suppressions than the rBNB.  C and D.  Raster plots and PSTHs 
from an example BLA neuron showing increased spiking in response to the rBNB (C) and 
decreased spiking in response to the QCFl (D).  (reprinted from Naumann and Kanwal 2011; 
Am Physiol Soc, with permission) 
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To broadly characterize the influences of all call types on BLA neurons, I counted the 

number excitations and spike suppressions evoked by each type.  The rBNB and TCFl call types 

evoked mainly excitatory activity, with 139 excitatory responses versus 45 suppressions for the 

rBNB, and 116 versus 36 for the TCFl.   In contrast, the QCFs and QCFl suppressed spiking 

more than other calls, with 24 instances of excitation versus 66 of suppression for QCFs, and 27 

instances of excitation versus 82 of suppression for QCFl.  Three frequency modulated calls, the 

bUFM, sRFM, and hDFM, did not preferentially evoke excitation or suppression in our sample, 

but accounted for 44% of evoked alternations between excitation and suppression (i.e. “mixed” 

responses).  The narrowband noise burst (NNBs, noted to be a physiological sound akin to a 

cough or sneeze, Clement et al., 2006) evoked the smallest number of significant responses 

(excitatory or inhibitory) among all call types tested.   

I also calculated the frequency with which each call type could be labeled the “best call” 

across neurons.  The best call was determined for each neuron across its excitatory responses and 

across spike suppressions by identifying the maximum and minimum mean firing rates, 

respectively, evoked by an effective call (averaging across pitch variants for each call type).  The 

rBNB call evoked the best excitatory response in the largest number of neurons when averaged 

across all pitch variants.  The TCFl call type was a close second (Figure 11B, filled bars).  

Together, these two call types evoked the highest mean firing rate in 44% of neurons and the 

strongest spike suppression in only 4% of neurons (3 of 75; Figure 11B unfilled bars).  The 

affiliative QCFl call type yielded the largest decrease in the mean spike rate (best suppression) in 

19% of neurons, and evoked the highest increase in only 2% of the neurons.  
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Call Selectivity* 

To provide a measure of stimulus selectivity, I quantified both the percentage of stimuli 

eliciting significant excitation and that eliciting significant suppression in each neuron.  For 

neurons exhibiting excitatory responses (n = 93) an average of 26% of call stimuli elicited an 

excitatory response.  For neurons exhibiting spike suppression (n = 75), 27% of call stimuli 

elicited suppression on average.  Distributions of percentages across neurons are provided in 

Figure 11A.  Of the units with a significant excitatory response, 85% responded to fewer than 

half of the calls presented, and on average these units had an excitatory response to 26% of the 

stimuli presented. For neurons exhibiting significant call-evoked spike suppression, 79% were 

inhibited by fewer than half of the calls, and on average spiking was suppressed in response to 

29% of calls.  To characterize responses to the most common call types, we separately calculated 

the percentage of effective stimuli for each neuron from among the 14 call types at their mean 

pitch.  Seventy-five units had an excitatory response to one or more calls in the mean call set, 

and of these 80% (60/75) were responsive to fewer than half of the 14 calls.  Of 58 units with an 

inhibitory response, 67% responded to fewer than half of the calls.  Thus, neurons generally 

responded to fewer than half (and frequently fewer than one quarter) of the call types tested at 

their mean pitch.  
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Figure 11.  Call selectivity and preference across neurons.  A.  Frequency histogram showing 
distribution of call driven excitation and suppression in BLA neurons. Position on the X-axis 
reflects the percentage of the total number of stimuli that evoked a response in a neuron, i.e. a 
simple selectivity value.  A majority of neurons responded to fewer than 25% of the calls.   
B.  Bar graph indicating the number of neurons for which a given call type evoked the strongest 
excitatory (filled bars) or inhibitory (open bars) response. The ordering of calls along the X-axis 
reflects the similarity of spectrotemporal features between call types. MDS procedure was used 
to sequence call types in one dimension and determined the presentation order shown here 
(Kanwal et al. 1994). (reprinted from Naumann and Kanwal 2011; Am Physiol Soc, with 
permission) 
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Response Organization Within the BLA* 

Locations of 55 single units recorded from 48 different sites were reconstructed from the 

stereotaxic coordinates of lesions recovered from 3 brains.  Using responses to calls presented at 

65 to 75 dB SPL, I determined the percentage of stimuli evoking an excitatory response, the 

percentage evoking spike suppression, or the percentage evoking either type of response.  None 

of these selectivity measures was correlated with the absolute dorsoventral, mediolateral, or 

rostrocaudal location of the units.  To further probe for differences in response properties 

between relatively dorsal and ventral recording sites, I examined 51 pairs of neurons where 

activity of both neurons was recorded along the same electrode penetration (instances where 

more than 2 neurons were recorded within a penetration resulted in multiple pairs.  A paired 

samples t-test showed that a larger number of calls evoked excitatory responses in the dorsal 

group of neurons than in the ventral group (23% versus 14%, two-tailed p = 0.009).  In addition, 

a greater percentage of call stimuli evoked spike suppression in ventrally than dorsally located 

neurons (dorsal 11%, and ventral 33%; paired t-test, two-tailed p < 0.001).  Our sample of 

ventral neurons showed a higher average level of spontaneous activity (3.1 Hz vs. 4.9 Hz).  To 

confirm that the higher spontaneous activity in ventral neurons did not result in a bias toward 

detection of call-evoked spike suppression in this subsample, the t-test was repeated after 

matching the spontaneous firing rate across the two groups (p = 0.56) by eliminating 5 ventrally 

located neurons that had the highest spontaneous firing rates.  This caused a slight increase in the 

statistical significance of the observed difference.  Figure 12 illustrates the trend towards fewer 

excitations and more suppression at relatively ventral locations, using an index that takes into  
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Figure 12.  Increasing ratio of suppression to excitation at more ventral sites.  A.  A facilitation-
to-suppression index (see Methods) was used to represent the relative number of the two 
responses types recorded from pairs of neurons at more dorsal or ventral locations along the 
same electrode penetration (n = 51 pairs). Lines joining individual pairs of neurons are drawn in 
gray, and means for each group are joined in black (error bars represent SEM).  
B.  Amplitude envelops of calls, spike raster plots, and PSTHs representing a dorsal (top) and 
ventral (bottom) neuron recorded along the same electrode track. Vertical depth from the 
cortical surface is indicated above each row. (reprinted from Naumann and Kanwal 2011; Am 
Physiol Soc, with permission) 
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account the relative percentages of stimuli evoking excitation or suppression for each neuron 

(see Methods for details). 

DISCUSSION 

 Functional MRI studies in humans have shown that perceiving affect from nonverbal 

audiovocal communication sounds evokes a hemodynamic response in the human amygdala 

(Sander and Scheich 2001).  In another imaging study (Gil-da-Costa et al. 2004) two types of 

conspecific vocalizations elicited activity in the macaque monkey amygdala.  Audiovocal 

communication plays a primary role in social interactions in humans and a host of other 

organisms (e.g. bats, songbirds, and frogs).  This is especially the case in insectivorous bats, 

where vision is relatively poor and audition is a necessary means of communication in the 

darkness of caves or the night sky.  Therefore, we hypothesized the presence of a robust 

representation of species-specific calls within the amygdala.   

 Call evoked local field potentials along with single unit activity obtained from a spatially 

distributed sample of BLA neurons support the notion that there is a stable and robust 

representation of calls in the BLA.  We describe below the basic response characteristics of BLA 

neurons and demonstrate the selective nature of call responses including the effect of amplitude 

and pitch variants of different call types within this region of the amygdala.  We also compare 

our findings with representation of sensory stimuli associated with affect within the amygdala in 

other species, including humans, and explain how our data expands an understanding of 

information processing within the amygdala.   
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Response Adaptation* 

 LeDoux and colleagues examined auditory response properties of amygdala neurons in 

anesthetized and awake behaving rats (Bordi and LeDoux 1992; Bordi et al. 1993).  In these 

studies, they reported habituating and non-habituating responses to tones, FMs and noise bursts 

from the dorsal and ventral divisions of the LN and medial portions of the central nucleus of the 

amygdala (CeN).  59% of the responses that they recorded from the LN habituated.  Studies in 

the monkey (Nishijo et al. 1988) indicate that this behavior might represent a subpopulation of 

neurons that initially respond to novel stimuli.  In our experiments, we did not attempt to record 

from neurons that showed strong adaptation, i.e. we did not prolong the interstimulus interval to 

potentially allow neurons to recover from adaptation.  Despite reporting results from only those 

neurons with call responses that were relatively consistent across trials, we still observed a 

tendency for neurons to respond more robustly to the first presentation of the call set, compared 

to all of the successive presentations of the same call set (Figure 6A).  This effect was especially 

pronounced when calls were presented at atypical rather than typical pitches (Figure 6B). BLA 

neurons may show strong, but transient excitatory responses to atypical pitch variants of calls by 

virtue of their preference for novelty.  An important point to note is that whereas pure tone 

responses of some neurons in the amygdala are sensitive to short-term conditioning place (Repa 

et al. 2001), synaptic plasticity in the amygdala may proceed and persist (Anglada-Figueroa and 

Quirk 2005; Schroeder and Shinnick-Gallagher 2005) across longer timescales.  Furthermore, 

responses to social calls and acoustic features within them may be more resistant to modification 

than responses to tones, as they are expected to have extensive histories of reinforcement in 

natural contexts during development. 
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Amplitude Dependence of Responses* 

 The majority of BLA neurons were found to be largely unresponsive to calls presented at 

low amplitude (< 50 dB SPL).  This is in sharp contrast to the dynamic response range exhibited 

by most cortical neurons, especially for stimulus amplitude.  For example, most neurons within 

the DSCF area respond over a range of ~ 70 dB SPL and can have thresholds below 0 dB SPL 

(Kanwal et al. 1999).  Specialized neurons within the DSCF area exhibit nonmonotonic rate-

level functions and also show level-tolerance in that the width of frequency tuning is unaffected 

by amplitude levels (Suga and Manabe 1982).  Less specialized neurons, such as those in A1a, 

show monotonic rate-level functions and exhibit broader tuning for stimuli presented at high 

amplitudes compared to those at successively lower amplitudes (Asanuma et al. 1983).  In 

comparison, BLA neurons almost always responded to calls presented at relatively high 

intensities (> 50 dB SPL) and frequently ~70 dB SPL.  Call responses to very high intensities 

(>80 dB SPL) were not obtained to constrain nonspecific activity from being averaged with 

specific responses when determining call selectivity across a narrow range of amplitude levels.  

A qualitative change in the response pattern (excitation versus inhibition) with amplitude level 

was not observed (see Figure 8B).   

Call-Evoked Spike Suppression*  

 Spike suppression was a prominent feature of many call responses in the BLA, in contrast 

to the predominantly excitatory responses recorded from the auditory cortex in the same species 

(Medvedev and Kanwal 2004).  We found that all call types evoked spike suppression by our 

criteria, though the QCFl, dRFM and QCFs evoked the strongest suppression in the largest 

number of cases.  Some call responses were characterized by fast alternations between periods of 
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excitation and periods of quiescence.  The most common of these “mixed” excitatory-inhibitory 

(EI) responses was the stimulus-locked firing of 1 or 2 spikes, followed by silent interval of ~50 

ms.  For many multi-peaked excitatory responses or mixed EI responses, positive and negative 

changes in spiking probability may be driven by specific stimulus features like stimulus onset 

and offset, discrete amplitude modulations, spectral arches, and linear frequency modulations.   

 Data demonstrating call-evoked spike suppression underscore the importance of 

inhibitory control over BLA output.  Spike patterns of BLA neurons indicated that in over 40% 

of our sample, calls evoked strong spike suppression in parallel with excitatory input.  This 

finding is in agreement with previous findings demonstrating the inhibitory influence of afferents 

from the medial prefrontal cortex (Grace and Rosenkranz 2002) and various basal forebrain 

structures (Mello et al. 1992), and mixed excitatory and inhibitory influences of afferents from 

the perirhinal and entorhinal cortices (Lang and Pare 1997), hippocampal formation, and medial 

geniculate (Mello et al. 1992).  Furthermore, previous investigations have shown that responses 

of BLA neurons to auditory stimuli can consist of increases or decreases in spike firing 

(Cromwell et al. 2005; Muramoto et al. 1993).  Two candidate inhibitory cell populations which 

may mediate these inhibitory influences are intercalated cells (Marowsky et al. 2005), which 

surround the BLA, and inhibitory interneurons within the BLA (Szinyei et al. 2000).  Excitatory 

and inhibitory influences on a given neuron could be independently triggered by different call 

types (e.g. Figure 7), or simultaneously triggered by a single call.  The various inputs to the BLA 

noted above are potential sources of these opposing influences. 

 Call-evoked inhibition in the BLA is likely to exert strong influences on motivation 

during social interactions, potentially suppressing anxiety and promoting affiliative behavior or 

social cohesion.  Sanders and Shekhar (1995) showed that blocking GABA-A receptors in the 
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BLA with bicuculline or picrotoxin produced anxiety-like behavior in rats which included a 

reduction in social interaction.  Parsana et al. (2009) reported that playback of 55 kHz rat 

vocalizations suppressed spiking of rat BLA neurons, while 22 kHz vocalizations evoked 

increases in spike firing.  Interestingly, 55 kHz vocalizations appear to be specifically associated 

with positive affect in rats, including juvenile play and anticipation of social contact (Brudzynski 

and Pniak 2002), while 22 kHz vocalizations are associated with pain (Han and Neugebauer 

2005) or external threats, and may serve as alarm cries (Blanchard et al. 1991; Litvin et al. 2007).  

These behavioral and neurophysiological data fit nicely with the pattern of call responses 

reported here.  In mustached bats, fearful and aggressive vocalizations seldom evoked strong 

spike suppression, while the affiliative QCFl call caused the strongest suppression of spiking in 

more BLA neurons than any other call.  The QCFl call is emitted with high frequency between 

males that roost together peacefully in the absence of territorial aggression (Clement et al., 

2006).  This result suggests that call-evoked spike suppression might enhance the stimulus-

specificity of cue-elicited defensive and fearful behaviors, an idea supported by other studies    

(Shaban et al. 2006).  The finding that an aggressive rBNB excites, and the affiliative QCFl 

inhibits, firing of BLA neurons (Figures 10 and 11) lends further support to the idea that BLA 

output is an important mechanism enabling or even facilitating positive social interaction, 

possibly through suppression of fear.  This may also partially account for the observation that 

amygdala-lesioned monkeys initiate positive social contacts more frequently (Amaral 2003).  If 

one assumes that BLA output has a broad tendency to increase fear of social interaction or the 

perception of danger, then lesioning of the BLA might relieve social inhibition or aversion. 
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Call Selectivity of Excitatory Responses* 

 The responses of BLA neurons represent the diverse reinforcement histories and social 

functions of different call types.  Thorough analyses of single unit auditory activity in the 

amygdala are few (Bordi and LeDoux 1992) (Bordi et al. 1993) as are those examining responses 

to species-specific vocalizations (Kuraoka and Nakamura 2007;   Parsana et al., 2009).  In our 

study, BLA neurons showed varying degrees of selectivity for the 14 call types presented.  Most 

neurons responded to fewer than 25% of the calls irrespective of which pitch variant was used, 

but the effective call types varied dramatically from neuron to neuron.   

 BLA neurons were excited by the aggressive (rBNB) call.  These findings are in 

agreement with the BLA’s established role in the encoding and expression of fear.  The true 

constant frequency call (TCF) evoked a strong response in nearly as many neurons as the rBNB.  

The TCF is used during aggressive interactions, though it is not used as a prelude to aggression 

(i.e. not used as a threat).  This suggests that the TCF call type is emitted by a submissive 

recipient of aggression.  Work by Morton (Morton 1977c) suggests that calls matching the 

spectrotemporal structure of the TCF are often used in mammalian species to express submission 

during aggressive displays or attacks by dominant conspecifics. Amygdala responses to 

conspecific expressions of fear, similar to responses to the TCF reported here, have also been 

shown in humans (Scott et al. 1997; Whalen et al. 2004) and macaques.   

 Gil da Costa et al. (2004) used PET imaging in macaques to show that screams 

(submissive fearful calls) elicited more activation in the amygdala than coos (affiliative calls) 

and non-biological sounds.   The study by Kuraoka and Nakamura (2007) also confirmed the 

preference for fearful screams in single units, and demonstrated weaker responses to aggressive 
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grunts.  In mustached bats, though the TCF and rBNB are both arousing and associated with 

aversive social interactions, their effects on BLA neurons are not identical.  The TCF tended to 

evoke excitatory responses that were more phasic than did the rBNB.  This may result in 

differential excitation of separate efferent pathways involved in diverse behavioral responses to 

calls. 

 I have specifically addressed responses of amygdala neurons to three call types which are 

associated with aggression, fear, and affiliation, and which evoked the strongest excitatory 

(rBNB and TCF) or inhibitory (QCFl) responses in our sample of neurons.  However, not all 

neurons responded to at least one of these three calls, which together represent a minority of the 

entire call repertoire.   In the mustached bat, the social functions of other call types are less well 

characterized, and they may be used in more than one behavior or in association with behaviors 

that are not fully described in this species.  In other bat species, several social vocalizations are 

known to mediate approach behavior.  These include the sounds of other bats foraging, pup 

isolation calls, and vocal displays (e.g. "songs") of males.  Responses of BLA neurons to the 

remainder of the communication sounds in our stimulus set may reflect their participation in a 

diverse set of efferent pathways, which may include appetitive behavior and anticipation of 

reward (Paton et al. 2006; Schoenbaum et al. 1999; Sugase-Miyamoto and Richmond 2005; Tye 

and Janak 2007).  The BLA is known to play a role in the formation of stimulus-reward 

associations (Cador et al. 1989; Nishijo et al. 1988).  Further investigations are required to 

determine how individual BLA neurons, which are selective for different sets of calls, contribute 

to selection of specific autonomic and behavioral outputs among a diverse array of possibilities. 
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Response Variability Across Call Pitch* 

 Of calls that were presented at several pitches, 57% evoked firing rates that varied 

significantly with call pitch (as illustrated in Figure 9).  Clearly call-pitch information is 

available in the activity of many BLA neurons, which likely represents one important dimension 

of the motivational significance or meaning of a call type embedded within its acoustic structure.   

In humans, pitch is an important element of prosody, cueing the listener to the emotional state of 

the speaker nonverbally.   

 Pitch may also provide an indication of the identity of the conspecific caller in some 

species.  This idea is supported by a recent study demonstrating that mouse-eared bats (Yovel et 

al. 2009) can be trained to reliably discriminate conspecifics using a single echolocation pulse.  

In other species that rely more on vision, amygdala neurons are known to select for the identity 

of conspecific faces (Gothard et al. 2007; Kuraoka and Nakamura 2006).  Conspecific identity is 

an important component of the social context and determinant of what social behaviors are 

appropriate during social interactions with specific individuals, especially at a distance where 

olfaction cannot play an important role.  BLA neurons may play a role in analyzing both identity 

cues and affective content of audiovocal signals, both of which are critical pieces of information 

that enable the receiver to react appropriately.  

Response Organization Within the BLA 

 Across a small sample of BLA recording locations, inhibitory influences of calls were 

stronger at more ventral sites.  Bordi and Ledoux (1993) found that sound elicited a decrease in 

firing in 30% (6 of 20) of auditory responsive neurons in the "ventral subnucleus" of the lateral 
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amygdala, and 55% (6 of 11) of those in the further ventral "basolateral nucleus" of the 

amygdala.  This is consistent with the results reported here, as both structures are included in the 

BLA, and correspond to its more ventral extent.  One potential explanation for these convergent 

findings is that intra-amygdala information flow from the LN to the BN (Pitkanen et al. 1997) 

might result in more feed-forward inhibition at more ventral locations since mechanisms exist for 

mediating this inhibition in the BLA (Pare et al. 2003; Sanders and Shekhar 1995a).  The more 

ventral regions of the BLA may also receive denser input from sources outside the amygdala 

known to exert an inhibitory influence (Sah et al. 2003), or from surrounding intercalated cells 

(Pare and Smith 1993).  Additional investigations are needed to uncover mechanisms of 

inhibition that are specific to more ventral regions of the BLA.   

Coding of Affect and Value* 

 Neurophysiological studies of vocal communication and call processing in animals are 

more relevant for understanding the prosodic aspects of speech than reflecting verbal content.  

The human amygdala may play an important role in discerning vocal expression of affect in the 

form of prosody and phonetic inflections in speech.  Neurons in the magnocellular division of 

the basal nucleus of the amygdala project directly to the inferior colliculus (IC) and may play an 

important role in the gating of auditory inputs at early stages of auditory processing (Marsh et al. 

2002). Thus, engagement of the BLA may be critical for cuing the listener to variations in 

prosody via this pathway.  Amplitude and pitch selective neurons in the BLA may mediate this 

type of gating, detecting and facilitating further transmission of important prosodic information. 
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Factors Limiting Interpretation of Results 

 Amygdala neurons are subject to strong contextual influences, and so it should be noted 

that the selectivity measured in this study does not necessarily reflect the selectivity seen in 

behaving, socially interacting animals.  Furthermore, acoustic variations between calls other than 

pitch are likely to carry additional meaningful information that was not represented completely 

in our stimulus set.  Other cues may serve as important signals of the identity of the emitter or 

the urgency of the information transmitted by a particular call, or other pieces of behaviorally 

relevant information as yet unidentified. 

Summary 

 The experiments described above were carried out in order to test the hypothesis that 

neurons in the basolateral amydala of a gregarious species of mammal, which makes frequent 

use of the audiovocal channel of communication, would respond robustly and selectivly to 

species-specific calls.  I recorded single unit activity evoked by these calls in the BLA of awake, 

restrained mustached bats.  My results provide clues as to how the mammalian amygdala 

participates in perception of different types of affect communicated by conspecifics, and how 

call-evoked activity of BLA neurons might be related to the natural ethological significance of 

the calls. 

 Multiple possible manifestations of call selectivity were investigated.  Firstly, I looked at 

the general tendency for different call types to elicit excitation and suppression of spiking in the 

entire sample of neurons.  This analysis revealed that calls associated with aggression and fear 

tended to elicit spikes from BLA neurons, while an affiliative call generally suppressed spiking.  

These results are consistent with previous studies showing that stimuli associated with aversive 

outcomes tend to excite amygdala neurons.  Spike suppression in response to an affiliative call 
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suggests the possibility that inhibitory control of BLA neurons is important for suppressing fear 

when it is not appropriate to the stimulus, and demonstrates that amygdala output results from a 

balance of excitatory and inhibitory influences on BLA neurons (often in response to the same 

stimulus).  Call pitch was important in determining the magnitude of the response to a given call 

for about half of the neurons, indicating that call pitch is an important determinant of the 

motivational impact of a call. 

 I also examined whether a neuron's anatomical location within the BLA was related to its 

call selectivity.  This revealed that call-evoked spike suppression was more common in ventral 

neurons of the BLA than their dorsal counterparts.  Because the ventral BLA receives convergent 

information from a larger number of brain regions than the upstream, more dorsally situated 

lateral nucleus of the amygdala, spike suppression in ventral regions may represent gating of 

excitatory output of the BLA.  Additional experiments are required to determine the anatomical 

origins of call-evoked spike suppression in the ventral BLA, and whether this suppression can be 

directly attributed to the reinforcement history of the stimuli driving it.  
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IV: Comparison of Response Properties in BLA and DSCF 

Specific Introduction 

Divergence of Function Between BLA and DSCF 

 Different parts of the CNS perform specialized and complementary tasks to secure an 

individual's adaptive advantage.  For an organism to make use of communication sounds in order 

to enhance its chances of survival and reproduction, some of the principal tasks it must perform 

include: correctly identifying the sounds, determining their significance (if any), localizing them 

in space, and taking appropriate action.  These tasks are comprised of many interrelated 

components that require the coordinated activity of many brain regions.  Though the neural 

information processing that underlies a given task is usually distributed across multiple brain 

regions, individual structures show some degree of specialization.  Regions of cortex 

traditionally referred to as "auditory cortex" principally represent features of the acoustic 

environment, transforming sensory information into percepts.  The amygdala is thought to form a 

bridge between sensory information and action, representing the value of environmental stimuli, 

updating associations based on experience, and participating in motivation and action.  Here I 

compare call-evoked spiking in the BLA with that in the "Doppler-shifted constant frequency" 

(DSCF) processing area of the primary auditory cortex (A1).  Based on differences in the known 

functions, connectivity, and stimulus representations of these two regions, they were expected to 

respond differently to the same set of calls.  I hypothesized that spike timing would make a 

strong contribution to encoding of information about call type in the DSCF area, whereas BLA 

neurons would principally represent call type via spike count over a longer time interval.  

Furthermore, I sought to assess whether the aforementioned general notions about the functions 

of each brain region were supported by call detection performance in each sample of neurons. 
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DSCF Anatomy and Physiology 

 The DSCF area of the primary auditory cortex (A1) in the mustached bat principally 

receives its input from the ventral division of the medial geniculate (Pearson et al. 2007).  It in 

turn projects to multiple forebrain areas and also back to the MGB (Fitzpatrick et al. 1998).  

Unique to mustached bats is the fact that the DSCF area comprises an expanded region of the 

tonotopic axis in A1 specialized for processing frequencies in the 58 to 60 kHz range, 

corresponding to the 2nd harmonic of the Doppler-shifted echoes of the mustached bat's 

echolocation pulse (the "CF2").  Many of these cells show super-additive responses to 

combinations of the CF2 and frequencies in the range of the first harmonic of the frequency-

modulated portion (FM1) of the emitted echolocation pulse (Kanwal et al. 1999).  In addition to 

this form of combination sensitivity, many of these neurons show enhanced responses to 

modulated frequencies in the CF2 range over their responses to constant frequencies 

(Washington and Kanwal 2008).  These preferences for different stimulus characteristics are 

likely to influence call preference in DSCF neurons.  Calls differ in their spectral content in and 

around the FM1 and CF2 frequency bands (Kanwal et al. 1994). 

Spiking of DSCF neurons to their characteristic frequencies and preferred linear FM 

sweeps is generally phasic, so that stimulus-locked spiking and spike rate within a narrow (10 

ms) time window conveys a good deal of information about stimulus parameters (Washington 

and Kanwal 2008).  This suggests that precise timing of spikes in A1 is an important response 

parameter.  Studies of A1 in other species have demonstrated quantitatively that timing of 

stimulus driven spikes can convey more information about the stimulus than the spike count 

alone (Furukawa and Middlebrooks 2002; Schnupp et al. 2006).  Kayser et al. (2010) showed 

that 17% of neurons in A1 and caudal auditory cortex of rhesus monkeys responded to natural 
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sounds (including some conspecific vocalizations) with a timing precision of > 12 ms. Wang and 

colleagues (2008) have demonstrated that A1 neurons in marmosets show phase locking to 

periodic click trains, but that this feature is replaced by a rate code in more rostral areas of the 

auditory cortex.  

BLA Anatomy and Physiology 

 The BLA arguably receives a more diverse array of input than the primary auditory 

cortex.  Like nonprimary areas of the auditory cortex, it receives the overwhelming majority of 

its thalamic input specifically from nonlemniscal nuclei of the medial geniculate complex (Doron 

and Ledoux 2000).  The majority of auditory cortical input to the BLA comes from "association" 

areas in the rat, cat, and monkey (McDonald 1998), but tracer injections in the bat (Fitzpatrick et 

al. 1998) and Mongolian gerbil (Budinger et al. 2008) show some degree of input from A1 as 

well.  The reported response properties of BLA neurons described below are consistent with a 

diverse set of inputs that are relatively less synchronous than those of A1. 

An initial analysis of responses to white noise and pure tone stimuli in the lateral, 

basolateral, and accessory basal nuclei of the amygdala (Bordi et al. 1993) revealed that short 

latency (12 - 15 ms) responses were restricted to the dorsal region of the LA.  In the ventral 

region, most of the cells showed long latency responses, and more than 75% showed sustained 

responses, though the majority of these also habituated rapidly to repeated stimulation 

(necessitating long inter-stimulus intervals to characterize the cells' responses).  Quirk et al. 

(1995) noted that fear conditioning using tones as the CS caused an increased short-latency 

response to the tone in the dorsal LA of the rat, and an increase in the tone-evoked activity at 40-

50 ms post stimulus-onset in the ventral LA.  However, no mention was made of whether spike 

timing appeared to encode stimulus information.  Additional studies have shown that responses 
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of the BLA to cues that have been associated with rewarding or aversive outcomes reflect the 

objects' acquired values and motivational properties (Fontanini et al. 2009; Paton et al. 2006; 

Rogan et al. 2005; Schoenbaum et al. 1999; Tye and Janak 2007), but do not address whether the 

changes in BLA neurons' responses reflect changes in latency or precision of spike timing in 

addition to the documented change in the mean firing rate.  It is also not clear whether evoked 

alternations between excitation and inhibition in BLA neurons signal stimulus identity by 

modulating the total spike count, by modulating the timing of spikes, or both.  Whatever the 

means of representing calls, the apparent preference of BLA neurons for aggressive and fearful 

calls also suggests that these neurons' spike trains should convey more information about calls 

with affective significance than other calls. 

 Below I describe and implement a parameter search procedure where classification of 

smoothed spike trains is performed repeatedly while iterating through 1) decay constants of the 

exponential smoothing kernel, and 2) spike train durations.  Parameters that produced optimal 

classification were taken to represent, firstly, a measure of precision of spike timing for 

transmitting call category information in both the BLA and DSCF areas, and secondly a measure 

of the response duration in each brain region.  Information about specific call types available 

from spike trains was quantified using a measure of stimulus detectability (d') from signal 

detection theory. 

Specific Methods 

 For comparison of DSCF and BLA neurons, I used data collected from a small number (n 

= 39) of cortical neurons during a previous study conducted in the laboratory (courtesy of Stuart 

D. Washington, Ph.D.).  Responses to the same stimulus set as that described for BLA neurons 

were obtained from the auditory cortex of the same bat species under nearly identical conditions.   
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The neurons included in the BLA sample (n = 90) were limited to those where stimuli were 

presented in repeating sequences (as opposed to randomized stimulus order and inter-stimulus 

interval), in order to match the stimulus presentation paradigm that was used for the cortical 

recordings. 

 To obtain a measure of the timing precision and duration of stimulus-specific spiking, I 

implemented a spike train classifier that measured a "distance" between spike trains evoked by 

different call types.  Classification accuracy was measured as two parameters were varied.  One 

of these parameters changes the precision with which spike times are compared across trains, 

making classification accuracy more or less dependent on the coincidence of spikes across 

presentations of the same stimulus.  The other parameter was the duration of the spike train, 

extending from stimulus onset.  This allowed the measurement of classification accuracy as 

spikes were included from successively longer latencies following stimulus onset. 

Distance Metric 

 Three spike trains (for this example A, B, and C) may contain an equivalent number of 

spikes that occur at different times.  It may be the case that spike times in one pair of trains, for 

example the pair AB, will appear to be more similar than those in the pair AC.  If several of the 

post-stimulus spike times in B occur within 1 ms of corresponding spike times in A, but none of 

the spike times in C are within even 10 ms of the spike times in A, then it might be possible to 

use a “distance” metric to quantify the similarity or dissimilarity of spike trains and thereby 

demonstrate the relatively higher similarity between spike trains A and B than between A and C.  

One metric that has proven to be among the most accurate in quantifying the similarity between 

simulated spike trains (Kreuz et al. 2009; Paiva et al.) is that of Van Rossum (2001).  Calculation 

of this measure is also fairly straightforward compared with a popular alternative (Victor and 
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Purpura 1997).  The Van Rossum distance is the Euclidean distance between two arrays of spike 

times that have been convolved with an exponential kernel to yield continuous functions of time.   

If we convolve the spike trains A, B, and C with an exponential kernel (as in Figure 13), many of 

the tails of the exponentials in A will overlap with those in B, while showing very little overlap 

with those in C.  The Euclidean distance between curves representing A and B will be much 

smaller than the distance between A and C; the greater similarity between spike times in pair AB 

than between those in pair AC results in a smaller distance from A to B.   

 Reducing the decay constant of the exponential kernel makes the distance measure more 

dependent on temporal coincidence of spikes across the two trains.  When the decay constant is 

short, the distance can only be made smaller when there is very close correspondence between 

spike times in train A and train B, so that their very “sharp” exponentials overlap.  When the 

decay constants are longer, there may be some overlap between convolved spikes whose times 

are only roughly similar.  A longer decay constant makes the distance less sensitive to perfect 

coincidence between spikes, and as the exponential decay approaches infinity, the distance 

approaches a measure of the difference in spike number between train A and train B.  Van 

Rossum (2001) provides a mathematical proof for this assertion. 
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Figure 13.  Graphical illustration of spike-train distance measurement.  Two spike trains are 
convolved with exponentials before taking their Euclidean distance, which is equivalent to the 
integral of the bottom curve (modeled after van Rossum 2001). 
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Classification of Spike Trains Based on Average Pairwise Distances 

 Distances were generated between all pairs of spike trains collected during call 

presentation.  Thus, a distance between a given spike train was calculated between that train and 

each of the other trains evoked by the same stimulus, as well as each of the trains evoked by each 

of the other stimuli.  Because the stimulus generating each spike train was known, trains were 

grouped according to their known stimulus category.  For each spike train, the average pairwise 

distance to all other trains was determined, and an average distance was calculated for each 

stimulus category, yielding 14 average distances including the a priori stimulus class of the spike 

train being classified.  In essence, this addresses the question “how similar is the given spike 

train, on average, to the trains evoked by stimulus A, stimulus B, etc.?”   Every spike train was 

classified by assigning it to the stimulus category whose spike trains were the smallest average 

distance from the train being classified (i.e. the stimulus class with the highest average 

similarity).  Ties were assigned in equal proportions to each of the tied stimulus classes.  

Classification is more accurate when repeated presentations of the same stimulus reliably evoke 

spikes at the same post-stimulus time points, and when spike times are reliably different between 

stimulus categories. 

Measuring Temporal Precision and Duration of Spike Trains 

 To determine the temporal precision of stimulus-specific spiking, classification accuracy 

was determined as the decay constant of the convolution kernel was varied over 12 values with a 

logarithmic spacing of 0.2, ranging from 1.6 ms to 251 ms (Figure 14).  To roughly determine 

the duration after stimulus onset that spike trains continued to be informative about the stimulus, 

I also varied the duration of the response window (Figure 15).  This was the length of the 

interval, beginning at stimulus onset, from which spikes were collected for classification.  
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Response windows were lengthened in 10 ms steps between 10 and 100 ms post stimulus onset 

(corresponding to ~1 standard deviation beyond the average call duration), and 50 ms steps 

between 100 and 300 ms.  A 400 ms response window was also included.  For each neuron the 

classification procedure was carried out for each combination of kernel decay constant and spike 

train duration, for a total of 180 parameter combinations (Figure 16). 

 In order to determine the classification performance of neurons for each call type, it was 

necessary not only to count the number of accurate classifications, but also to account for bias 

towards inaccurate classifications within each particular call category.  The classification scheme 

described above generally shows bias towards the stimulus class that evoked the fewest spikes 

across trials.  This results from the fact that trials where a neuron failed to spike are more similar 

(have a smaller Euclidean distance) to a null or "empty" spike train than to one with dissimilar 

spike times.  To ensure that a strong bias towards applying one stimulus class was not 

misinterpreted as enhanced classification of that stimulus (due to a high hit rate), I used the d' 

measure from signal detection theory (Green and Swets 1966) to measure the neurons' ability to 

accurately detect each call type (Figure 17).  The classification scheme described above differs 

substantially from the simplest idealized (binary) signal detection scenario, but d' can be used 

here to characterize sensitivity and specificity of a neuron for detecting a particular call type by 

grouping class assignments for each type into "hits" and "false alarms".  Hits are the instances 

where the classifier correctly identified the call evoking a given spike train, and false alarms are 

instances where the call category label in question was misapplied to spike trains evoked by 

other calls. d' is calculated by treating the hit rate and false alarm rate like p-values 

(corresponding to areas under the unit normal distribution), and converting them to Z scores 

(Z(hit) and Z(FA)) using the inverse cumulative distribution function.  The difference between 
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Z(hit) and Z(FA) is the d' value, which was calculated for each call type presented to each 

neuron. 

Results 

Reliability and Stimulus-Specificity of Spike Timing 

 As exponential tails of spikes are made longer, distances between spike trains approach a 

measure of the difference in the spike number between trains, and are less representative of the 

similarity of spike times between trains.  To determine whether spike timing information 

contributed to accurate spike train classification, the classification procedure was repeated using 

one of a range of decay constants for the exponential kernel (used to smooth spike trains).  

Classification performance is plotted as a function of decay constant in Figure 14.  Each neuron's 

best combination of decay constant and response window was first determined across all 

parameter combinations (Figure 16), and the best response window for that neuron was used 

when characterizing accuracy across different kernel decay constants.  Thus the curve in Figure 

14 represents the average accuracy of amygdala and cortical neurons using their optimal 

response window (i.e. duration) at each decay constant value.  For both the amygdala and 

cortical samples of neurons, the classification accuracy, averaged across neurons, peaked at 

values that were less than the maximum of 251 ms.  In the sample of cortical neurons, a decay 

constant of ~16 ms produced the best average classification.  Classifier average performance 

peaked at 40 ms for amygdala neurons (red trace).  To verify that peak accuracy across time 

constants was significantly higher than accuracy using the longest decay constant, normalized 

classification accuracy (expressed as a percentage of the best accuracy across all parameter 

combinations) for all neurons at the best time constant was compared to that at the longest time 

constant, for both BLA and DSCF neurons.  Paired t-tests showed that classification was 
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significantly improved using the optimal decay constant for each of the samples of neurons (one-

tailed, corrected p < 0.00001 for both comparisons).   This reveals that precision of spike timing 

across repeated call presentations conveyed information about the call type above and beyond 

the number of spikes or "mean firing rate".  The difference in accuracy between the best time 

constant and the longest time constant was determined for each unit, and these differences were 

compared between BLA and DSCF units.  An independent samples t-test showed that the 

difference was larger for DSCF units than BLA units (one-tailed p < 0.001), indicating that spike 

timing is a more important means of conveying call-category information in the DSCF area than 

in the BLA.  Peak accuracy at optimized spike train time constants and response widths for 

DSCF neurons was 16.4 % or 2.3 times the chance level, versus 15.9 % or 2.2 times chance for 

BLA neurons.  These were not significantly different (t-test, one-tailed p = 0.28).  Interestingly, 

BLA units showed better accuracy at the longest decay constant than DSCF neurons (t-test, one-

tailed p < 0.001). 
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Figure 14. BLA and DSCF spike timing precision.  Decay constant of exponential convolution 
kernel versus classifier accuracy for cortical (blue, n=39) or amygdala (red, n=90) neurons, 
averaged across neurons at each neuron's optimal "response window" (i.e. spike train duration).  
Chance classification is 7.14%, corresponding to 14 calls each presented an equal number of 
times. 
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Analysis of Response Width 

 The response width producing the best classification averaged across neurons at their best 

time constants was 200 ms.  Initial examination of classification accuracy across response 

windows seemed to indicate that DSCF neurons approached their peak classification more 

quickly in the first 100 ms following stimulus onset (Figure 15).  A two-way ANOVA with 

recording location (BLA or DSCF) and response width as factors showed an interaction effect of 

the two on accuracy expressed as a percentage of the maximum value across parameter 

combinations (F(1,14) = 3.069, p < 0.001).   Comparison of BLA and DSCF accuracy values at 

each of the individual response widths revealed higher accuracy of DSCF neurons at 40, 70, and 

80 ms response widths (t-test, p < 0.05).  Additionally, BLA classification was more accurate at 

the longest response width tested (400 ms), indicating that DSCF spiking between 300 and 400 

ms was not informative about the call type, leading to a decrement in classifier performance. 
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Figure 15. BLA and DSCF response duration.  Window width versus classifier accuracy for 
cortical and amygdala neurons at each neuron's optimal decay constant.  Gray box (top) 
indicates the average call duration, and error bars represent the standard deviation of the call 
duration.  
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Figure 16.  Classification accuracy across parameter combinations.  Color maps representing 
classification accuracy across all combinations of kernel decay constants and response widths 
for amygdala and cortical neurons.  Each neuron's accuracy was expressed as a percentage of 
its maximum across all parameter combinations before averaging.   Decay constants are 
equally spaced along a logarithmic scale.  Response width is the duration of the interval from 
which spike trains were drawn, beginning at stimulus onset. 
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Comparison of Amygdala and Cortical Classification of Individual Call Types 

 Though the number of correct classifications using optimized spike train parameters did 

not differ significantly between DSCF and BLA neurons, this did not necessarily imply that 

classification of individual call types would be equivalent between the two samples of neurons.  

To examine whether the pattern of responses across different call types differed between the 

cortical and amygdala neurons, a two-factor ANOVA was performed with anatomical location (2 

levels; DSCF and BLA) and call type (14 levels) as factors and d' values as the dependent 

variable.  The ANOVA yielded a significant interaction between anatomical location and call 

type (F(1,13) = 2.419, p = 0.003).  To test some of the aforementioned possibilities about 

differences in classification of individual call types between the two samples of neurons, 

amygdala and cortical d' values were compared for the rBNB, TCF, QCFl, and NNBs.  

Responses of DSCF and BLA neurons to the latter 3 of these calls were found to differ 

significantly (t-test, uncorrected two-tailed p < 0.01 for each comparison), with cortical neurons 

showing superior detection of each of these three call types.  Implications of these results are 

discussed below.  
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Figure 17. Classification of individual call types.  d' values were computed for each call and 
averaged across cortical and amygdala neurons.  Planned comparisons of classification of 
individual call types were made between the two samples of neurons for the QCFl, TCFs, 
NNBs, and rBNB call types.  Significant differences are indicated with asterisks (t-test, two-tailed 
p < 0.01).  n.s., not significant. 
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Discussion 

Precision of Spike Timing 

 The results presented here indicate that for both DSCF and BLA neurons, spike timing 

relative to stimulus onset conveyed information about call type.  However, the two samples of 

neurons studied here differed in the extent to which spike timing contributed to the call category 

information available beyond spike count alone.  In the DSCF area of the primary auditory 

cortex, reliable responses to stimuli showed timing precision of ~16 ms.  For BLA neurons, the 

information contributed by spike timing was very coarse (approximately 40 ms), longer than the 

duration of many of the calls in the stimulus set.   

  One reason that spike timing would be less precise in the amygdala than the primary 

auditory cortex is that the inputs to the amygdala are less likely to convey discrete information 

about individual stimulus features.  The thalamic projections to the amygdala originate 

principally in the posterior intralaminar nucleus (PIN), medial division of the medial geniculate 

(MGBm), and dorsal division of the medial geniculate (MGBd) (Doron and Ledoux 2000).  Two 

of these areas are polysensory, and all three have broader frequency tuning than the region 

projecting to the DSCF area, the ventral division of the medial geniculate (MGBv).  One would 

expect, then, that amygdala neurons could receive a large number of excitatory inputs in 

response to complex sounds which convey relatively nonspecific information about acoustic 

features, resulting in action potentials arriving at more variable times over a larger portion of the 

stimulus duration.  This could account for lower precision of spike timing than is seen in other 

brain regions. 

 Additionally, the amygdala also receives inputs from the dorsal prefrontal cortex in the 

rat, which indicates that the frontal auditory field in the mustached bat (Kanwal et al. 2000; 
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Kobler et al. 1987) is another likely source of input.  Neurons in this region of the mustached bat 

frontal cortex frequently exhibited responses to 30 ms tones that were > 100 ms in duration, 

representing a temporally diffuse source of information.  Even inputs to BLA neurons that are 

tightly time-locked to stimulus features may evoke post-synaptic responses with a reduced 

degree of temporal precision.  At least one study indicates that NMDA receptors expressed at 

thalamic inputs to BLA neurons could result in prolonged depolarization in response to 

excitation of this pathway, possibly enabling the cells to integrate these earlier sources of input 

with later-arriving cortical inputs (Li et al. 1996). 

In Part III ("Amygdala Neurons Respond Robustly, Consistently, and Selectively to 

Social Calls") I observed that spike suppression was a prominent response feature.  

Representation of calls in the BLA is ultimately closer to a rate code than that in DSCF, and 

results reported in Part IV suggest that suppression in the BLA should manifest itself as an 

influence on coarse spike timing or mean firing rate, but the two may not be separable.  For 

instance, long latency excitatory responses observed in the sample of BLA neurons (Figure 5), 

could result from phenomena like rebound excitation.  This type of information processing, seen 

in the inferior colliculus (Covey 2000), requires some precision of the relative timing between an 

initial inhibitory and later excitatory component for the neuron to reach threshold for spiking.  

Neurons exhibiting rebound excitation can be seen as "reading out" an input temporal code.  But 

it is not clear whether the timing of output spikes, which will have some degree of latency 

precision relative to the inputs, is itself important as a component of a downstream temporal 

representation of a stimulus.  Spike number may prove to be the more important parameter for 

representing stimuli and driving a subsequent response if downstream neurons integrate many 
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asynchronous inputs over long temporal windows.  Spike times might be meaningfully 

interpreted or "read out" in different ways by various downstream neurons. 

Accumulation of Call Category Information Over Time 

 Spikes conveying information about call category occurred at longer latencies following 

stimulus onset in the BLA than in the DSCF processing area of A1, possibly reflecting BLA 

inputs arriving from multiple stages of the auditory processing hierarchy, including nonprimary 

auditory cortex, orbitofrontal cortex, frontal auditory field, and perirhinal cortex.  Another factor 

contributing to more temporal dispersion and longer average latency of call-category information 

is variability in the number of synapses between the periphery and the various BLA recording 

locations.  Responses reported here originate from both the dorsal and ventral divisions of the 

lateral amygdala (LAd and LAv respectively), and probably also dorsal parts of the basal 

nucleus.  The LAd is reported to be a site of convergence of auditory and nociceptive 

information, and shows potentiated short latency (10 - 15 ms) tone responses in the rat (Quirk et 

al. 1995).  The LAv also shows fear-conditioned potentiation of its responses to sound, but does 

so at longer latency and for a longer duration (Bordi et al. 1993).   

 DSCF neurons get a more homogeneous input from the ventral MGB.  Call type 

information accumulates over the first 90 ms (Figure 15), which is about equal to the average 

call duration plus one S.D. of the duration.  This probably indicates that spectrotemporal features 

of calls are driving instantaneous responses in the lemniscal auditory pathway (ascending to the 

MGBv) for the duration of the stimulus, but not afterward.  It appears as though DSCF serves to 

provide continuous real-time information about the presence of its preferred spectrotemporal 

features in the auditory environment to the rest of the cortex. The BLA, on the other hand, can 

perhaps represent auditory events with less temporal fidelity, since it need only respond to 
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important cues or constellations of smaller cues that predict a rewarding or aversive outcome.  

Having a longer call response window may enable call detection to overlap with other contextual 

cues that may differentiate a truly dangerous situation from one where a defensive reaction 

would be a waste of resources and thus maladaptive (e.g. an animal that responds to a call when 

it was not the intended recipient).  Integrating call recognition with information about 

conspecific identity, other affective cues like visual displays, olfactory marking of territorial 

boundaries, and associated spatial cues can have a dramatic impact on whether it is truly 

beneficial for an organism to act in response to a communication sound. 

Differences in Detection of Specific Call Types 

 In the BLA sample, there was a preference for call types signaling fear or aggression (the 

TCF and rBNB, Figure 17).  These were more accurately classified than two calls that were 

known a priori to be less motivationally significant.  The NNBs is a physiological sound, similar 

to a cough or sneeze, and is not associated with any voluntary behaviors (Clement et al. 2006).  

Therefore, here it serves as a negative control in terms of motivational significance, and indeed 

elicits detection performance from amygdala neurons that is among the lowest across call types.  

Detection was near average for the QCFl, which is affiliative and is not emitted in stressful 

circumstances where there is an urgent need to fight or flee (or prepare to do so).  In fact, the 

QCFl, by virtue of being an affiliative call, may serve a function analogous to a safety signal, 

suppressing activity of neurons that would normally participate in a fight or flight reaction.  If 

spiking of BLA neurons is principally suppressed by the QCFl, the suppression may account for 

average detection performance, being distinguishable from spontaneous activity or ineffective 

calls in those cases where there is sufficient spontaneous activity to make spike suppression 

visible (on a background of spikes).  BLA responses to these four calls are consistent with a 
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brain structure that is specialized for danger detection, having neurons that are excited by 

communication of fear and aggression, suppressed by safety cues, and indifferent to irrelevant 

cues.   

 In contrast to the BLA, call detection performance of DSCF neurons is consistent with a 

brain region that is specialized for rapid and ongoing detection of a restricted set of acoustic 

features and their combinations.  The TCF, the call that was most reliably detected using info 

from DSCF spike trains, contains a combination of spectral components that lead to facilitation 

(a super-additive response) in these neurons (Kanwal et al. 1999).  The NNBs (short narrowband 

noise burst), while not behaviorally significant, still elicits good detection because it has a sharp 

click-like amplitude envelope and contains frequencies in the FM1 range (to which many of the 

neurons respond).  Repeated presentations of NNBs can elicit precisely timed spikes from DSCF 

neurons.  The rBNB, though more behaviorally significant, is detected less reliably, perhaps due 

to its less distinct amplitude modulations and the weak to moderate amplitude of spectral 

components in the FM1 range.  The QCFl, though behaviorally benign, elicits better detection 

than the rBNB, probably based on a moderately fast onset of two harmonics of moderate to high 

power in the FM1 frequency range. Thus it seems that behavioral significance of a stimulus is 

not a critical determinant of its representation in the DSCF processing area.   This result is 

consistent with data showing that DSCF neurons' preferences for tones and frequency 

modulation rates can determine their preferences for calls (Washington and Kanwal 2008).  

Additional analyses are required to determine whether the pattern of call representation exhibited 

by each of the DSCF neurons analyzed here is strongly correlated with the presence of one or 

more specific acoustic elements in calls.  For example, call detection performance for DSCF 

neurons might be significantly correlated with the frequency content of the call around the CF2 
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(~58 kHz) or FM1 ranges.  This would certainly explain the overwhelmingly superior detection 

of the TCF call.  

Summary 

 By comparing call-specific spike timing in DSCF and BLA neurons, I sought to quantify 

differences in the precision, duration, and call specificity of evoked spiking that might be related 

to the known connectivity and functions of the two regions.  I originally hypothesized that call 

responses of the cortex would be characterized by more precise spike timing, while BLA neurons 

would tend toward rate coding of call type.  I also attempted to empirically determine the 

response durations in both structures, and show that each brain region favored the representation 

of certain call types over others. 

 To do this I used a parameter search/optimization technique to find a spike train 

smoothing kernel and response duration that allowed for the best discrimination among call types 

from spike trains.  Decay constants of optimal kernels were shorter for DSCF neurons than for 

BLA neurons (~16 ms versus 40 ms respectively).  This indicated that calls evoke more precisely 

timed spikes in the DSCF area than in the BLA.  Varying response duration across a range of 

values demonstrated that spikes of DSCF neurons signaled call type earlier than BLA neurons, 

and response durations were ~50 ms longer in the BLA.  I also examined call detection 

performance using the optimal parameters described above.  BLA neurons tended to show 

enhanced detection of motivationally significant call types over less significant ones, while call 

representation in DSCF is likely related to its previously established spectral tuning and 

combination sensitivity. 

 Using species-specific communication sounds in awake animals, these findings support 

the notion that individual A1 neurons represent a limited range of acoustic features with some 



 

81 

degree of temporal precision, while basolateral amygdala neurons show slower integration of 

inputs over time, which may be suited to selective motivation of action in response to appropriate 

cues, such as communication sounds expressing threats or imminent danger. 
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General Discussion 

 The amygdala interacts with many structures which are broadly distributed throughout 

the CNS.  It has been the subject of an increasing number of scientific studies, with older and 

newer findings providing convergent evidence that it is an important structure linking perception 

to action.  The studies described here reinforce this notion, demonstrating that BLA neurons 

respond somewhat selectively to communication sounds which signal an urgent requirement to 

act, and may be prevented from spiking in response to stimuli that signal safety or which are 

intended to quell defensive and aggressive posturing.  These responses were compatible with our 

knowledge about the behavioral significance of the sounds, in spite of the fact that they were 

obtained in a controlled experimental setting which included rigid head restraint. 

 These findings, perhaps not surprisingly, indicate that the same neural circuitry which is 

excited by fear conditioned stimuli (and required for cued avoidance) is also employed in 

processing communication sounds representing threats of aggression and expressions of fear.  

The tendency for an affiliative sound to suppress spiking was not anticipated, but is consistent 

with the idea that spiking of BLA projection neurons (comprising the majority of its neurons) 

promotes a fight or flight response. 

 A related finding presented here suggests that inhibitory influences on more ventral BLA 

neurons may constitute an important processing step where stimulus-driven suppression of 

spiking may gate information flow, perhaps limiting amygdala output to only those situations 

where stimuli signal clear threats and opportunities.  Future experiments will be needed to 

characterize the heterogeneity of synapses along the dorsoventral axis of the BLA, including the 

precise sources of afferents, neurotransmitter content, receptor expression, and functional 

properties, including their role in specific types of memory storage and retrieval.  It will be 
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especially interesting to see the extent to which synaptic plasticity in the BLA serves to store 

memories about safety signals or environmental stimuli of no predictive value, in order to 

suppress output that would otherwise drive inappropriate autonomic or behavioral output 

(suppressing these outputs in favor of resource conservation). 

 Both increases and decreases in spiking were seen in the majority of neurons in response 

to calls.  Furthermore, alternation between high and low instantaneous firing rates was often seen 

within an individual response.  The frequent observation of mixed bidirectional influences on 

spike firing is indicative of neurons that are integrating multiple inputs, a feature of BLA neurons 

which is well established both anatomically and functionally.  Comparing BLA neurons to those 

in a principally unimodal auditory brain area, the DSCF processing area of A1, revealed that 

temporal properties of spiking of BLA neurons are perhaps better suited to (or indicative of) 

integration of temporally distributed, asynchronous inputs, rather than analysis of the precise 

timing of auditory events.   Future investigations will likely reveal details of how these neurons 

integrate information about social vocalizations with other pieces of contextual information to 

support the types of behavior that social animals engage in with their conspecifics. 

 Incorporating telemetry into the study of social behavior is likely to be a fruitful direction 

for further exploration, allowing experimenters to collect data from behaving animals in more 

natural contexts.  This may uncover modes of activity of BLA neurons that were not observable 

in the more controlled and artificial experimental setting described here.  The physical presence 

of conspecifics (with attendant olfactory, visual, and tactile stimuli), more naturalistic 

communication sound production, and freedom of movement and action are some of the 

important variables whose inclusion will enrich the ethological significance of investigations into 

the neural activity linking communication sound perception to optimal social behavior. 
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