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Summary 

The location of the source of environmental sounds is vital for most vertebrate species. 

Being able to find mates, avoid predators or learn where to find your prey are all very 

important competitive advantages. Sound localization in birds and mammals is 

accomplished by the analysis of the differences in timing and intensity of sounds that 

arrive to the two ears. A sound coming from one side of the head will reach the closest 

ear louder and earlier than the further. The mechanisms that the brainstem uses to 

compute interaural time differences (ITD) in the barn owl have been extensively 

studied. However, these mechanisms remain an open question in mammals and, to 

some extent, in other birds. The main reason for this is that data from barn owls 

corresponds to cells that process higher frequency sounds than the ones analyzed in 

mammals and other birds. The work presented in this dissertation represents a first 

effort to obtain avian datasets that can be meaningfully compared to current 

mammalian datasets and to each other.  

The introduction outlines the background and objectives of the greater research 

project to which the work presented in this dissertation belongs. It gives a small primer 

on the evolutionary history of auditory systems and explains the questions that these 

studies aim to address.  

The first chapter presents a study of the in vivo electrophysiology of the barn owl 

nucleus laminaris. Although this nucleus has been extensively studied in the barn owl, 

the current work explores its low frequency region (below 3 kHz), of which almost no 

data existed previously. The reason to study these lower frequencies is that they 

overlap with the frequencies studied thus far in mammals, allowing meaningful 

comparisons to current datasets.  In addition, these data allow us to test the prediction 

made by previous studies that ITD-coding systems would change at different frequency 

ranges. Our data strongly suggest that there is no change in the ITD coding system at 

low frequencies.  

The second chapter is a study of the binaural interaction component in the barn owl. 

This measurement is derived from the auditory brainstem response and can be used to 

non-invasively test binaural processing. The BIC has been measured in mammals and 

used to make predictions about the underlying neural processing of binaural cues. The 

current study measures the BIC in the barn owl in order to test the aforementioned 

predictions. Our results did not agree with the predictions of previous models for a 

system such as the one present in the barn owl. In fact, they were very similar to the 

results found in mammals, suggesting that the BIC is a more ambiguous measurement 

than previously thought. In addition, this second chapter presents a characterization of 

the barn owl auditory brainstem response and an estimation of the acoustic crosstalk 

between its ears, none of which had been previously measured in the barn owl.  



The third chapter deals with in vivo electrophysiology of the chicken nucleus laminaris. 

The chicken is a very well-known animal model, but studies that deal with ITD 

processing in this animal are scarce and limited to frequencies with little overlap 

between mammalian data. As with the barn owl, the aim of the work presented here 

was to gather data from the unknown, lower frequency regions (below 1 kHz in the 

chicken). The study presents this data and compares it to preexisting data from the 

chicken, barn owl and mammals. Our results indicate a change of the ITD coding 

system in the chicken at frequencies of only a few hundred hertz. These results are 

different to what was found in the barn owl and suggests that ecological and 

behavioral factors have an important role in shaping sound localization circuits.  

 

Zusammenfassung 
 

Die Lokalisation des Ursprungs eines Geräusches in der Umgebung ist lebensnotwendig 

für Vertebraten. Einen Paarpartner zu finden, Feinden aus dem Weg zu gehen oder zu 

lernen, wo man Beute finden kann, sind sehr wichtige wettbewerbsfähige 

Eigenschaften. Geräuschlokalisation in Vögeln und Säugetiere wird mittels Analyse der 

temporalen und Intensitätsunterschiede des Geräusches, welches in beiden Ohren 

eintrifft, ermöglicht. Ein Geräusch, welches auf einer Seite des Kopfes ankommt, 

erreicht das nähere Ohr lauter und früher als das andere. Die Mechanismen, die der 

Hirnstamm benutzt, um die interaurale Zeitdifferenz (ITD, interaural time differeces) in 

der Schleiereule zu berechnen, wurden bereits intensiv untersucht. Trotzdem birgt 

dieser Mechanismus in Säugetieren und zum Teil auch in anderen Vögeln offene 

Fragen. Der Hauptgrund dafür ist, dass die Daten von Schleiereulen mit neuronale 

Zellen korrespondieren, die hochfrequentere Geräusche verarbeiten als die Neuronen, 

die in Säugetieren oder in anderen Vögeln analysiert wurden. Die Experimente, die in 

dieser Dissertation präsentiert werden, zeigen erste Anstrengungen, um 

Vogeldatensätze zu bekommen, die sinnvoll mit den Säugertierdatensätzen und mit 

anderen Vogeldatensätzen verglichen werden können. 

Die Einleitung behandelt den Hintergrund und die Zielsetzungen des größeren 

wissenschaftlichen Projekts, an dem diese Arbeit Anteil hat. Es gibt eine kleine 

Einführung in die evolutionäre Geschichte des auditorischen Systems und erklärt die 

Fragen, die diese Studie versucht zu klären.  

Im ersten Kapitel geht es um eine Studie, die die in-vivo Elektrophysiologie des Nucleus 

laminaris in Schleiereulen behandelt. Obwohl dieser Nervenkern in der Schleiereule 

Gegenstand intensiver Forschung war, erforscht diese Studie die niederfrequente 

Region (unter 3 kHz), zu der vorher kaum Daten existierten. Der Grund für die 

Untersuchung der niedrigen Frequenzen liegt darin, dass sie sich mit den bisher 



untersuchten Frequenzen im Säugetier überschneiden und somit ein sinnvoller 

Vergleich angestellt werden kann. Zusätzlich erlauben uns die Daten aus dieser Studie 

eine Vorhersage zu überprüfen, die in vorherigen Studien aufgestellt wurde, nämlich, 

dass sich das bevorzugte ITD-Kodierungssystem in verschiedenen Frequenzbereichen 

ändert. Durch unsere Daten können wir jedoch stark annehmen, dass es keine 

Änderungen im ITD-Kodierungssystem bei niedrigen Frequenzen gibt.  

Das zweite Kapitel behandelt eine Studie über die binaurale Interaktionskomponente 

(BIC, binaural interaction component) in der Schleiereule. Gegenstand der Messung 

sind Ableitungen der auditorischen Hirnstammantwort, welche dazu benutzt werden 

können, um nichtinvasiv binaurale Verarbeitung zu untersuchen. Die BIC wurde in 

Säugetieren gemessen und genutzt, um Vorhersagen über die zugrundeliegende 

neuronale Verarbeitung der binauralen Signale zu treffen. Diese Studie misst die BIC in 

der Schleiereule, um anschließend die vorher genannten Annahmen zu überprüfen. 

Unsere Ergebnisse stimmten nicht mit den vorher angenommenen Modellen eines 

Systems in der Schleiereule überein. Tatsächlich waren unsere Ergebnisse sehr ähnlich 

zu den Ergebnissen, die in Säugetieren gefunden wurden, was nahelegt, dass die BIC 

eine mehrdeutigere Messung ist als ursprünglich angenommen. Zusätzlich zeigt dieses 

zweite Kapitel eine Beschreibung der auditorischen Hirnstammantwort der 

Schleiereule und eine Beurteilung der akustischen Steuerung zwischen den Ohren; 

dieses wurde bislang noch nicht in der Schleiereule untersucht.  

Das dritte Kapitel behandelt die in-vivo Elektrophysiologie des Nucleus laminaris in 

Hühnern. Das Huhn ist ein sehr gut untersuchtes Tiermodell, aber Studien, die die ITD-

Verarbeitung in diesem Tier behandeln, sind rar und begrenzt auf Frequenzen mit 

wenig Überschneidung mit denen der Säugetierdaten. Wie mit den Schleiereulen war 

das Ziel dieser Studie, Daten von der unbekannten, niederfrequenten Region zu 

sammeln (unter 1 kHz im Huhn). Die Studie zeigt diese Daten und vergleicht sie mit 

bereits vorher existierenden Daten vom Huhn, Schleiereule und Säugetier. Unsere 

Ergebnisse zeigen eine Änderung des ITD-Kodierungssystems im Huhn bei Frequenzen 

von nur ein paar Hundert Hertz. Diese Ergebnisse sind unterschiedlich zu denen, die in 

der Schleiereule gefunden wurden und weisen darauf hin, dass ökologische und 

Verhaltensfaktoren eine wichtige Rolle in der Entwicklung des 

Geräuschlokalisationsschaltkreises spielen. 
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Motivation of the study 

This study is part of the project A14 of the Collaborative Research Center  

Transregio 31: The active auditory system. The aim of this Collaborative research center is to 

integrate different lines of research related to auditory scene analysis, with some of the 

project studying perception and top-down analysis and others studying neural coding and 

bottom-up transmission of acoustic features.  

Project A14 is named “Evolution of sound localization in Vertebrates, head size, sound 

frequency and neural phase locking”. Its main focus is basic research on the neural networks 

that allow animals of different species to process the interaural time differences (ITDs) that 

occur when a sound reaches one ear before the other. These cues can be used to estimate 

the position of the source of a sound. The aim of the project is to study the coding of these 

cues across different animal models with a unified methodology. 

Thus far, studies of the auditory physiology of birds and mammals have given rise to 

different models of ITD coding for each of them. Both animal groups are distantly related 

and (as outlined in the section below) their auditory systems have diverged during evolution. 

However, it is not clear whether the differences found in the data are a consequence of a 

fundamentally different origin and evolution of the circuits that compute ITD. It is possible 

that other factors, such as the necessity for optimal coding of binaural cues at different 

frequencies or the particular ecological niche of the animal have a larger role in shaping the 

auditory brainstem.  

The current thesis is concerned with chickens and barn owls, two archosaurs with radically 

different behavior and ecological niches, having the data and tools to compare them 

properly will give some insight on the flexibility of ITD coding mechanisms within the same 

phylogenetic group. This is a first step towards a more comparable set of studies that aims to 

include recordings of the auditory brainstem and midbrain in chickens, barn owls and 

gerbils. 

 

Evolution of the central auditory system in land vertebrates 

The basic structures necessary for the detection of sound present in the vertebrate inner 

hear have a common origin on the lagenar macula of fish (review in Fritzsch et al., 2013). 

However, the reception and localization of airborne sounds presents a challenge that led to 

the evolution of tympanic ears. Tympanic ears are a remarkable case of parallel evolution. In 

tetrapods alone they are estimated to have evolved five separate times in anurans, 

lepidosaurs, archosaurs, turtles and mammals (Clack, 1997).   
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Anurans 

The central auditory system of the anurans is relatively simple. Their tympanic membranes 

are connected via the mouth cavity and act as pressure difference receptors, introducing an 

inherent laterality in all neural responses (Christensen-Dalsgaard, 2011). Cochlear responses 

are transmitted to the ipsi- and contralateral dorsal medullary nuclei, where directional 

sensitivity is sharpened and sensitivity to ITD and ILD can be found (Christensen-Dalsgaard 

and Kanneworff, 2005). The dorsal medullary nucleus projects to the olivary nucleus and the 

contralateral torus (which is homologous to the inferior colliculus) in the midbrain (Endepols 

et al., 2000). It is worth noting that the central auditory system in anurans is highly 

specialized for detecting and processing conspecific vocalizations (review in Wilkzynski and 

Ryan, 2010). Due to their coupled ears binaural cues are greatly enhanced (Christensen-

Dalsgaard and Manley, 2008), which allows frogs to detect the approximate direction of an 

oncoming sound without the necessity of highly specialized circuits (Klump and Gerhardt, 

1989).  

 

Sauropsids 

All the groups within sauropsida have similar central auditory systems. The auditory nerve 

transmits the information from the cochlea to two primary monaural brainstem nuclei: 

nucleus angularis (NA) and nucleus magnocellularis (NM) that represent the first steps of 

two parallel pathways that merge back together in the central nucleus of the inferior 

colliculus in the midbrain. NA projects directly to the inferior colliculus, while NM sends 

projections to the ipsi- and contralateral nucleus laminaris (NL). NL is the first binaural center 

in the central auditory system and the first step in the processing of ITDs.  Cells from NL 

project axons to the inferior colliculus. Within the auditory brainstem, the superior olive (SO) 

receives information from ipsi- and contralateral NL and from the contralateral SO, and 

projects back to the contralateral SO and ipsilateral NM, NL and NA. In the midbrain, fibers 

from NA and NL converge in the inferior colliculus, where spatial information is integrated 

and relayed to higher-order centers (Willis et al, 2013a).  

The closest arrangement to the ancestral auditory brainstem is most likely found in 

testudines. The hearing range of turtles and tortoises is limited to low frequencies 

(Christensen-Dalsgaard et al., 2012). Their auditory brainstem shows a very small NL that is 

closely attached to the caudal end of NM and does not have its characteristic monolayer 

structure (Miller and Kasahara, 1979). This reduced NL is very similar to the caudal ends of 

the larger NL found in other sauropsids (Carr and Soares, 2002; Köppl and Carr, 1997), which 

probably developed and expanded together with the ability to hear higher frequencies. 

Testudines lack coupled ears, having instead an air-filled cavity in each of their middle ears 

and instead of a tympanic membrane they have a tympanic disk that vibrates more intensely 

to underwater sounds than to airborne ones (Christensen-Dalsgaard et al., 2012). This has 
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led to the suggestion that testudine tympanic ears evolved in underwater environments 

(Willis et al., 2013b).    

The auditory brainstem in lepidosaurs shows few changes in respect to the base sauropsid 

model. The main variation is associated with a specialized region of the basilar papilla that 

responds to requencies above 1 kHz and up to 7 kHz (Manley, 2002). This is accompanied by 

two parallel ascending routes in the auditory brainstem, one for high frequencies and one 

for low frequencies. Lepidosaur tympanic ears are coupled through the bucal cavity. 

Although a well-developed NL has been found in at least one lizard species (Yan et al. 2010), 

binaural comparison is not vital for sound localization in lepidosaurs since as a consequence 

of their coupled ears all neural responses in the central auditory system are inherently 

directional.  

Archosaurs (birds and crocodilians) have a much weaker coupling between their ears than 

lepidosaurs (Bierman et al., 2014), with their ears only serving as pressure difference 

receivers at the lowest frequencies of their hearing range (Hyson, 2005). Archosaurs are thus 

more reliant on binaural cues to locate sound sources, which results in a specialization of the 

ascending routes of the auditory brainstem (Willis et al., 2013). The NM-NL route specializes 

in the transmission of temporal information and processing of ITDs (Carr and Konishi, 1990; 

Overholt et al., 1992). Cells in NL act as coincidence detectors that fire maximally when 

inputs from both ears arrive at the same time. These coincidence detectors are arranged in 

arrays that show systematic delays from at least one side. These internal delays compensate 

the external natural delays when the position of a sound source varies in the azimuth, which 

"tunes" each cell within the array to a specific azimuthal sound source location. This 

organization is known as the Jeffress model (Jeffress 1948). On the other hand, the NA route 

is more sensitive to sound level and projections from both ears converge at the level of the 

dorsal nucleus of the lateral lemniscus, where the interaural level difference is computed 

and the information relayed to the inferior colliculus (Ashida, 2015). This trend can be clearly 

seen in the barn owl, whose inferior colliculus contains a spatial map where ITDs and ILDs 

represent the location of sounds on the horizontal and vertical coordinates respectively 

Ashida, 2015). Although the owl is a very specialized animal, this trend can to a certain 

extent also be seen in the chicken, where the two highly specialized nuclei for timing 

information computation are present (Kubke and Carr, 2000) and show a possible 

mechanism for gain control to minimize the effect of level on ITD computation (Nishino et 

al., 2008). However, the presence of an auditory map in the inferior colliculus like the one in 

the barn owl has not yet been proven.  

 

Mammals 

The evolution of mammalian tympanic ears followed a different pattern compared to 

sauropsids. Instead the single bone (the collumela), middle ears in early mammals had the 

three ossicles still found in modern species: incus, malleus and stapes (Maier, 1990). This 
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three-bone middle ear is better suited for the transmission of high frequency sound than a 

single, heavier columella. This served as a preadaptation for the development of high-

frequency (above 10 kHz) hearing that occurred in mammals along with the growth of the 

brain and the loss of acoustically coupled ears (Manley, 2010). In the mammalian auditory 

brainstem, the auditory nerve relays information to the dorsal and ventral cochlear nuclei. 

The former projects directly to the inferior colliculus, while the latter sends projections to 

the ipsilateral superior olive (SO) in the brainstem and the medial nucleus of the trapezoid 

body (MNTB), which sends inhibitory projections to the contralateral SO. Excitatory inputs 

from the ipsilateral ventral cochlear nucleus and inhibitory inputs from the MNTB converge 

in cells of the lateral superior olive (LSO), which show clear sensitivity for ILDs and relay the 

information resulting from the binaural comparison to the inferior colliculus (review in 

Grothe, 2010). The medial superior olive (MSO) receives bilateral excitation and inhibition, 

and cells within this nucleus show sensitivity to ITDs (review in Grothe, 2010). It has been 

suggested that ancestral therian mammals used mainly ILDs for sound localization, since 

they are more meaningful and easy to compute at higher frequencies and smaller head sizes 

than ITDs (Grothe and Pecka, 2014). The MSO would have appeared later in evolution as a 

structure derived from the LSO when mammals increased in size and adapted to hear lower 

frequency ranges.  

 

Barn owl as an animal model 

Barn owls are adapted to hunt prey in complete darkness and are highly specialized for 

precise sound localization. Because of this, they have been one of the main animal models 

used to study the sound localization mechanisms and neural processing of binaural cues. The 

anatomy and physiology of NL, the brainstem center that first processes ITDs in the 

Archosaur brain, have been studied extensively and known to be an excitatory-excitatory 

system based on axonal delay lines similar to the Jeffress model described in the previous 

section (review in Ashida, 2015).There is also a wealth of behavioral studies that have 

analyzed the owl's actual sound localization ability (review in Takahashi, 2010). However, 

both behavioral and physiological studies neglect the low frequencies because barn owls rely 

mostly on frequencies between 3 and 8 kHz to locate sounds and the largest and most 

conspicuously developed part of barn owl NL is the one that codes for those frequencies. 

This makes it hard to draw comparisons between barn owls and other animals, since data 

from other animal models corresponds mainly to low frequencies. One of the main 

objectives of this project is to examine the barn owl's ITD processing features at low 

frequencies. The first chapter of this thesis shows anatomical and physiological data from 

low-frequency NL in the barn owl, and a study regarding behavioral sound localization of 

low-frequency sounds is currently underway within project A14.   

Barn owls are unique in the sense that it is the only animal model where the functioning of 

the ITD processing brainstem circuits is known in detail. Due to this fact, they make an 
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excellent subject for studies that test the predictions of more indirect methods. The second 

chapter of this thesis shows an example of this. The binaural interaction component (BIC) of 

the auditory brainstem response (ABR) is routinely used to study binaural processing abilities 

in mammals, and has been used to predict characteristics of the underlying physiology of 

mammalian binaural processing (e.g. Riedel and Kollmeier, 2002; Ungan et al., 1997). 

Characterizing the ABR and BIC on an animal whose underlying circuitry is well-known can be 

helpful to test some of the assumptions and predictions of previous models, improving the 

information we get from these tools.    

 

Chicken as an animal model 

Chickens are easy to obtain and breed and therefore have been used extensively as an 

animal model. The description of developing chickens inside the egg made by Aristotle in 

History of Animals can be considered the first embryological study (Thompson, 1919), and 

the development of the chicken embryo is very well documented (Review in Davey and 

Tickle, 2007).  Ecologically they are generalist animals that feed on small invertebrates and 

seeds, with no remarkable specializations. A better case could be made for chicken data to 

be generalized to other archosaurs than for the barn owl, but the physiology and behavior of 

sound localization in chickens has not received much attention. In addition, data from 

chickens, like data from barn owl, also cover higher frequencies than those tested in 

mammals (Köppl and Carr, 2008). The third chapter of this thesis shows low-frequency data 

from chicken nucleus laminaris and, as in the case of the barn owl, a behavioral study of 

sound localization in chickens is being carried out within project A14.  

 

Conclusions and outlook 

The work contained in this thesis represents the start of an effort to enlarge and standardize 

comparable datasets from different species. A more extensive study of archosaur species is 

necessary in order to create a more accurate general model of ITD processing across animal 

groups. The presence of different variations on sound localization mechanisms is very likely 

given the available data (Grothe, 2010) but the factors responsible for that variation are 

unclear. A parsimonious possibility is that ITD processing models differ fundamentally 

between archosaurs and mammals. We know that the middle ears of archosaurs and 

mammals are analogous structures (review in Manley, 2010) while their respective inner 

ears are homologous organs (Fritzsch et al., 2013). However, fossil remains cannot help us 

determine how ancestral ITD processing circuits looked like, and the molecular and 

anatomical evidence thus far has proven inconclusive (Grothe et al., 2004).  

A first attempt to explain the variation seen across datasets was made by Harper and 

McAlpine (2004). This model postulated that the optimal configuration of a circuit for ITD 

computation depended on the distance between the animal's ears and the frequencies 
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being processed, with some animals having two or more different configurations for ITD 

processing at different frequencies. The model predicts that low- and high frequency coding 

will be similar in birds and mammals, and that the differences found between both are due 

to non-overlapping datasets.   

It is also necessary to take into account that species with different lifestyles can have very 

different requirements regarding sound localization. Factors affecting perception like the 

position of the eyes in the skull or the distribution of retinal ganglion cells are known to vary 

according to the ecological needs of the animal (Heffner and Heffner, 1992). It is safe to 

assume that animals from different phylogenetic clades but with similar lifestyles have 

developed similarities in their auditory systems as a result of the evolutionary pressures 

associated with their particular ecological niche.  

Given all these factors, it is likely that the variation in the anatomy and physiology of ITD 

coding systems is dependent on many variables. Nucleus laminaris and the medial superior 

olive show a remarkable degree of variability even within the same taxonomical group. Even 

within birds, the organization of nucleus laminaris is noticeably different between chickens 

and barn owls. As seen in this thesis, these differences are apparent even when we look at 

the same frequency range in homologous structures. Even within the same species nucleus 

laminaris shows a high degree of plasticity (review in Knudsen, 2002). This is also the case in 

mammals, where we find animals with vastly different head sizes and frequency ranges 

accompanied by a large variation in the auditory brainstem structures (Grothe, 2000). 

A unified model of the evolution of sound localization is unlikely to be achieved without 

comparative studies across different ecological niches and phylogenetic groups. These 

studies can determine which differences are a product of fundamental differences at the 

molecular and cellular level and which are the product of a versatile brainstem that is 

shaped by a variety of different pressures.  The way in which these pressures have modeled 

auditory systems with different origins is a fascinating topic and a compelling challenge for 

future work in comparative biology.  
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aptations. Here we report the first comprehensive data set 
from low-frequency NL in the barn owl and compare it to 
data from other avian and mammalian studies. Our data are 
consistent with a delay line model, so differences between 
ITD processing systems are more likely to have originated 
through divergent evolution of different vertebrate groups. 

 © 2015 S. Karger AG, Basel 

 Introduction 

 Interaural time differences (ITD) originate when a 
sound comes from one side of the head, arriving at the 
ipsilateral ear before the contralateral one. Animals and 
humans rely on ITD for localization of sounds on the hor-
izontal plane and are able to detect ITD of only a few mi-
croseconds [Joris and Yin, 2007]. 

  Neurons in the nucleus laminaris (NL) in birds and the 
medial superior olive (MSO) in mammals first encode 
ITD in the ascending auditory system. They act as coin-
cidence detectors, firing maximally when the phase of the 
inputs from both ears is the same [Goldberg and Brown, 
1969; Carr and Konishi, 1990]. In order to ‘tune’ a neuron 
to a specific ITD, a multitude of mechanisms was sug-
gested that delay the input from one side, thus creating a 
transmission time mismatch that is compensated for by 
the matching acoustic ITD [reviewed in Vonderschen 
and Wagner, 2014]. These mechanisms include differ-

 Key Words 

 Barn owl · Auditory brainstem · Interaural time differences · 
In vivo electrophysiology · Nucleus laminaris · Sound 
localization 

 Abstract 

 Localization of sound sources relies on 2 main binaural cues: 
interaural time differences (ITD) and interaural level differ-
ences. ITD computing is first carried out in tonotopically or-
ganized areas of the brainstem nucleus laminaris (NL) in 
birds and the medial superior olive (MSO) in mammals. The 
specific way in which ITD are derived was long assumed to 
conform to a delay line model in which arrays of systemati-
cally arranged cells create a representation of auditory space, 
with different cells responding maximally to specific ITD. 
This model conforms in many details to the particular case 
of the high-frequency regions (above 3 kHz) in the barn owl 
NL. However, data from recent studies in mammals are not 
consistent with a delay line model. A new model has been 
suggested in which neurons are not topographically ar-
ranged with respect to ITD and coding occurs through as-
sessment of the overall response of 2 large neuron popula-
tions – 1 in each brainstem hemisphere. Currently available 
data comprise mainly low-frequency (<1,500 Hz) recordings 
in the case of mammals and higher-frequency recordings in 
the case of birds. This makes it impossible to distinguish be-
tween group-related adaptations and frequency-related ad-
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ences in the length and/or myelination of input axons 
[Jeffress, 1948; Cheng and Carr, 2007; Seidl et al., 2010, 
2014], precisely timed inhibition [Brand et al., 2002; 
Grothe et al., 2010], cochlear delays [Shamma et al., 1989; 
Day and Semple, 2011], asymmetric synaptic rise times 
[Jercog et al., 2010], asymmetric spectrotemporal tuning 
of left and right inputs [Fischer et al., 2011], and dynam-
ic changes at the coincidence detection stage itself [Fran-
ken et al., 2015].

  Data from birds support a time delay system of axonal 
delay lines first suggested by Jeffress [1948] that creates a 
topographic array of NL neurons, each responding max-
imally to sounds from a specific ITD and together form-
ing a map of azimuthal space [reviewed in Ashida and 
Carr, 2011]. Data from mammals have resulted in an al-
ternative model in which neurons from a given frequency 
band in the MSO respond maximally to a contralaterally 
leading ITD that lies outside the naturally heard range 
(defined by the animal’s head size). This places the slope, 
rather than the peak, of the response curve in the natural 
ITD range. In addition, neurons in a given tonotopic 
band have nearly identical response curves, and deriva-
tion of a specific azimuthal location then requires a com-
parison of activity levels between the 2 brainstem hemi-
spheres. This ‘2-channel model’ has been suggested to 
rely on phase delays created through precisely timed in-
hibition [reviewed in Grothe et al., 2010].

  The intuitive conclusion from these findings is that 
birds and mammals have evolved different ITD-pro-
cessing mechanisms [Grothe and Pecka, 2014]. How-
ever, the work by Harper and colleagues [Harper and 
McAlpine, 2004; Harper et al., 2014] on optimal ITD-
coding strategies opened up a different interpretation, 
suggesting that animal head size and the frequency range 
of coding may be the primary factors that determine the 
neural code. This can be tested by examining the neural 
organization in the relevant nuclei as a function of fre-
quency. The barn owl is a prime candidate to address 
this question. The Jeffress type mechanism it uses for 
high-frequency ITD coding in the NL is well character-
ized, undisputed, and consistent with the model predic-
tion by Harper and McAlpine [2004]. However, at fre-
quencies below 3 kHz, this place code model is no longer 
the clearly optimal solution, and below 800 Hz a change 
to a population code model was predicted. Low-fre-
quency data are scarce for the barn owl [Wagner et al., 
2002, 2007; Carr and Köppl, 2004; Cazettes et al., 2014]. 
The aim of the present study was to obtain in-vivo re-
cordings from the low-frequency region of the NL to test 
predictions of optimal coding.

  Materials and Methods 

 Experimental Animals and Preparation 
 We report data from 11 adult European barn owls  (Tyto alba)  

of both sexes and aged between 4 and 17 months. All protocols and 
procedures were approved by the authorities of Lower Saxony, 
Germany (permit No. AZ 33.9-42502-04-11/0337). Animals were 
anesthetized with an initial dose of ketamine (10 mg/kg) and xyla-
zine (3 mg/kg) via intramuscular injection. Smaller doses of ket-
amine and xylazine were administered periodically to maintain 
anesthesia. The depth of anesthesia was constantly monitored via 
EKG recordings using intramuscular needle electrodes in a wing 
and in the contralateral leg. Cloacal temperature was monitored 
and maintained stable at 39   °   C using a homeothermic blanket sys-
tem (Harvard Apparatus). The head was firmly held by cementing 
the skull to a small metal plate connected to a stereotaxic frame 
(Kopf Instruments, Tujunga, Calif., USA). The skull was opened 
and the cerebellum aspirated on one side to expose the surface of 
the brainstem for electrode placement, as guided by visual land-
marks.

  Electrophysiology and Definition of Recording Types 
 Recordings were obtained with borosilicate microelectrodes 

(1.2 mm outer diameter and 0.69 mm inner diameter) filled with 
either 2  M  sodium acetate or artificial cerebrospinal fluid (138 
m M  NaCl, 2.5 m M  KCl, 2.5 m M  CaCl 2 , 1 m M  MgCl 2 , 10 m M  
HEPES, and 26 m M  glucose). Some electrodes were additionally 
loaded with 5% tracer (10,000 MW dextran labeled with Texas 
Red). Typical electrode impedances were between 10 and 20 MΩ. 
Electrodes were positioned under visual control and then ad-
vanced into the brainstem remotely using a piezoelectric motor 
(Burleigh Inchworm). Electrodes were connected to an Intra 767 
electrometer (World Precision Instruments, Sunnyvale, Calif., 
USA).

  In early experiments (2 owls), the electrometer was followed by 
a PC1 spike preconditioner (Tucker Davis Technologies, Alachua, 
Fla., USA) which amplified and band pass filtered (300–10,000 Hz) 
the recording. A spike discriminator (SD1; Tucker Davis Tech-
nologies) converted neural impulses into transistor-transistor log-
ic pulses for an event timer (ET1; Tucker Davis Technologies), 
which recorded the timing of the pulses. In parallel, the analog 
waveforms were fed into a personal computer via an analog-to-
digital converter (DD1; Tucker Davis Technologies) with a sam-
pling rate of 48 kHz and a 16-bit resolution. In later experiments, 
we used a different hardware configuration. The PC1 spike pre-
conditioner was kept in order to provide amplification, but the 
signal was then passed through a Hum Bug (Quest Scientific In-
struments Inc., North Vancouver, B.C., Canada) and into a TDT 
RX6 multifunction processor. Band pass filtering (50–10,000 Hz) 
and spike detection were carried out after the signal had been con-
verted from analog to digital (48-kHz sampling rate, 24-bit resolu-
tion) using a custom Matlab (vR2012b; MathWorks, Natick, Mass., 
USA) script. 

  Single-unit recordings are difficult to obtain in NL and MSO 
due to the small and variable amplitude of the spikes from neuro-
nal somata [Scott et al., 2005; Funabiki et al., 2011] and the pres-
ence of a strong field potential, i.e. the neurophonic [Tsuchitani 
and Boudreau, 1964; Sullivan and Konishi, 1986]. In order to im-
prove unit isolation, we used the loose-patch technique described 
by Peña et al. [1996]. For this, a 5-ml glass syringe was connected 
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to the electrode and a slight positive pressure (corresponding to
1 ml) was maintained while advancing the electrode in order to 
keep its tip clean. When spikes were detected and the presence of 
a nearby cell was suspected, the positive pressure was released and, 
if judged necessary, a small negative pressure was applied. On 
many occasions, this technique greatly improved the isolation of 
spikes. Subthreshold events were, however, never clearly ob-
served. Well-isolated single units could be held for 20 or more 
minutes, allowing the full range of measurements. However, sta-
bility was a concern, especially for single units, and isolation could 
be and was lost without warning. The practical result of this is that 
the more time-consuming measurements [characteristic delay 
(CD) and characteristic frequency (CF) measurements] could not 
always be recorded. 

  The type of recording (single unit, multiunit, or neurophonic) 
was finally defined offline using the recorded analog data. This also 
defined the response metric analyzed. Traces were classified as 
spike recordings when they presented consistent action potentials 
that rose above the background noise and that allowed for flagging 
using a fixed threshold. Single units were defined as showing no or 
only very few interspike intervals of 1 ms or below, i.e. within the 
refractory period. In 2 of 19 single units, the spike sorting script 
‘wave_clus’ created by Quiroga et al. [2004] and available from 
https://vis.caltech.edu/~rodri/Wave_clus/Wave_clus_home.htm 
was used to separate the response of a single unit within a multiunit 
spike recording. All responses were tested for a significant neuro-
phonic component using the method described by Köppl and Carr 
[2008]. 

  Stimulus Generation and Calibration 
 All recordings were performed in a double-walled sound-atten-

uating chamber (Industrial Acoustics Corporation, Winchester, 
UK). Closed, custom-made sound systems were inserted into both 
ear canals for controlled stimulation. These systems consisted of 
small earphones (Yuin PK3, Sony MDR-E818) and miniature mi-
crophones (Knowles TM-3568, EM-3069, or FG-23329) calibrated 
using a Brüel and Kjaer microphone (4134; Naerum, Denmark) as 
the reference. Sound pressure levels (SPL) were then individually 
calibrated for each ear. 

  Sound stimuli could be monaural or binaural and were gener-
ated separately for both channels by custom-written software and 
a signal-processing device (AP2 or RX6; Tucker Davis Technolo-
gies). Stimuli were fed into the earphones via D/A converters (DD1 
or RX6; Tucker Davis Technologies), antialiasing filters (FT6-2 or 
RX6; Tucker Davis Technologies), and attenuators (PA4 or PA5; 
Tucker Davis Technologies). All stimuli had a total duration of 50 
ms, including 5-ms ramps, and were presented with an interstim-
ulus interval of 120 ms.

  Data Collection Protocols and Analysis 
 The best frequency (BF), i.e. the frequency that evoked the larg-

est response, was determined by presenting a wide range of fre-
quencies at a fixed SPL of 0–20 dB above the threshold as estimat-
ed audiovisually. This test was usually run with identical binaural 
stimulation; in some cases, however, monaural BF curves were run 
separately. Randomly inserted silent trials were used to determine 
the spontaneous rate. 

  To obtain an estimate of the threshold and the response satura-
tion level, monaural rate-level curves were run at a frequency close 
to the BF.

  Frequency Threshold Curves and CF 
 Frequency threshold curve (FTC) data were always obtained 

monaurally. Responses were recorded into a randomly presented 
matrix of frequencies and SPL, in steps of typically 100 Hz and
5 dB, and over a range of typically 1 kHz and 50 dB. FTC were in-
terpolated from this response matrix after smoothing with a lo-
cally weighted algorithm [Köppl, 1997]. For spike recordings, the 
threshold was defined as a response about 20 spikes/s above the 
spontaneous rate as determined from randomly inserted silent tri-
als. For neurophonic data, the lowest criterion that gave a coherent 
curve was used. The frequency at which the criterion response was 
reached at the lowest SPL defined the CF, and the corresponding 
SPL defined the threshold at the CF. We also derived, when pos-
sible, the Q 10 dB  and Q 40 dB .

  Best ITD and Interaural Phase Difference 
 The best ITD is the ITD that evokes the largest response. The 

range of tested ITD was ±1 period at or near the BF, in steps of one 
tenth of a period. The SPL was typically fixed at 0–20 dB SPL above 
the threshold. For spike recordings, the mean rate was derived at 
each ITD tested; for neurophonic recordings, we determined the 
average analog amplitude. A criterion that defined significant re-
sponse modulation with ITD, i.e. the presence of ITD selectivity, 
was adopted from Köppl and Carr [2008]. Responses that fulfilled 
this criterion were fitted with a cosine function at the stimulus fre-
quency to determine the best ITD and the best interaural phase 
difference (IPD). The best ITD was  defined as the ITD closest to 
0 μs ITD that elicited a maximum response.

  Characteristic Phase and CD 
 The characteristic phase (CP) and CD were derived by per-

forming ITD tests at several different frequencies for the same unit 
or neurophonic site. Three to 7 frequencies were used, covering a 
range of 300–600 Hz around the CF. We determined the best IPD 
for each frequency as described above and entered them into a lin-
ear regression of best IPD as a function of frequency [Yin and Ku-
wada, 1983]. The y-intercept of this regression corresponds to the 
CP, and the slope corresponds to the CD. CP values were collapsed 
into a single cycle (–0.5 to 0.5). 

  Labeling and Histology 
 Labels were placed iontophoretically at selected recording sites 

by passing a positive DC current through the electrode. The cur-
rent amplitude and duration varied between 5 and 500 nA and 
between 1 and 30 min, respectively. This large variation is due to 
experimentation to find a set of parameters that resulted in small, 
specific labels. The set of parameters that yielded the best results 
was 20 nA for 5 min. At the conclusion of the experiment, the 
animal was perfused transcardially with 4% paraformaldehyde in 
phosphate-buffered saline in order to fix the tissue. The brain was 
extracted and blocked, and the brainstem was cryoprotected by 
immersion in 30% sucrose in phosphate-buffered saline for 48 h. 
Fifty-micrometer sections were cut using a cryostat (Leica CM 
1950; Leica Biosystems, Wetzlar, Germany) and mounted in 
Vectashield. Any fluorescent labels were then detected and docu-
mented using a Nikon Eclipse 90i epifluorescence microscope with 
a digital camera attached. After that, sections were remounted and 
dried on gelatinized slides, counterstained with cresyl violet, dehy-
drated, and permanently coverslipped with DPX. All sections con-
taining NL were then photographed under standard bright-field 
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illumination. The distance between the medial edge of the NL and 
the midline, as well as the mediolateral extent of the NL, was mea-
sured by carefully following the nucleus’ shape in each section. We 
distinguished medial, caudolateral, and intermediate ‘fold’ regions 
[after Köppl and Carr, 1997] ( fig. 1 ). These measurements were 
used to create a flattened reconstruction of the NL and to represent 
the locations of labeled sites in normalized coordinates on the cau-
dorostral, mediolateral, and dorsoventral axes ( fig. 1 ).

  Results 

 We report a total of 129 recordings from barn owl NL, 
19 of which were extracellular single-unit recordings 
( fig.  2 a), 10 of which were spike multiunit recordings 
( fig. 2 b), and 100 of which were neurophonic recordings 
( fig. 2 c). An example of each type of recording is shown in 
 figure 2 . The neurophonic is an extracellular field poten-
tial that mimics the input signal [Tsuchitani and Bou-

dreau, 1964; Weinberger et al., 1970]. This neurophonic 
potential is unusually strong in the barn owl NL [Sullivan 
and Konishi, 1986]. The BF recorded ranged from 100 to 
3,571 Hz, and 80% (including all single- and multiunit 
spike recordings) were below 3,000 Hz. These can be con-
sidered low frequencies for the owl, since these frequen-
cies are not represented in the main (medial) body of the 
NL but are rather in its folded and caudolateral regions. 
Thirty-five percent of the recordings corresponded to fre-
quencies at or below 800 Hz, which is the approximate 
transition frequency where a change to a 2-channel mod-
el was predicted by Harper and McAlpine [2004]. 

  Similarity of Neurophonic and Spike Responses at the 
Same Site 
 The presence of a strong neurophonic response was 

consistent throughout all of the recorded regions. The 
neurophonic was well modulated as a function of the ITD 

  Fig. 1.  Histological cross-section of the owl’s brainstem, explaining 
the definition of the subregions and anatomical axes of the NL used 
to normalize the positions of the labeled sites. Dorsal is to the top, 
and lateral is to the left. A cresyl-violet-stained bright-field image 
was overlaid with an epifluorescent image of the same section, 
showing a fluorescent label (yellow, with an arrow pointing to it) 
at a recording site within the NL. The BF at this site was 400 Hz. 
The entire mediolateral axis of the NL is traced by a line drawn grey 
in its medial, high-frequency region, black in the folded region, 
and purple in the caudolateral, low-frequency region [definition of 
these regions is after Köppl and Carr, 1997]. The mediolateral co-
ordinate of the labeled sites was normalized as a percentage along 

this purple line in each individual section (in this example, 45% 
from the lateral edge). Note that this coordinate system virtually 
flattens the curved outline of the NL such that the dorsal tip of the 
purple line is defined as the lateral edge. Accordingly, the dorso-
ventral axis is then defined orthogonal to the purple line and cor-
responds to the thickness of the cellular layer of the NL, in line with 
the common definition for the medial, high-frequency region of 
the NL [e.g. Takahashi and Konishi, 1988]. Finally, the caudoros-
tral position of the labeled sites was normalized to the distance 
determined from the total number of sections containing NL in the 
respective brain.  
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a

b

c

  Fig. 2.  Example single traces of recordings from a single unit (100-Hz BF,  a ), a multiunit spike recording (250-Hz 
BF,  b ), and a neurophonic recording (333-Hz BF,  c ). The dashed lines indicate the stimulus window.  
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when the electrode was judged to be inside the cellular 
region of the nucleus. To test how well neurophonic re-
sponses reflected the local neural activity, we analyzed 12 
cases of paired recordings where spikes and neurophon-
ics were obtained with the same electrode in close prox-
imity (within 0–150 μm of each other). We determined 
any mismatch between their best IPD and BF ( table 1 ). 
The best IPD (as opposed to the best ITD) was chosen to 
account for the difference in period and thus maximize 
comparability across sites of very different BF. The BF of 
the 12 paired recording sites ranged from 100 to 3,500 Hz. 
Six pairs had best IPD mismatches of 0.1 cycles or less. 
The remaining 6 had best IPD mismatches between 0.14 
and 0.38. These larger IPD mismatches were more often 
seen at low-frequency (<500 Hz) recording sites than at 
high-frequency ones (4/7 and 2/5, respectively). Record-
ing sites below 500 Hz also showed larger mismatches 
between spike and neurophonic BF, i.e. up to 63% of the 
ipsilateral CF. We suggest that the increased probability 
of an appreciable mismatch is due to the higher neuron 
density in low-frequency regions of the NL [Köppl and 
Carr, 1997]. 

  CF, Thresholds, and Tuning 
 CF values ranged from 150 to 3,500 Hz. Thresholds 

were variable, ranging from 13 to 57 dB SPL ( fig. 3 a). The 
sharpness of tuning, as measured by the Q 10 dB , ranged 
from 1.5 to 15, with slightly lower values at low frequen-
cies ( fig. 3 b). The spontaneous rate of single units ranged 
from 4 to 200 spikes/s ( fig.  3 c). Ipsi- and contralateral 

thresholds and Q 10 dB  values were not significantly differ-
ent (Wilcoxon’s signed-rank test, p = 0.767 and p = 0.794, 
respectively, n = 25 for the threshold and n = 10 for the 
Q 10 dB ). There were, however, significant mismatches be-
tween the CF obtained with ipsi- and contralateral stimu-
lation (Wilcoxon’s signed-rank test, p = 0.049, n = 26). 
The extent of these CF mismatches is shown in  figure 4 a, 
expressed as a percentage of the ipsilateral CF. We ex-
plored whether these differences in CF had any predictive 
value regarding the best ITD. For this, group delay data 
from the auditory nerve of the barn owl [fit shown in 
fig. 10A of Köppl, 1997] were used to predict the latency 
difference due to the CF mismatch and compare it to the 
best ITD for that particular recording site ( fig. 4 b). There 
was no correlation between the two (Spearman’s rank 
correlation, p = 0.156, n = 22). Indeed, not even the sign 
of the CF difference consistently predicted the correct 
side leading.

  Best ITD and IPD Distribution 
 Best ITD values ranged from 0 to 5,000 μs contralater-

ally leading and to –1,000 μs ipsilaterally leading. There 
was a bias towards contralaterally leading ITD, consistent 
with previously reported data, especially at lower fre-
quencies ( fig. 5 a). The range of ITD represented clearly 
increased with decreasing frequency. Harper and McAl-
pine [2004] defined 3 frequency ranges with different pre-
dicted optimal systems for the barn owl given its head 
size: >3,000 Hz (Jeffress-like place code predicted as op-
timal), 800–3,000 Hz (ambiguous), and <800 Hz (2-chan-

 Table 1.  Comparison of neurophonic and spike recordings obtained in close proximity

Distance, 
μm

Spike recording Neurophonic recording Frequency 
difference, 
Hz

Best ITD 
difference, 
μs

Phase 
difference, 
cyclesfrequency, 

Hz
best ITD, 
μs

freque ncy, 
Hz

best ITD, 
μs

0 100 1,232 100 5,000 0 3,768 0.38
120 200 1,185 450 1,050 250 135 0.23
150 333 900 400 259 67 641 0.20
150 333 935 400 1,000 67 065 0.09

0 400 1,475 333 900 67 575 0.29
70 500 –500 500 –600 0 100 0.05

0 714 420 714 280 0 140 0.01
0 1,176 –35 1,176 085 0 050 0.14
0 1,250 149 1,250 –80 0 229 0.29
0 2,000 174 2,000 150 0 024 0.05
0 2,632 197 2,632 190 0 7 0.02
0 3,448 –16 3,448 –29 0 13 0.04

Values in bold represent single units. 
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a b

c

  Fig. 3.   a  Threshold (mean of ipsi- and contralateral when available, 
and ipsi- or contralateral value when only one of them was avail-
able) as a function of frequency (CF or BF or audiovisually deter-
mined BF, in this order of priority).  b  Q 10 dB  values (mean of ipsi- 

and contralateral when available, and ipsi- or contralateral value 
when only one of them was available) as a function of frequency 
(defined as in  a ).  c  Single-unit spontaneous rate as a function of 
frequency. 
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nel population code predicted as optimal).  Figure 5 c 
shows the median and range of best ITD values within 
these 3 frequency ranges for the different recording types. 
There were no significant differences between recording 
types in any of these frequency ranges (Kruskal-Wallis 
test, p > 0.07 in all cases); therefore, the lumped distribu-
tion is also shown in  figure 5 d. 

  Best IPD values generally ranged from –0.5 to 0.5 
( fig. 5 b). We found only 3 best IPD values outside the pi 
limit, a range corresponding to half the period of the stim-
ulus frequency and equivalent to the maximum best ITD 
that can be generated using phase delays [Vonderschen 
and Wagner, 2014]. The distribution of best IPD was ho-
mogeneous, with no clear clustering around specific val-
ues at different frequencies and no frequency-dependent 
distribution across all frequencies ( fig. 5 b). There were no 
significant differences between recording types in any of 
the frequency ranges (Kruskal-Wallis test, p > 0.27 in all 
cases).

  Due to the nature of ITD sensitivity, neural response 
modulation is cyclical. Thus, with our usual ITD testing 
range of ±1 period of the stimulus frequency, we expected 
to see 2 response maxima – one of which would usually 
lie in the ipsilaterally leading range of ITD and the other 
which would be in the contralaterally leading range. This 
causes the best ITD and IPD values to be ambiguous, 
since it cannot be resolved which of the 2 possibilities tru-
ly corresponds to the ITD conveyed by the neuron’s in-
puts. For our analysis, we took the peak closest to 0 as the 
physiologically relevant one. However, only additional 
measurements such as taking responses at several differ-
ent frequencies and determining the common CD (see 
Materials and Methods) can truly resolve this ambiguity. 
Among our 129 recording sites, 33 were extensively tested 
in this way (an example shown in  fig. 6 ). Of those, only 2 
cases emerged in which the disambiguated response max-
imum was  not  the one closest to 0. 

  CP and CD 
 The relationship between phase and frequency can 

usually be expressed using a linear equation (an example 
is shown in  fig. 6 c). The slope of this equation is the CD 
and the y-intercept is the CP. Pure time-delay systems like 
the Jeffress model are expected to show CP close to 0 or 
1. Other values indicate that there is some phase delay 
contribution [Vonderschen and Wagner, 2014]. 

  The distribution of CD values was very similar to the 
best ITD distribution in that it was strongly contralater-
ally biased, it was distributed homogeneously, and it 
showed a greater spread at lower BF ( fig. 7 a). Phase-fre-

a

b

  Fig. 4.   a  CF mismatch, expressed as a percentage of the ipsilateral 
CF, as a function of the mean CF. The dashed line marks the 0 
value, i.e. no mismatch.  b  Comparison between the best ITD pre-
dicted by the CF mismatches and the actually measured best ITD. 
The dashed lines mark the 0 values.       
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quency relations were quite diverse ( fig. 7 b). Twenty of 31 
cases showed a CP close to 0 or 1 (within ±0.15, indicated 
by the dashed lines in  fig. 7 b), which indicates a CD close 
to the peaks of the ITD curves. Seven cases showed inter-
mediate CP, indicating that the CD occurred at some 
point along the slopes of the ITD curves. Lastly, 4 of 31 

cases had CP values close to 0.5 (within ±0.15), which in-
dicates that the CD occurred near the troughs of the ITD 
curves. The distribution of CP did not seem to depend on 
the frequency. There were no significant differences in 
CD or CP between the recording types (Kruskal-Wallis 
test, p > 0.14 in all cases).

a b

c d

  Fig. 5.   a  Best ITD as a function of stimulus frequency. Best ITD is 
shown normalized such that positive values represent contralater-
ally leading stimuli and negative ones represent ipsilaterally lead-
ing stimuli. The solid lines represent the pi limit; 0 ITD is high-
lighted by a dotted line. Vertical dashed lines divide the <800, 800–
3,000, and >3,000 Hz frequency ranges.  b  Best IPD as a function of 
stimulus frequency. Best IPD is also shown normalized and 0 IPD 
is highlighted by a dotted line. Vertical lines divide the <800, 800–
3,000, and >3,000 Hz frequency ranges. In addition, closed sym-

bols represent unambiguous values where the laterality was veri-
fied by determining the common CD across a range of frequencies 
(e.g. in fig. 6); open symbols represent ambiguous values.  c ,  d  Box 
plots of best ITD values within the <800 (n = 41), 800–3,000 (n = 
62), and >3,000 Hz (n = 25) frequency ranges. Boxes show inter-
quartile ranges with the median indicated by a line, and whiskers 
represent maximum and minimum values.  d  All of the recording 
types combined for each of the 3 frequency ranges.       
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a

b

c

  Fig. 6.  Example of a set of multiple ITD curves used to determine 
the CD of a single unit with a BF of 300 Hz, a CD of 387 μs contra-
laterally leading, and a CP of –0.02.  a  Mean discharge rate as a 
function of the ITD for each of the tested frequencies (250–500 Hz 

in 50-Hz steps).  b  Cosine fits for each of the tested frequencies.
 c  Resulting phase-frequency plot, fit with a linear regression. The 
slope of this fit is the CD and the Y-intercept represents the CP.           
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  Anatomical Position of the Labeled Recording Sites 
 A total of 7 recording sites from 5 different NL were 

confirmed by labeling and all were located in the caudo-
lateral, low-frequency region of the NL (see  fig. 1  for def-
inition of the regions). In the cases where 2 sites were la-
beled in the same NL, relative entry points of the respec-
tive electrode penetrations were used to unambiguously 
assign the 2 labels. Four labels were deposited at sites 
where a single unit had been recorded; the label, however, 
was extracellular in all cases and radiated over 18–240 μm 
around the injection center. 

  Our data showed no significant correlations between 
the best ITD and the caudorostral or dorsoventral coordi-
nates of the label (Spearman’s rank correlation, all p > 
0.05, n = 7). However, the mediolateral coordinate showed 
a significant correlation with the best ITD (Spearman’s 
rank correlation, p = 0.003, correlation coefficient ρ = 
–0.93, n = 7;  fig. 8 ). The best ITD decreased with the dis-
tance from the tip of the caudolateral portion, i.e. more 
medial positions showed smaller best ITD. Regarding 
tonotopic organization, we found 2 weak (not statistically 
significant) trends in the caudorostral and mediolateral 
axes, with the frequency increasing rostrally and laterally.

a

b

  Fig. 7.   a  CD plotted as a function of the stimulus frequency closest 
to the BF. CD is shown normalized such that positive values rep-
resent contralaterally leading stimuli and negative ones represent 
ipsilaterally leading values. Different symbols represent different 
types of recordings, as in figure 3. Solid lines represent the pi lim-
it; 0 CD is highlighted by a dashed line. Vertical dashed lines divide 
the <800, 800–3,000, and >3,000 Hz frequency ranges.  b  Histo-
gram showing the CP distribution, with a bin width of 0.05 cycles. 
Dashed lines highlight the range of ±0.15 cycles around 0.              

  Fig. 8.  Best ITD recorded immediately before dye iontophoresis as 
a function of the position of the recovered label. Position is ex-
pressed as a fraction of the distance from the tip (i.e. lateral edge) 
along the caudolateral, low-frequency region of the NL (refer to 
the purple line in fig. 1).                 
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  Discussion 

 The data reported here constitute the first comprehen-
sive data set of in vivo   recordings from the lower frequen-
cy regions of the barn owl NL. Their relevance is 2-fold. 
First, they allow a more direct comparison of the physiol-
ogy of the barn owl NL with the mammalian MSO, since 
they cover an overlapping frequency range. Second, they 
allow us to examine which of the existing ITD-processing 
models is supported best. We first discuss a technical 
point regarding the validity of including neurophonic re-
cordings in addition to unit recordings. We then argue 
that the data are consistent with previous studies in both 
owls and other birds and they therefore provide no evi-
dence for a fundamental change in ITD coding between 
low and high frequencies in the barn owl. 

  Validity of the Neurophonic as a Proxy for NL 
Responses 
 Neurophonic responses in the NL and MSO show a 

clear ITD sensitivity [Wernick and Starr, 1968; Sullivan 
and Konishi, 1986] and thus reflect the defining charac-
teristic of NL and MSO neurons. Direct, empirical com-
parisons between local neurophonic and unit responses 
are rare but have shown good correspondence [Köppl 
and Carr, 2008]. However, the source of the neurophonic 
is not entirely clear and very probably differs depending 
on morphological organization [Kuokkanen et al., 2010; 
McLaughlin et al., 2010; Goldwyn et al., 2014]. Specifi-
cally, the bipolar orientation of dendrites and the associ-
ated spatial segregation of ipsi- and contralateral inputs 
that is typical of the mammalian MSO and the chicken NL 
have repeatedly been suggested to generate a bipolar elec-
tric field [e.g. Galambos et al., 1959; Schwarz, 1992]. Re-
cently, Goldwyn et al. [2014] showed that, depending on 
the distance from the cell body layer, the neurophonic 
potential with this particular anatomical configuration 
may actually be larger for the out-of-phase compared to 
the coincident arrival of ipsi- and contralateral inputs. In 
a typical test for ITD selectivity, this would lead to errone-
ous assignment of the best ITD, depending on the elec-
trode’s location along the dipole field. We argue that this 
prediction does not apply to our recordings from the 
owl’s caudolateral NL because the morphology of this re-
gion is unique and resembles neither the chicken NL nor 
the MSO, nor, indeed, the medial part of the owl NL 
[Köppl and Carr, 1997]. Neurons in the caudolateral re-
gion are not all bipolar and those that are bipolar do not 
show a uniform orientation; when quantified, only 32% 
of those cells were oriented orthogonal to the lateral bor-

der and 21% were parallel to it [Köppl and Carr, 1997]. In 
addition, the electrode angle in our recordings was 
oblique relative to this predominant bipolar dendritic 
plane, rather than parallel to it, as assumed in the model 
of Goldwyn et al. [2014]. Lastly, as our primary aim was 
to obtain unit recordings from the cellular area of the NL, 
data collection was primarily in close proximity to cells, a 
judgement which was confirmed by the fact that all la-
beled sites were found within the nucleus.

  We carefully compared the responses to ITD and fre-
quency between neurophonic and spike responses ob-
tained in close proximity in this study. We observed an 
increased range of differences between such pairs in best 
IPD and BF at frequencies below 500 Hz, but not any sys-
tematic bias ( table 1 ). This increases the variability of an-
atomical correlations with physiology (since the BF or the 
best ITD of a specific low-frequency neurophonic might 
slightly differ compared to a single unit at the same loca-
tion) but does not principally invalidate neurophonic 
data. Indeed, as observed previously [Köppl and Carr, 
2008; Carr et al., 2009], there were no significant differ-
ences in best ITD, best IPD, CD, or CP between the pop-
ulations of single-unit, multiunit, and neurophonic re-
cordings. Thus, all of the conclusions in this paper are 
consistent with the single-unit data, although they com-
prised a minority of the sample. 

  Evidence for Different Types of Input Delays 
 The distribution of best ITD in the low-frequency re-

gion of the barn owl NL showed the same contralaterally 
leading bias as previously found for the higher-frequency 
regions of the same nucleus [Sullivan and Konishi, 1986; 
Carr and Konishi, 1990; Peña et al., 2001]. In addition, the 
best-ITD distribution within any given frequency band 
appeared homogeneous over its range ( fig. 5 a). This is in 
agreement with previous data on low-frequency respons-
es in the barn owl’s core of the inferior colliculus [Wagner 
et al., 2007]. However, an inhomogeneous representation 
of the ITD has been observed downstream [Cazettes et
al., 2014]. A homogeneous distribution is consistent with 
a Jeffress type representation of the ITD, based on time-
delayed inputs. In contrast, a 2-channel model, based on 
phase delays, predicts some degree of clustering around
a specific ITD value that should decrease with increas-
ing frequency [McAlpine et al., 2001; Brand et al., 2002; 
Vonderschen and Wagner, 2014]. There was clearly no 
clustering in our data, and many values fell near 0. How-
ever, the overall ITD range broadened with decreasing 
frequency – a typical finding in both avian/crocodilian 
and mammalian studies [Carr et al., 2009; Bremen and 
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Joris, 2013]. Such broadening is not predicted by the clas-
sic Jeffress model and has thus been advanced in favor of 
a phase delay system, although this is quite controversial 
[reviewed in Joris and Yin, 2007]. Intriguingly, a recent 
study modeling the developmental plasticity of ITD cod-
ing circuits concluded that a similar frequency depen-
dence of the best ITD range may result for systems based 
on time delays and phase delays alike [Fontaine and 
Brette, 2011]. Therefore, a larger dispersion of best ITD 
at lower frequencies has little conclusive value and is no 
grounds for dismissing a delay line model. 

  A related parameter is whether the data stay confined 
within the so-called pi limit, a theoretical limit for the best 
ITD distribution of a phase delay system [Vonderschen 
and Wagner, 2014] and equal to half the period of the 
stimulus frequency. Theoretically, the pi limit does not 
apply to a pure time-delay system such as the Jeffress 
model, where best ITD should instead be found all across 

the naturally occurring range, irrespectively of the fre-
quency band. Our dataset presented only 3 points outside 
the pi limit, consistent with a phase-delay system and also 
consistent with low-frequency IC data in the barn owl 
[Wagner et al., 2007]. However, as pointed out by Wagner 
et al. [2007], even in a time-delay system, values above the 
pi limit are only expected to occur once the naturally 
heard range of ITD exceeds that limit. At low frequencies, 
this is never the case. Thus, again, the observed data dis-
tribution does not conclusively suggest a time delay or a 
phase delay system. 

  Finally, the stereausis model [Schroeder, 1977; Sham-
ma et al., 1989] is based on cochlear delays and monaural 
inputs to the coincidence detectors that are mismatched 
in the CF. Our data from the low-frequency region of the 
owl NL do not support such an origin of delays, which is 
consistent with previous findings at higher frequencies in 
the NL [Peña et al., 2001; Fischer and Peña, 2009] and in 

a

b

  Fig. 9.  Schematic illustration of the func-
tional topographic axes in the NL relative 
to our standard anatomical axes.  a  Known 
layout for the chicken NL [Köppl and Carr, 
2008].  b  Equivalent hypothetical layout for 
the low-frequency, caudolateral region of 
the owl NL. Both NL are shown as flattened 
projections (see Materials and Methods) 
viewed from above. Rostral is to the top, 
and medial is to the right. Note that the 
folded and medial regions of the owl NL are 
not included and would follow medial to 
the dotted line. Thin lines delineate isofre-
quency bands, and thick grey bars repre-
sent our histological section plane which 
defined the mediolateral axis. Note how 
each section cuts across several isofrequen-
cy bands, such that both a tonotopic gradi-
ent and a gradient in the best ITD will be 
predominantly observed along the medio-
lateral axis.              
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the inferior colliculus [Singheiser et al., 2010]. While we 
did observe CF mismatches between some monaural re-
sponses in the NL, they appeared random and were not 
at all predictive of the measured best ITD ( fig. 4 ). Impor-
tantly, though, these random CF mismatches could ac-
count for a phase delay component indicated by the oc-
currence of nonzero CP ( fig. 7 b), even if they are compen-
sated by a time delay mechanism such as axonal delay 
lines [Day and Semple, 2011].

  Topographic Representations of Frequency and ITD in 
the Barn Owl Caudolateral NL 
 Our labeling data showed the presence of a systematic, 

topographic representation of the ITD in the low-fre-
quency, caudolateral region of the NL, with large best ITD 
located more laterally than ITD close to 0 ( fig. 8 ). Single-
unit recordings suggested an additional topography of 
best ITD along the dorsoventral axis; however, this was 
not significant for the total data population (not shown).

  Regarding tonotopic organization, previous studies 
have found a change in frequency along the mediolateral 
axis of the caudolateral region of the NL [Köppl and Carr, 
1997; analysis of the termination sites of labeled nucleus 
magnocellularis afferent axons]. This is consistent with 
the weak trend observed here and, together, suggests that 
the tonotopic organization in the caudolateral part of the 
NL continues the pattern known from the medial, high-
frequency region [Takahashi and Konishi, 1988; Carr and 
Konishi, 1990]: isofrequency bands run at an angle rela-
tive to the brain’s midline, from caudomedial to rostro-
lateral. This is also the known pattern in the chicken NL 
[Rubel and Parks, 1975; Köppl and Carr, 2008]. Thus, 
there is tentative evidence for a tonotopic organization as 
previously shown for other parts of the NL and other spe-
cies.

  The topography of the best ITD along the mediolat-
eral axis is consistent with a chicken-like organization in 
which a topographic representation of the best ITD has 
been shown along each isofrequency band [Köppl and 
Carr, 2008]. Unfortunately, it was not possible to plot our 
data in an exactly comparable way, i.e. along the isofre-
quency dimension, because of the uncertainties regarding 
the tonotopic axis. However, a topography along the me-
diolateral axis, as found here, is predicted with the present 
plane of sectioning ( fig. 9 ). The tentative topography of 
the best ITD along the dorsoventral axis that we observed 
for single-unit data only is not directly predicted from the 
chicken data; however, the chicken NL lacks this dimen-
sion over most of its extent. Intriguingly, the dorsoventral 
dimension is the main axis of the best ITD topography in 

the owl medial NL [Sullivan and Konishi, 1986; Carr and 
Konishi, 1990]. This is a surprising, tentative similarity 
that warrants further investigation.

  In summary, our data provide strong evidence for a 
topographic representation of best ITD within each iso-
frequency band in the owl NL. Such an organization is a 
hallmark prediction of the Jeffress model. Next, we ask 
whether the physiology of the owl’s low-frequency NL 
further supports a Jeffress-like coding scheme or not.

  Relation of ITD Distribution to the Owl’s Natural 
Range 
 In a 2-channel model of ITD coding, many best ITD 

values are predicted to fall outside the naturally heard 
range of the animal [Harper and McAlpine, 2004; Harper 
et al., 2014], while the Jeffress model predicts all values to 
fall within that range. What is this range for the barn owl? 
Its acoustic range of ITD was measured as ±250 to ±300 
μs, and it was almost invariant over a broad frequency 
range [Poganiatz et al., 2001; von Campenhausen and 
Wagner, 2006; Hausmann et al., 2010]. Estimates derived 
from cochlear microphonics in the closely related grass 
owl agree with these values at high frequencies. In con-
trast, significantly higher ITD ranges, i.e. up to ±400 and 
±550 μs, were found at frequencies <1 kHz [Calford and 

 Table 2.  Estimated natural ITD ranges for the barn owl at different 
frequencies and predictions for the lowest BF of NL units that 
could discriminate these ITD

Frequencya, Hz Maximal ITDb, μs Predicted boundary of
the BFc, Hz

8,000 150 1,525
4,000 165
2,000 233 1,025
1,500 210
1,000 233

700 416 550
500 550 425

 a The 7 frequencies at which ITD were measured using cochle-
ar microphonics in the grass owl T. longimembris [Calford and 
Piddington, 1988]. 

b Read from figure 3 of Calford and Piddington [1988]. The 
head width of the grass owl [42.5 mm in Calford and Piddington, 
1988] is very similar to that of the barn owl T. alba [44 – 48 mm in 
Köppl et al., 2005], so the ITD ranges of the barn owl are likely to 
be similar as well. 

c Median BF above which the peak regions of idealized ITD se-
lectivity curves of NL single units were predicted to resolve the 
respective ITD [fig. 4B of Fischer and Seidl, 2014].
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Piddington, 1988;  table 2 ]. This is a consequence of the 
open, internally coupled middle ears and suggests that, at 
low frequencies, the ITD range actually perceived by the 
owl might be significantly enhanced compared to that 
acoustically measured in the outer ear canal [e.g. Chris-
tensen-Dalsgaard, 2005]. Although it is difficult to pre-
dict exactly what the owl’s ITD range will be at even low-
er frequencies, it can be expected to increase further [Cal-
ford and Piddington, 1988; Larsen et al., 2006]. We thus 
argue that the majority of best ITD reported here fall 
within a plausible physiological range. Whether our larg-
est observed values might still be physiological can only 
be clarified by a more thorough characterization of the 
ITD cues down to these low frequencies. 

  Is ITD Coding in the Owl Different for the Low- and 
High-Frequency Ranges? 
 Our physiological data did not show any significant 

deviation from what has been observed in the higher-fre-
quency region of the barn owl NL, neither in the 800- to 
3,000-Hz frequency range, where the place code model 
may not be optimal any more, nor below 800 Hz, where 
the presence of a population code was predicted by Har-
per and McAlpine [2004]. In fact, the distribution of ITD 
below 800 Hz suggests the presence of a Jeffress-like code, 
since the median of the best ITD distribution at those fre-
quencies, i.e. 280 μs, was well within the physiological 
range of the barn owl. Even the interquartile range, which 
covered the contralateral space from 0 to 750 μs ( fig. 5 d), 
is still a plausible physiological range for the barn owl at 
low frequencies. A model by Fischer and Seidl [2014] es-
timated the minimum resolvable ITD based on the peak 
or slope regions, respectively, of idealized single-unit ITD 
selectivity curves at different BF. Their results suggest 

that the barn owl should be able to use the peaks of ITD 
response curves to discriminate ITD at frequencies lower 
than 500 Hz ( table 2 ). If the slopes had been used, which 
is in principle also compatible with a Jeffress-like place 
code, the boundary BF would have been even lower. In 
addition, we found evidence for a topographic represen-
tation of the best ITD. Such an organization is a hallmark 
of a Jeffress-like delay line model. Taking both anatomical 
and physiological data together, the most parsimonious 
interpretation is that there is no fundamental change in 
organization between the high- and low-frequency re-
gions of the NL in the owl. 

  A likely explanation for the absence of the change pre-
dicted by the optimal code model is that the prediction 
assumed a physiological range for the barn owl based 
only on head size and disregarding the effects of internal 
coupling of the middle ears. This would result in an un-
derestimation at low frequencies, where the internal cou-
pling increases the maximum range of ITD. We conclude 
that physiology, topographic organization, and theory 
support a Jeffress-like place code of ITD in the barn owl 
NL across the entire tonotopic range. The relative role, if 
any, of the low-frequency NL for sound localization in 
the owl is a separate and interesting question for future 
studies. 
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Chapter 2 
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mammalian data 
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Abstract  

The auditory brainstem response (ABR) is an evoked potential that reflects the responses to 

sound by brainstem neural centers. The binaural interaction component (BIC) is obtained by 

subtracting the sum of the monaural ABR responses from the binaural response. Its latency 

and amplitude change in response to variations in binaural cues. Because of this, the BIC is 

thought to reflect the activity of binaural nuclei. The BIC can be used to non-invasively test 

binaural processing. However, any conclusions are limited by the lack of knowledge of the 

relevant processes at the level of individual neurons. The aim of this study is to characterize 

the ABR and BIC in the barn owl, an animal where the ITD-processing neural circuits have 

been extensively studied. We recorded ABR responses to chirps and to 1 kHz and 4 kHz tones 

from anesthetized barn owls. The characteristics of the barn owl ABR were similar to those 

observed in other bird species. The most prominent peak of the BIC was associated with 

nucleus laminaris and is thus likely to reflect the known processes of ITD computation in this 

nucleus. This peak was a negative deflection, which indicates a smaller response to binaural 

stimulation than predicted by the sum of monaural responses. This negative polarity is not 

consistent with previous predictions for an excitatory-excitatory system such as that known 

from the barn owl and suggests that previous assumptions about the BIC need to be 

reconsidered when interpreting mammalian data.  
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Introduction 

The auditory brainstem response (ABR) is an evoked potential that reflects the responses to 

sound by the brainstem neural centers. It consists of a series of waves, each of which 

represents the electrical potential created by one or more neural structures (Huang and 

Buchwald, 1977). ABR measurements are simple and non-invasive and are routinely used to 

evaluate hearing ability in humans and other animals, since the amplitude and latency of 

each of the waves reflect the functionality of each of the relevant structures. The binaural 

interaction component (BIC) can be derived by subtracting the sum of the monaural ABR 

from the binaural ABR (Dobie and Berlin, 1979) and is considered to be a reflection of 

binaural processing (Jones and Van der Poel, 1990).  

In guinea pigs ( Dobie and Berlin, 1979; Goksoy et al., 2005), cats (Ungan et al., 1997), gerbils 

(Laumen et al., unpublished data) and humans (Riedel and Kollmeier, 2002a, b) some of the 

ABR waves (wave V in humans and wave IV in other mammals) have BIC waves associated 

with them. All BICs measured thus far have a negative peak as their most prominent 

component, indicating that the response to binaural stimulation is smaller than the sum of 

the monaural responses. This has been supposed to be a consequence of the processing of 

binaural cues by the generators of that wave. The main binaural cues that allow animals to 

locate sound sources along the horizontal plane are interaural time differences (ITDs) and 

interaural level differences (ILDs), which in mammals are thought to be processed in the 

medial superior olive (MSO) and the lateral superior olive (LSO), respectively (review in 

Grothe et al., 2010). Since the BIC changes with both varying ILD and ITD (Riedel and 

Kollmeier, 2002b), it is thought to be generated by the superior olivary complex (SOC) 

(McPherson and Starr, 1993) or by fibers running from the SOC to the lateral lemniscus (LL) 

(Jones and Van der Poel, 1990).  

The BIC is an attractive tool to probe binaural processing and pathologies disturbing its 

functionality in a non-invasive way (Furst et al., 1990). Certain characteristics of the BIC, such 

as its polarity or its latency shift with ITD, are thought to provide information about the 

underlying neural circuits (Jones and Van der Poel, 1990; Ungan et al., 1997; Riedel and 

Kollmeier 2002a). However, these predictions have thus far proved hard to test due to our 

limited knowledge regarding binaural processing in mammals at the neural level. One classic 

model of binaural ITD processing is the Jeffress model (Jeffress, 1948), which postulates a 

system where cells are arranged in arrays; each of these cells receives two excitatory inputs 

(one from each ear) and responds maximally to signals that arrive at the same time from 

both inputs. The inputs arriving to each ear have asymmetrical transmission times and vary 

systematically along the length of the array. As a consequence, sounds arriving from 

different points in the azimuth will have an ITD that will be compensated by the internal 

delay of certain neurons in the array, making them fire maximally. In this way, the array is a 

map of azimuthal auditory space. The studies conducted thus far in the medial superior olive 

( the putative center for ITD processing in mammals) do not support the Jeffress model, and 

an alternate model that explains the data has yet to be proposed (Joris and Yin, 2007).   
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In contrast, the barn owl (Tyto alba) is a well-studied animal model for sound localization. Its 

anatomy and physiology are known in great detail (Konishi, 2003) and the neural circuits in 

nucleus laminaris (NL, the center for ITD processing in birds) form a systematically-arranged 

series of neuron arrays with systematically-arranged axonal delay lines very similar to the 

Jeffress model (Carr and Konishi, 1990). This knowledge should make it easier to understand 

how the characteristics of the underlying neural circuitry influence the ABR and the BIC. 

Unfortunately, ABR responses and the corresponding BIC have thus far not been studied 

systematically in barn owls. The aim of the present study was to examine the ABR responses 

of the barn owl to chirp and tone stimuli and characterize variations of the BIC related to 

changes in ITD.  Barn owl BIC was similar to mammalian BIC regarding polarity and behavior 

in response to changing ITD. These findings contradict the prediction (Wada and Starr, 1989) 

that an excitatory-excitatory system would have a positive BIC (a binaural response larger 

than the sum of monaural responses) and should be considered in future BIC models.  

Methods 

Experimental animals and preparation 

We report ABR data from nine adult European barn owls (Tyto alba) aged between six 

months and four years old. Two additional animals were used for compound action potential 

(CAP) and cochlear microphonic (CM) recordings. All protocols and procedures were 

approved by the authorities of Lower Saxony, Germany (permit No. AZ 33.9-42502-04-

14/1595). Animals were anesthetized with an initial dose of ketamine (10 mg/kg) and 

xylazine (3 mg/kg) via intramuscular injection. Smaller doses of ketamine and xylazine were 

administered periodically to maintain anesthesia. The depth of anesthesia was constantly 

monitored via EKG recordings using intramuscular needle electrodes in a wing and in the 

contralateral leg. Cloacal temperature was monitored and maintained stable at 39°C using a 

homeothermic blanket system (Harvard Apparatus).  

For ABR recordings, a small cut was made in the scalp to expose the bone, and an 18-gauge 

needle was inserted through the outer skull into the middle-ear cavity to provide a vent that 

helps to avoid the buildup of negative pressure under anesthesia  (Larsen et al., 1997). The 

cannula was left in the skull for the duration of the experiment. During the recordings, the 

animal’s head was held in place by a custom-made beak holder attached to a stereotaxic 

frame (Kopf Instruments, Tujunga, Calif., USA).  After finishing the recordings, the cannula 

was removed and the skin wound sealed with tissue glue. The animal was given a 

nonsteroidal antiphlogistic agent (meloxicam, 0.2 mg/Kg) and left to recover in a quiet box 

before being returned to its aviary.  

For CAP and CM recordings, the animal was held by the beak holder, and the head was firmly 

held by cementing the skull to a metal plate connected to the stereotaxic frame. The neck 

muscles were retracted and the middle ear cavity was accessed dorsally via an opening in 

the parietal bone. After the experiment, the animal was euthanized with an overdose of 

pentobarbital and perfused transcardially with 4% paraformaldehyde.  
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Recordings and calibration 

All recordings were performed inside a double-walled, sound-attenuating chamber 

(Industrial Acoustics Corporation, Winchester, UK). Closed, custom-made sound systems 

were inserted into both ear canals for controlled stimulation. These systems consisted of 

small etymotic earphones (ER-2 model by Etymotic Research, Illinois, USA) coupled to the 

hollow ear bars of the stereotaxic holder and miniature microphones (Knowles FG-23329). 

The miniature microphones were calibrated using a Bruel and Kjaer microphone (4134; 

Naerum, Denmark) as the reference. Sound pressure levels (SPL) were then individually 

calibrated for each ear. 

In the case of ABR recordings, two platinum needle electrodes (Grass Technologies, West  

Warwick, Rhode Island, US) were placed under the skin: an active electrode on the vertex 

and a reference on the neck midline. For CAP and CM recordings, a silver-wire electrode with 

a small pellet melted at the tip was placed in contact with the round window. In both cases, 

signals were amplified 10,000 times using a DAM 80 amplifier (World Precision Instruments, 

Florida, USA) and band-pass filtered between 0.1 kHz and 10 kHz.  Calibration, stimulus 

generation, and recording were handled by a Hammerfall DSP Multiface II sound card (RME 

Audio, Haimhausen, Germany) driven by custom MATLAB (The Mathworks, Inc., Natick, 

Massachussets, US) scripts (OnlineABR, created by Rainer Beutelmann). The sampling rates 

for stimuli and recordings were 48 kHz.  

 

Stimulus characteristics 

 

Cochlear responses at the round window were measured using pure tones at 1 kHz , 2 kHz, 4 

kHz and 8 kHz using ipsilateral and contralateral stimulation separately. Stimuli were 100 ms 

in duration with 1 ms onset/offset cosine ramps. Interstimulus intervals averaged 30 ms with 

a 10 ms standard deviation. Each measurement was averaged over 100 repetitions. Levels 

ranged from 10 to 70 dB SPL, in 5 dB steps. 

 

Auditory brainstem responses were measured using chirps. Chirps are known to elicit larger 

responses than clicks because they provide near-synchronous stimulation of the entire 

cochlea.  The responses elicited by clicks is dominated by the earlier responses of the high-

frequency regions (Riedel and Kollmeier, 2002b). We created a chirp for the barn owl using 

the procedure described in Fobel and Dau (2004) and the group delay data for the barn owl 

auditory nerve from Köppl (2007). Pure tones of 1 and 4 kHz were also used for stimulation. 

Tones were 20 ms in duration with 1 ms onset/offset cosine ramps. For chirps the recording 

interval started 4 ms before stimulus onset and had a total duration of 15 ms. In the case of 

tone stimuli the recording interval started 4 ms before stimulus onset and had a total 

duration of 35 ms. Interstimulus intervals averaged 30 ms with a 10 ms standard deviation.  

Recordings for each stimulus type consisted of two tests. First, a threshold test was 

performed that recorded left monaural, right monaural, and binaural responses from 10 to 

60 dB SPL in 5 dB steps. Combinations of different conditions were presented in random 
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order and repeated at least 300 times. After the threshold test, an ITD test was performed at 

a fixed level of 10 dB SPL above visually determined detection thresholds for left monaural, 

right monaural, and binaural responses. Tested ITDs were 0 and ± 62.5, 125, 182.5, 500 and 

1000 µs. An ITD of 375 µs was also tested, but only for the right-leading ITD as a result of an 

experimental error. To obtain symmetrical effects from stimulation of the left and right ear 

on the ABR (see Ungan et al., 1997), stimuli were shifted by half the total ITD in opposite 

directions in each ear. Combinations of different conditions were presented in random order 

and repeated at least 500 times 

Data analysis 

 

For both CAP and CM, the raw recordings for each condition were averaged according to the 

procedure proposed Riedel et al. (2001) and Granzow et al. (2001). Details on the signal 

processing are presented in Beutelmann et al. (2015). 

The amplitude of the CAP in the averaged trace was defined as the difference between the 

first negative deflection (N1) and the following most prominent positive peak. The amplitude 

of the CM was estimated subsequent to converting the time-domain grand average to the 

frequency domain by measuring the peak at the corresponding stimulus frequency. The 

crosstalk was estimated by comparing the ipsi- and contralaterally-evoked CM responses at 

each specific frequency and level.  

 

ABR traces were analyzed with a custom-written Matlab script (ABRanalyser by Rainer 

Beutelmann) that automatically detected local maxima and minima in the displayed traces. 

For each ITD and presentation level, peaks were selected by taking the amplitude relative to 

the baseline and latencies were estimated based on the leading stimulus onset. From these 

data, the variation in latency with ITD was calculated by subtracting the latency at 0 µs ITD 

from the latency at each of the tested ITDs. The normalized amplitude was calculated by 

dividing the amplitude at each specific ITD by the amplitude at 0 µs ITD. The BIC was derived 

by subtracting the sum of the two monaural ABRs from the binaural response. When the 

tested ITD was different from 0 μs, the monaural ABR traces where shifted before 

summation to compensate for the delay introduced (see previous section). The BIC 

components were detected and measured with the same methods as the ABR.  

Results 

 

CAP and CM recordings 

 

We recorded CAP and CM responses at 1kHz, 2 kHz, 4 kHz and 8 kHz and at levels ranging 

from 10 to 70 dB SPL. Both CAP and CM amplitude increased with increasing sound level (Fig. 

1A and B). Peak CAP amplitudes were higher in response to 2 kHz and 4 kHz than at 1 kHz 

and 8 kHz, while the CM peak amplitude was similar at all frequencies except for 8 kHz.  
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Crosstalk analysis 

 

There was a consistent CM and a CAP to contralateral stimulation. Figure 2 shows the 

difference between contra- and ipsilaterally -evoked cochlear microphonic at 60 dB SPL. This 

level was chosen because it was well above threshold and within the linear range for both 

ipsi- and contralateral stimulation. At 1 kHz, 2 kHz and 4 kHz, contralateral responses had 

between 10 and 20 dB lower amplitudes than ipsilateral responses. At 8 kHz, this crosstalk 

was reduced, with differences of almost 40 dB between ipsi- and contralaterally evoked 

responses. In order to minimize crosstalk, we used recordings of no more than 10 dB above 

threshold for characterization of ABR and BIC.  

 

ABR characterization 

 

At 10 dB above threshold, the ABR showed two prominent peaks within the first 5 ms after 

stimulation, with a large negative deflection between the peaks (Fig. 3A). The delay to the 

first of these peaks ranged from 0.92 to 2.81 ms with an average latency of 1.96 ms for the 

range of levels tested. The delay to the second peak ranged from 1.35 to 4.04 ms, with an 

average latency of 2.82 ms.  The average amplitude at 10 dB above threshold ranged from 

6.91 to 26.19 µV, with an average of 19.54 µV, for the first peak and from -1.43 to 11.60 µV, 

with an average of 6.21 µV, for the second peak. 

 

A third peak (Figure 3B) appeared before the other two in some recordings, but on most 

occasions it appeared at levels that exceeded the crosstalk threshold (Table 1). We 

designated this lowest-latency peak appearing at higher levels as wave I, and the subsequent 

ones as waves II and III.  The latter two were the waves characterized, because wave I did 

not appear consistently at the levels used for testing. We did not observe any other 

consistent peaks beyond these three.  

 

Waves II and III increased in amplitude with sound level, although the correlation for wave III 

was weaker (Fig. 4A and 5A, Spearman’s Rho = 0.786 and 0.463 respectively, p < 0.005 for 

both). Their latencies decreased with increasing stimulus level (Fig. 4B and 5B, Spearman’s 

Rho = -0.888 and -0.905 respectively p < 0.005 for both). In addition, the relative latency 

between wave II and wave III decreased with increasing stimulus level (Fig. 5C, Spearman’s 

Rho = -0.619, p < 0.005). 

 

BIC characterization in response to chirps 

 

The main component of the BIC was a negative deflection that coincided in time with wave 

III when tested at 0 µs ITD (Fig. 3). This negative deflection was sometimes accompanied by 

two small positive deflections on either side, although they did not consistently appear. The 

positive deflections were termed DP1 and DP2, and the negative deflection was termed DN1 

(see Fig. 3).  
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Latencies for DP1, DP2, and DN1 increased with increasing ITD in a linear manner (Fig. 6A, R2 

linear for DN1= 0.991, R2 linear for DP1= 0.984, R2 linear for DP2=0.989) except for the step 

between 0 and ±62.5 µs ITD, where latency decreased. Normalized amplitude for all three 

components of the BIC tended to decrease with increasing ITD, down to 50 to 60% of the 

amplitude at 0 µs ITD for ITDs of 1000 µs. Amplitude for DN1 consistently decreased with 

increasing ITD, while DP1 and DP2 showed high variability at the lower ITDs before 

decreasing at the higher ITDs (Fig.6B). The ratio of the DN1 and wave III amplitudes was 

independent of stimulus level (Fig. 7).  

 

BIC in response to tones 

 

In addition to the chirp recordings, the results of recordings with 4 kHz pure tones (seven 

animals) and 1 kHz pure tones (three animals) are reported. The ABR waveform evoked by 

tones was similar to that evoked by chirps, but was smaller in amplitude. Amplitudes for 

wave II at 10 dB above threshold were 4.02 µV for 1 kHz tones and 4.05 µV for 4 kHz tones. 

For wave III, average amplitudes at 10 dB above threshold were 0.5 µV for 1 kHz tones and 

3.87 µV for 4 kHz tones. Latency increased linearly with ITD (R2 linear value for 1 kHz = 0.914, 

R2 linear value for 4 kHz = 0.971) as with chirps (Fig. 8A and 9A). The normalized amplitude of 

the DN1 BIC wave evoked by 1 kHz was very variable and showed no consistent change with 

ITD (Fig. 8B). The normalized amplitude of the DN1 BIC wave evoked by 4 kHz tones was 

larger than the amplitude at 0 µs ITD for ITDs up to ±250 µs (Fig. 9B). Amplitude decreased 

slowly down to 80% of the amplitude at 0 µs ITD for ITDs of ±1000 µs. The DP1 and DP2 

peaks showed a very large variability in response to tones, and in many cases they could not 

be reliably separated from the noise. Due to this, results for these two peaks are not shown 

for tones.  

Discussion 

The results of the round window recordings (CAP and CM, Fig. 1) were consistent with 

previous measurements in the adult barn owl (Köppl and Gleich, 2007). The calculated 

values for interaural canal attenuation (15-20 dB at lower frequencies, Fig. 2) are slightly 

higher but comparable to the values Calford and Piddington (1988) estimated for the closely 

related grass owl (Tyto longimembris). The ABR of the barn owl was similar to those 

previously recorded in other bird species (Brittan-Powell et al., 2002, 2005), with two salient 

positive waves appearing in the first 10 ms after the stimulus onset. However, in response to 

higher-level chirps, the first wave appeared to separate into two waves. The latency of wave 

III (3 to 4 ms) was consistent with response latencies recorded from NL single units (Carr and 

Konishi, 1990; Köppl, 1997). Thus the waves corresponding to responses of the auditory 

nerve (AN) and nucleus magnocellularis (NM) should occur before it. Previous studies report 

slightly different latencies for AN and NM (Köppl, 1997): 1-1.5 ms for AN and 1.5-2.5 ms for 

NM. These measurements were obtained with high-level clicks and the latencies are similar 

to the latencies seen in our chirp responses at high levels (Figures 4 and 5) for waves I and II. 

A possible explanation for the absence of wave I at lower stimulus levels is that latencies for 
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AN and NM at lower levels are similar but AN latency advances faster with level, which will 

result in two distinct peaks appearing at higher levels. Wave III amplitude showed a weak 

correlation with stimulus level when compared with wave II, while the correlation between 

latency and stimulus level was similarly strong for both waves. NL has been suggested to 

have a mechanism for gain control (Peña et al., 1996) that prevents saturation of cellular 

responses and preserves sensitivity to ITD at high stimulus levels. The insensitivity of wave 

III's amplitude to increases in the stimulus level could be a consequence of the presence of 

such a mechanism, reinforcing the association between wave III and NL.  

The BIC in the barn owl consisted of three closely associated peaks, a positive peak (DP1) 

followed by a negative peak (DN1) and another positive peak (DP2). In contrast to DN1, DP1 

and DP2 showed a larger variance and did not appear consistently throughout the 

recordings. A similar case has been previously observed in cats (Ungan et al., 1997).  

Therefore, although we show the data for all three, we consider DN1 the most 

representative of the BIC. Previous preliminary studies in the barn owl have also reported a 

negative BIC (Calvo and Moiseff, 1992, 1993). A negative BIC is the result of the binaural 

response being smaller than the sum of the monaural responses at that point in the trace. 

This has been interpreted as indicating an underlying excitatory-inhibitory (EI) system and 

therefore as evidence that the lateral superior olive (LSO) is the main generator of the BIC 

and involved, at least in part, in ITD processing (Goksoy et al., 2005; Ungan et al., 1997; 

Riedel and Kollmeier, 2002a). However, the barn owl BIC showed a strong negative 

deflection associated with an ABR peak (wave III) that very likely corresponds to NL, which is 

reinforced by the fact that the negative component is sensitive to changes in ITD. NL is the 

first binaural center where ITDs are processed (Carr and Konishi, 1990). Neurons in NL are 

coincidence detectors that receive two excitatory inputs, one from each ear. Our data thus 

imply that excitatory-excitatory systems (EE) are compatible with negative BICs, as already 

suggested by previous models (Gaumond and Psaltikidou, 1991).  However, the present data 

do not fulfill the predictions of Gaumond and Psaltikidou (1990) for an EE system that 

produces a negative BIC. According to their model, the amplitude ratio of the BIC and its 

corresponding ABR wave should decrease monotonically with increasing stimulus level. In 

contrast to this, the BIC/wave III ratio in the current study was independent of stimulus level 

(Fig. 7), which suggests a different cause for the presence of a negative BIC in the barn owl. 

The latency of the DN1 component of the BIC increased linearly with ITD. For a given ITD, the 

change in latency for DN1 was between the value calculated for EE systems having temporal 

delays from both sides, like the classic Jeffress model (ΔT= ITD/2, Ungan et al., 1997), and 

the value calculated for EE systems having temporal delays from only one side, like that 

observed in the chicken (Young and Rubel, 1983; Overholt et al., 2002) (ΔT=ITD, Ungan et al., 

1997). This is consistent with previous observations in mammals and also consistent with 

what is known about the barn owl ITD computing system. NL in the barn owl is a known case 

of hyperplasia (Kubke et al., 2004), where the structures that process interaural time 

differences at frequencies higher than a few kHz are much more developed than in other 

animals. Axons arriving from nucleus magnocellularis to the border of NL have a similar 
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arrangement to that known from other archosaurs that have systematic delays only from the 

contralateral side. However, once these primary axons reach NL, they divide and 

interdigitate, creating a redundant system of arrays with delay lines from both sides 

(McColgan et al., 2014). It might be expected that a two-stage delay system such as the one 

just described might show an intermediate behavior between each of the two models. A 

noticeable difference to mammalian data was that the BIC in response to the smallest ITDs 

(± 62.5 µs) showed latencies that were shorter than the reference latency at 0 μs ITD. The 

amplitude of DN1 decreased monotonically with increasing ITD, which is consistent with 

data from mammalian studies.  

BIC characteristics in response to tones 

The BICs measured with 1kHz and 4 kHz tones behaved similarly to chirps in response to 

changes in ITD. This is unexpected because low frequencies (below 3 kHz) are located in a 

small caudolateral region of NL that does not have the same anatomical organization as the 

hyperplasic, more medial, higher-frequency region. The precise way in which neurons and 

incoming axons are arranged in the caudolateral, low-frequency region remains unclear 

(Carr and Köppl, 2007). There is evidence for a topographic gradient of best ITD and some 

form of an EE-type delay line system (Palanca-Castan and Köppl, 2015). However, the low-

frequency region is not as hypertrophied as the high-frequency parts of the owl’s NL and 

appears to lack the specialized double-delay secondary stage of delay lines described in the 

previous section.  

Conclusions 

The most significant finding of this study is that the barn owl's BIC is similar to the BICs 

recorded in mammals. In both mammals and the barn owl, the most salient feature of the 

BIC is a negative deflection. This strongly suggests that an EE system can result in a negative 

BIC. Some studies in mammals assume that a negative BIC must be the product of an IE 

system and interpret their data accordingly (Ungan et al., 1997; Riedel and Kollmeier, 

2002b). This clearly should be re-considered. The change in BIC latency with increasing ITD 

showed no large differences to previous mammalian data sets, which themselves show a 

high variability. If we accept the assumption that ITD processing systems are fundamentally 

different in birds and mammals (Grothe et al., 2010; Grothe and Pecka, 2014), the BIC as 

currently interpreted gives ambiguous information. These data should be taken into account 

when interpreting the results of future mammalian studies.    
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Figure 1: Average amplitude (n=2) in µV of the CAP (Panel A, linear scale) and the cochlear 
microphonic (Panel B, logarithmic scale) at different stimulus levels expressed in dB SPL. Each line on 
the graphs represents a different stimulus frequency. Solid and dashed lines represent responses to 
ipsi- and contralateral stimulation, respectively.  
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Figure 2: Difference between the ipsi- and contralateral responses of the cochlear microphonic 

(expressed in dB), at different stimulations frequencies, for the two experimental animals used for 

round window recordings.  
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Figure 3: Panel A shows an example of a typical barn owl ABR trace in response of a chirp stimulus 10 

dB SPL above threshold that shows the amplitude of the response (in µV) at different times (in ms) 

after stimulus onset. The different lines indicate the sum of the monaural responses, the binaural 

response, and the binaural interaction component (BIC), as shown in the legend.  Panel B shows an 

example of a trace in response to chirp stimulation 50 dB SPL above threshold. This green is too 

weak. 
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Figure 4: Panel A shows the average (n=1 for 5 dB; n=9 for all other levels) amplitude of wave II in 
response to chirps expressed in µV and represented as a function of stimulus level in dB SPL. Panel B 
shows the average (n=1 for 5 dB; n=9 for all other levels) latency of wave II in response to chirps 
expressed in ms and represented as a function of stimulus level in dB SPL. 
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Figure 5: Panel A shows the average (n=1 for 5 dB; n=9 for all other levels) amplitude of wave III in 
response to chirps expressed in µV and represented as a function of stimulus level in dB SPL. Panel B 
shows the average (n=1 for 5 dB; n=9 for all other levels) latency of wave III in response to chirps 
expressed in ms and represented as a function of stimulus level in dB SPL. Panel C shows the average 
difference in latency (n=9) between wave II and III (in ms) as a function of stimulus level in dB SPL. 
Error bars represent a range of ± one standard deviation.   
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Figure 6: Behavior of the BIC in response to chirps at 10 dB SPL above threshold. Panel A shows the 
average (n=18) latency of the different peaks of the BIC (in µs) as a function of stimulus ITD (in µs). 
The upper black line represents ΔT= ITD, the lower black line represents ΔT= ITD/2. Panel B shows 
the average normalized amplitude of the BIC (as a fraction of the amplitude at 0 µs ITD) at different 
ITDs (in µs). Error bars represent a range of ± one standard deviation.   
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Figure 7: Average amplitude ratio (n=9) of the DN1 peak of the BIC and wave III as a function of 
stimulus level in dB SPL in response to chirps. Error bars represent a range of ± one standard 
deviation.   
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Figure 8: Behavior of the BIC in response to 1 kHz tones at 10 dB SPL above threshold. Panel A shows 
the average (n=8) latency of the DN1 peak of the BIC (in µs) as a function of stimulus ITD (in µs). The 
upper solid full black line represents ΔT= ITD, the lower solid black line represents ΔT= ITD/2. Panel B 
shows the average normalized amplitude of the BIC (as a fraction of the amplitude at 0 µs ITD) at 
different ITDs (in µs). Error bars represent a range of ± one standard deviation.   
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Figure 9: Behavior of the BIC in response to 4 kHz tones at 10 dB SPL above threshold. Panel A shows 
the average (n=14) latency of the DN1 peak of the BIC (in µs) as a function of stimulus ITD (in µs). The 
upper solid black line represents ΔT= ITD, the lower solid black line represents ΔT= ITD/2. Panel B 
shows the average normalized amplitude of the BIC (as a fraction of the amplitude at 0 µs ITD) at 
different ITDs (in µs). Error bars represent a range of ± one standard deviation.   
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Table 1: Threshold in dB SPL for chirp stimuli of the individual animals used for ABR recordings, and 

the stimulus level at which wave I first appeared.  
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Animal 

Threshold 
(dB SPL) 

Appearance 
of wave I 
(dB SPL) 

5 10 10 
6 5 45 

7 10 15 
8 10 55 

9 5 35 

10 10 40 
11 15 55 

12 10 55 
13 5 30 
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Change in the Coding of Interaural Time 
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Chicken Nucleus Laminaris 
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Interaural time differences (ITDs) are an important cue for the localization of sounds in
azimuthal space. Both birds and mammals have specialized, tonotopically organized
nuclei in the brain stem for the processing of ITD: medial superior olive in mammals and
nucleus laminaris (NL) in birds. The specific way in which ITDs are derived was long
assumed to conform to a delay-line model in which arrays of systematically arranged
cells create a representation of auditory space with different cells responding maximally
to specific ITDs. This model was supported by data from barn owl NL taken from regions
above 3 kHz and from chicken above 1 kHz. However, data from mammals often do
not show defining features of the Jeffress model such as a systematic topographic
representation of best ITDs or the presence of axonal delay lines, and an alternative
has been proposed in which neurons are not topographically arranged with respect
to ITD and coding occurs through the assessment of the overall response of two
large neuron populations, one in each hemisphere. Modeling studies have suggested
that the presence of different coding systems could be related to the animal’s head
size and frequency range rather than their phylogenetic group. Testing this hypothesis
requires data from across the tonotopic range of both birds and mammals. The aim
of this study was to obtain in vivo recordings from neurons in the low-frequency range
(<1000 Hz) of chicken NL. Our data argues for the presence of a modified Jeffress
system that uses the slopes of ITD-selective response functions instead of their peaks
to topographically represent ITD at mid- to high frequencies. At low frequencies, below
several 100 Hz, the data did not support any current model of ITD coding. This is
different to what was previously shown in the barn owl and suggests that constraints
in optimal ITD processing may be associated with the particular demands on sound
localization determined by the animal’s ecological niche in the same way as other
perceptual systems such as field of best vision.

Keywords: interaural time differences, chickens, auditory brainstem, nucleus laminaris, in vivo electrophysiology

Introduction

Interaural time differences (ITDs) are the small differences in the arrival of a sound at the two
ears of an animal. These ITDs are used by the brain to determine the origin of a sound in the
horizontal plane. The presence of temporally very precise processing mechanisms enables animals
to detect very small ITDs and to discriminate between ITDs separated by only a few microseconds,
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using them to encode sound source location in the azimuthal
plane (Joris and Yin, 2007). ITD computing is first carried out in
specific, tonotopically organized areas of the brainstem nucleus
laminaris (NL) in birds and the medial superior olive (MSO) in
mammals. Neurons in these nuclei act as coincidence detectors,
firing maximally when the phase of the inputs from both ears is
the same (Goldberg and Brown, 1969; Carr and Konishi, 1990;
Yin and Chan, 1990).

Coincidence detection is combined with mechanisms that
delay inputs from one side, resulting in the “tuning” of these
neurons to the specific acoustic ITD that compensates for the
neural input delay. This value, termed “best ITD,” will elicit a
maximal response from the neuron. Several possible mechanisms
for creating delays have been proposed (reviewed in Vonderschen
and Wagner, 2014). These mechanisms include differences in
length and/or myelination of input axons (Jeffress, 1948; Cheng
and Carr, 2007; Seidl et al., 2010, 2014), precisely timed inhibition
(Brand et al., 2002; Grothe et al., 2010), cochlear delays (Shamma
et al., 1989; Day and Semple, 2011), asymmetric synaptic rise
times (Jercog et al., 2010), asymmetric spectrotemporal tuning of
left and right inputs (Fischer et al., 2011) and dynamic changes
at the coincidence detection stage itself (Franken et al., 2015).
Data from birds and crocodilians (archosaurs) support a system
of axonal time delay lines, as first suggested by Jeffress (1948)
that creates a topographic array of NL neurons, each responding
maximally to sounds from a specific ITD. Together, these form
a map or place code of azimuthal space (reviewed in Ashida and
Carr, 2011).

Data from mammals support an alternative model, in which
neurons from a given frequency band inMSO respondmaximally
to a contralaterally leading ITD that lies outside the naturally
heard range (defined by the animal’s head size). This places
the slope, rather than the peak, of the response curve into the
natural ITD range and the derivation of a specific azimuthal
location then requires the comparison of activity levels between
the two brain hemispheres. This “two-channel model” represents
a population code and has been suggested to rely on phase
delays created through precisely timed inhibition (reviewed
in Grothe et al., 2010). However, the existence of sufficiently
precise, phase-locked inhibition is controversial (Zhou et al.,
2005; Roberts et al., 2013) and recent evidence suggests that
removal of glycinergic inhibition in gerbil MSO brain slices has
no systematic effect on the ITD tuning of neurons (Franken et al.,
2015).

The intuitive conclusion from these findings is that
archosaurs and mammals have evolved different ITD-processing
mechanisms. However, work by Harper and McAlpine (2004)
and Harper et al. (2014) on optimal ITD-coding strategies
opened up a different interpretation, suggesting that animal
head size and the frequency range of coding may be the primary
factors that determine which neural code is used. Although more
robust coding models dealing with more natural stimuli have also
been put forward, models do consistently differ in performance
with frequency and head size (Goodman et al., 2013).

Previous studies of chicken NL (Köppl and Carr, 2008)
suggested that the distribution of best ITDs at low characteristic
frequencies (below 1000 Hz) is different than at higher

frequencies. Higher frequencies had a contralaterally biased
best ITD distribution consistent with observations in mammals,
alligators and the barn owl (Sullivan and Konishi, 1986; Carr and
Konishi, 1990; McAlpine et al., 2001; Peña et al., 2001; Brand
et al., 2002; Carr et al., 2009; Palanca-Castan and Köppl, 2015).
In contrast, lower frequencies contained a similar number of
neurons coding ipsi- and contralaterally leading ITDs, indicating
a possible change in the ITD-coding strategy with frequency,
as in principle suggested before (Harper and McAlpine, 2004;
Harper et al., 2014). More recently, Fischer and Seidl (2014)
put forward the specific prediction that the peaks of ITD-
response functions cease to be informative below 500 Hz, at
which point they become broader than the physiological range
of the chicken; a given neuron would then fire maximally in
response to any sound regardless of the position of its source in
azimuthal space. The authors argue that under these conditions
a Jeffress-like place code would not allow to localize sounds
sources effectively and suggest that if chickens are able to
localize frequencies below 500 Hz, the coding system at those
frequencies should be based on the slope of the response curve.
Note that such a slope code does not necessarily equate with a
change to a two channel coding model. Instead, a variation of
Jeffress’ place code could be implemented, based on the slopes
instead of the peaks of response functions, as suggested by
Hyson (2005). Unfortunately, there are currently no behavioral
data regarding the chicken’s sound localization ability at any
frequency.

The aim of the present study was to collect a comprehensive
dataset of physiological responses of chicken NL neurons tuned
to frequencies of 1500 Hz and below that could then be
compared with mammalian data, which usually lie within that
same frequency range. In addition, we were especially interested
to confirm or refute the presence of a symmetrical best ITD
distribution at lower frequencies. Lastly, we were interested in
testing the prediction of a change to a slope-code system at
frequencies below 500 Hz.

Our results differed considerably from a companion study in
the barn owl (Palanca-Castan and Köppl, 2015) and point to a
change in the ITD coding system of the chicken at the lower
frequencies.

Materials and Methods

Experimental Animals and Preparation
We report data from 25 chickens (Gallus gallus) of both sexes and
aged between 3 and 7 weeks. Peripheral responses at the level of
the auditory nerve are largely mature at hatching and fully mature
at 3 weeks of age (Manley et al., 1991). Similarly, the synaptic
connections and adult cell morphology of neurons in nucleus
magnocellularis and NL are essentially present at hatching and
fully mature around 3–4 weeks of age (reviewed in Kubke and
Carr, 2005). Physiologically, maturation is also likely to extend
beyond hatching (Kuba et al., 2002) but the endpoint has not been
explored in any detail.

Seven chickens were of the wild-type Gallus gallus bankiva
subspecies, the remaining ones of various commercial Gallus
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gallus domesticus breeds: three White Leghorn from pathogen-
free eggs, and 15 Lohmann Braun. Bankiva chickens originated
from a breeding colony at the animal facility of the University
of Oldenburg; White Leghorns were hatched and raised at the
same facility; Lohmann Braun were acquired from a commercial
breeder at the day of hatching and also raised at the same facility.
Therefore, although different breeds were sourced from different
providers, all chickens were exposed to the same environment
after hatching. We tested each of the examined parameters for
differences between data taken for different breeds; Kruskal–
Wallis test, p = 0.616 for best ITD, p = 0.405 for best interaural
phase difference (IPD), p = 0.068 for characteristic delay (CD),
and p = 0.303 for characteristic phase (CP). There were no
significant differences in the data from Bankiva (wild type)
chickens and breeds originating from either labs or commercial
breeders (White leghorn and Lohmann Braun, respectively).

All protocols and procedures were approved by the authorities
of Lower Saxony, Germany, permit AZ 33.9-42502-04-11/0337.
Animals were anesthetized with an initial dose of ketamine
(10 mg/kg) and xylazine (3 mg/kg) via intramuscular injection.
After the initial dose, a tracheotomy was performed followed by
intubation, and an exit hole for the air was surgically produced
in an abdominal air sac (Schwartzkopff and Brémond, 1963).
The animal was then unidirectionally artificially respirated with
pure oxygen (∼1 ml/g/min) and 1.5% isoflurane. Depth of
anesthesia was constantly monitored via an EKG recording via
intramuscular needle electrodes in a wing and in the contralateral
leg. Cloacal temperature was monitored and held stable at 41.5◦C
by a homeothermic blanket system (Harvard Apparatus). The
head was firmly held by cementing the skull to a small metal plate
connected to a stereotaxic frame (Kopf Instruments, Tujunga,
CA, USA). The skull was opened and the cerebellum aspirated
to expose the surface of the brainstem for electrode placement, as
guided by visual landmarks. We used these landmarks to direct
the electrode toward the low-frequency end of the tonotopic axis
of NL. Recordings were terminated when sound pressure levels
(SPLs) of 70 dB SPL or more were necessary to elicit noticeable
responses.

Electrophysiology and Definition of Recording
Types
Recordings were obtained with borosilicate microelectrodes
(1.2 mm outer diameter, 0.69 mm inner diameter) filled
with either 2 M sodium acetate or artificial cerebrospinal
fluid (138 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2, 1 mM
MgCl2, 10 mM HEPES, 26 mM glucose). Some electrodes were
additionally loaded with 5% tracer (10000 MW dextran labeled
with Texas Red or biotinylated dextran amine). Typical electrode
impedances were between 10 and 20 MOhms. Electrodes
were positioned under visual control and then advanced into
the brainstem remotely using a piezoelectric motor (Burleigh
Inchworm). Recorded potentials were amplified by an Intra
767 electrometer (World Precision Instruments, Sunnyvale,
CA, USA). The electrometer was followed by a PC1 spike
preconditioner [Tucker Davis Technologies (TDT), Alachua, FL,
USA], which amplified and band-pass filtered (300–10000 Hz)
the recording and the signal was then passed through a Hum

Bug (Quest Scientific Instruments Inc., North Vancouver, BC,
Canada) and into a TDT RX6 multifunction processor. Band-
pass filtering (50–10000 Hz) and spike detection was carried
out after the signal was converted from analog to digital
(48 kHz sampling rate, 24-bit resolution) using a custom Matlab
(vR2012b, MathWorks, Natick, MA, USA) script.

Single-unit recordings are difficult to obtain in NL and
MSO due to the small and variable amplitude of the spikes
from the neuronal somata (Scott et al., 2005; Funabiki et al.,
2011) and the presence of a strong field potential, the
neurophonic (Tsuchitani and Boudreau, 1964; Sullivan and
Konishi, 1986). In order to improve unit isolation, we used
the loose-patch technique described by Peña et al. (1996).
For this, a 5 ml glass syringe was connected to the electrode
and a slight positive pressure (corresponding to 1 ml) was
maintained while advancing the electrode in order to keep
its tip clean. When spikes were detected and the presence
of a nearby cell suspected, the positive pressure was released
and, if judged necessary, a small negative pressure applied. On
many occasions, this technique greatly improved the isolation
of spikes. Sub-threshold events were, however, never clearly
observed.

The type of recording (single-unit, multi-unit, or
neurophonic) was finally defined offline, using the recorded
analog data. This also defined the response metric that
was analyzed. Traces were classified as spike recordings
when they presented consistent action potentials that
rose above the background noise and that allowed for
triggering using a fixed threshold. Single units were defined
as those recordings where an estimated 1% or less of the
interspike intervals were smaller than 1 ms (the refractory
period). In 11 of 28 single units, the spike sorting script
“wave_clus” created by Quiroga et al. (2004) and available
from https://www.vis.caltech.edu/ rodri/Wave_clus/Wave_clus_
home.htm, was used to separate the response of a single unit
within a multi-unit spike recording. All responses were tested
for a significant neurophonic component using the method
described in Köppl and Carr (2008).

Stimulus Generation and Calibration
All recordings were performed in a double-walled sound-
attenuating chamber (Industrial Acoustics Corporation,
Winchester, UK). Closed, custom-made sound systems were
inserted into both ear canals for controlled stimulation. These
systems consisted of small earphones (Yuin PK3 or Sony
MDR-E818) and miniature microphones (Knowles TM-3568,
EM-3069, or FG-23329), calibrated using a Brüel and Kjaer
microphone (B&K 4134, Naerum, Denmark) as the reference.
SPLs were then individually calibrated for each ear.

Sound stimuli could be monaural or binaural and were
generated separately for both channels by custom-written
software and a signal processing device (RX6, TDT). Stimuli were
fed from there to the earphones via attenuators (TDT PA5) and
headphone buffers (TDT HB7). All stimuli had a total duration
of 50 ms, including 5 ms cosine ramps. Recording epochs had
a duration of 80 ms with a 120 ms interval between them. The
presentation rate was therefore 5 stimuli/s.
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Data Collection Protocols and Analysis
Best frequency (BF), the frequency that evoked the largest
response, was determined by presenting a wide range of
frequencies at a fixed SPL of 0–20 dB above threshold, as
estimated audiovisually. This test was usually run with identical
binaural stimulation; in some cases, however, monaural BF
curves were run separately. Randomly inserted silent trials were
used to determine spontaneous rate.

To obtain an estimate of threshold and response saturation
level, monaural rate-level curves were run at a frequency at or
close to BF. All ITDs, IPDs, and CDs are shown normalized with
negative values always indicating ipsilateral-leading sounds and
positive values always indicating contralateral-leading sounds.

Frequency Threshold Curves (FTCs) and
Characteristic Frequency (CF)
Frequency threshold curve (FTC) data were always obtained
monaurally. Responses were recorded to a randomly presented
matrix of frequencies and SPLs, in steps of typically 100 Hz
and 5 dB, and over a range of typically 1 kHz and 50 dB
SPL. FTCs were interpolated from this response matrix after
smoothing with a locally weighted algorithm (Köppl, 1997). For
spike recordings, we adopted a criterion of 20 spikes/s above
spontaneous rate as determined from randomly inserted silent
trials; this baseline criterion was then adjusted to fit each specific
curve. For neurophonic data, the lowest response amplitude that
gave a coherent curve was used as a criterion. CF was defined
as the frequency at which the criterion response was reached at
the lowest SPL, and the corresponding SPL defined the threshold
at CF. When possible, we also derived the Q10 dB and Q40 dB
(measures of the width of the tuning curve at 10 and 40 dB above
threshold), as well as the linear slopes of both FTC flanks between
3 and 23 dB above CF-threshold. CF was our preferred measure
of frequency (40 cases, 11 single units). When it was not available,
we took BF next (20 cases, 7 single units) and stimulus frequency
last (65 cases, 10 single units).

Best Interaural Time Difference (ITD) and
Interaural Phase Difference (IPD)
The range of ITDs tested was ±1 period at or near BF, in
steps of 1/10th of a period. The SPL was typically fixed at 0–
20 dB above threshold. For spike recordings, the mean rate
was derived at each ITD tested; for neurophonic recordings,
we determined the average analog amplitude. A criterion that
defined significant response modulation with ITD, i.e., the
presence of ITD selectivity, was adopted from Köppl and Carr
(2008). For spike recordings, the standard deviation and mean
spike rate were determined. We then divided the difference
between maximum and minimum mean spike rate by the
maximal standard deviation observed. Responses were accepted
if this value was 1.5 or above. Responses that passed this criterion
were fitted with a cosine function at the stimulus frequency to
determine best ITD and best IPD. Best ITD was defined as the
ITD closest to 0 µs ITD that elicited a maximum response.

For analog recordings, we averaged the analog response
waveforms and fitted them with a cosine function at the stimulus
frequency. We divided the amplitude of this cosine function

by the standard deviation of the averaged waveform multiplied
by

√
2. Such an index will have a value between 0 and 1, where

1 indicates a perfect fit and 0 indicates the absence of any
component at the stimulus frequency. Recordings were accepted
only if this index was larger than 0.7. Best ITD and IPD were
determined as above.

Characteristic Phase (CP) and Characteristic
Delay (CD)
Characteristic phase and CD were derived by performing ITD
tests at several different frequencies for the same unit or
neurophonic site. Three to seven frequencies were used, covering
a range of 300–600 Hz around CF. We determined the best IPD
for each frequency as described above and entered them into a
linear regression of best IPD as a function of frequency (Yin and
Kuwada, 1983). The y-intercept of this regression corresponds to
the CP, and the slope corresponds to the CD. CP values were
collapsed into a single cycle (−0.5 to 0.5). We also adopted a
linearity test from Yin and Kuwada (1983).

Figure 1 illustrates how CD and CP were determined, for
an example single unit with a CF of 700 Hz. Figure 1A shows
mean discharge rates to five presentations each at different
frequencies (500, 600, 700, 800, 900, and 1000 Hz), as a function
of normalized ITD (negative = ipsilateral-leading). Figure 1B
shows the normalized response at each frequency. Figure 1C
shows best IPD as a function of frequency and the associated
linear fit. The CD was used to disambiguate the best ITD of
the neuron, by selecting the response maximum closest to the
CD. In this example, the neuron had a CP of 0.46 cycles and
a CD of 160 µs contralateral-leading. Its CF was 700 Hz (ipsi-
and contralateral FTCs shown in Figure 1D) and the closest
maximum for the corresponding curve fell at 519 µs ipsilateral-
leading (679 µs away from the CD) rather than at 910 µs
contralateral-leading (750 µs away from the CD). Thus, 519 µs
ipsilateral-leading was the unambiguous best ITD (marked in
Figure 1 with a black dot. In this example, it coincided with the
peak closest to 0µs, but this was not always the case. However, all
cases where a CD was determined could be disambiguated, i.e., a
CP of exactly 0.5 did not occur.

Labeling and Histology
Labels were placed iontophoretically at selected recording sites
by passing a positive DC current through the electrode. Current
amplitude and duration varied between 5 and 500 nA, and
between 1 and 30 min, respectively. This large variation was
due to experimentation to find a set of parameters that resulted
in small, specific labels. The set of parameters that yielded
the best results was 220 nA for 12 min. At the conclusion
of the experiment, the animal was perfused transcardially with
4% paraformaldehyde in phosphate buffered saline (PBS) in
order to fix the tissue. The brain was extracted and blocked,
and the brain stem was cryoprotected by immersion in 30%
sucrose in PBS for 48 h. Sections of 50 µm thickness were cut
using a cryostat (Leica CM 1950, Leica Biosystems, Wetzlar,
Germany) and mounted in Vectashield. Fluorescent labels were
then detected and documented using a Nikon Eclipse 90i
epifluorescence microscope with a digital camera attached.
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FIGURE 1 | Example of a set of multiple ITD curves used to determine
the characteristic delay (CD) of a single unit with a BF of 700 Hz, a CD of
160 µs contralateral-leading and a CP of 0.46. (A) Mean discharge rate as a
function of ITD, for each of the tested frequencies (500–1000 Hz in 100 Hz
steps). Dashed lines represent the cosine fit for each of the curves.
(B) Normalized cosine fits in relation to the maximum response of each curve for

each of the tested frequencies. The response of the neuron at its CF is marked
by a thicker green line and the disambiguated best ITD (519 µs
ipsilateral-leading) is marked with a black circle. (C) The resulting
phase-frequency plot, fit with a linear regression. The slope of this fit is the CD
and the Y-intercept represents the CP. (D) Monaural frequency tuning curves of
the example neuron.

Neurobiotin was visualized using standard ABC (Vector
Laboratories, Burlingame, CA, USA) and diaminobenzidine
protocols on floating sections. After that, sections were
mounted and dried on gelatinized slides, counterstained with
cresyl violet, dehydrated and permanently coverslipped with
DPX.

Results

We report a total of 124 recordings from chicken NL, of
which 28 were extracellular single unit recordings (example in
Figure 2A), 31 were multiunit spike recordings (Figure 2B) and
65 were neurophonic recordings (Figure 2C). The neurophonic
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FIGURE 2 | Example single traces of recordings from a single unit (571 Hz BF, A), a multi-unit spike recording (500 Hz BF, B) and a neurophonic
recording (850 Hz BF, C). The recording epoch lasted 80 ms. The stimulus was presented between 10 and 60 ms (marked by dashed lines).

is an extracellular field potential that mimics the acoustic
input (Tsuchitani and Boudreau, 1964; Weinberger et al., 1970;
Schwarz, 1992). The BFs recorded ranged from 100 to 2800 Hz.
A total of 60 out of the 124 recordings (48%) had BFs below
1000 Hz, and the great majority (118 or 95%) fell below 2000 Hz.
Chickens have an upper limit of sensitive hearing of 7200Hz (Hill
et al., 2014) and BFs at least as high as 3500 Hz are represented
in NL (Köppl and Carr, 2008). The low-frequency bias in our

data was intentional and achieved through deliberate targeting.
However, no recordings were excluded based on frequency. Six
of the recording sites were labeled and confirmed to originate
from the cellular layer of NL (data not shown). We aimed to
complement the previously published dataset from chicken NL
which was high-frequency biased as the low-frequency regions
of NL are spatially more compressed and therefore less often
hit randomly (Köppl and Carr, 2008). Where appropriate, we
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will include the previously published data in some of the
following figures. The explicit comparison is then made in the
last paragraph of the Results.

Similarity of Neurophonic and Spike
Responses
The presence of a neurophonic potential was consistent and
easily detected at all tonotopic locations. This neurophonic was
well modulated as a function of ITD when the electrode was
judged to be inside the cellular region of the nucleus. To test
how well neurophonic responses reflected local neural activity,
we analyzed 10 cases of paired recordings where spikes and
neurophonics were obtained with the same electrode at identical
location (Table 1). We determined any mismatch between their
best IPDs and BFs. Best IPD was chosen (as opposed to best
ITD) to account for the difference in stimulus period and thus
maximize comparability across sites of very different BF. BFs of
the 10 paired recording sites ranged from 400 to 1316 Hz. All
pairs had best IPD mismatches of 0.08 cycles or less and best
ITD mismatches of maximally 100 µs (Table 1). In addition,
the best ITD distributions for single units and neurophonics in
the entire sample were not significantly different (Kolmogorov–
Smirnov test, p = 0.573 at frequencies at or below 500 Hz,
and p = 0.935 at higher frequencies). This suggests that the
neurophonic is a good predictor of the response of nearby
neurons.

Characteristic Frequency (CF), Thresholds and
Tuning
Characteristic frequency (CF) values ranged from 200 to
2600 Hz. Thresholds were variable, ranging from 13 to
61 dB SPL (Figure 3A). Sharpness of tuning, as measured
by Q10 dB, ranged from 1.2 to 13, with slightly lower values
at low frequencies. The spontaneous rate of single units
ranged from 26 to 138 spikes/s (Figure 3B). Ipsi – and
contralateral thresholds and Q10 dB values were not significantly
different (Wilcoxon signed-rank test, p = 0.182 and 0.627,
respectively, n = 37 for threshold, n = 23 for Q10 dB, all
recording types). There were also no significant mismatches
between the CFs obtained with ipsi- and contralateral

stimulation (Wilcoxon signed-rank test, p = 0.532, n = 35,
Figure 3C).

Best ITD and IPD Distribution
Due to the nature of ITD sensitivity in narrowly frequency-
tuned neurons such as those in NL, the response modulation is
cyclical, which means that, within our usual ITD testing range
of ±1 period of the stimulus frequency, we will find two peaks
of maximal response, one of which will lie in the ipsilaterally
leading range of ITDs and the other in the contralaterally leading
range. This causes the best ITD and IPD values to be ambiguous,
since it cannot be resolved which of the two peaks corresponds
to the time difference between the neuron’s binaural inputs. For
our analysis, we defined the peak closest to zero ITD as the best
ITD. However, only additional measurements, such as taking
responses at several different frequencies and determining the
CD and CP (see Materials and Methods) can truly resolve this
ambiguity. Among our 124 recording sites, 23 were tested for ITD
selectivity at several stimulus frequencies, and had their CD and
CP determined (example shown in Figure 1). The relationship
between best IPD and frequency can usually be expressed using
a linear regression (example shown in Figure 1C). The slope of
this equation is the CD and the y-intercept is the CP. All but one
of the 23 cases were linear according to the criteria developed
by Yin and Kuwada (1983), at a significance level of 0.05 or
smaller; 18 cases were linear at a significance level of 0.005 or
smaller.

In Figure 4, data labeled as ambiguous represent cases where
ITD-sensitivity was tested at just one frequency and the best ITD
was defined as the response peak closest to zero. Data labeled as
unambiguous represent best ITD-values that were re-defined, if
needed, as the response peak closest to the CD.

Best ITD values ranged from 0 to 2500 µs contralaterally
leading and to −4312 µs ipsilateral-leading. Data were fairly
symmetrically distributed around zero ITD, i.e., the number of
neurons recorded with contralateral and ipsilateral best ITDs
was similar (67 ipsilateral versus 46 contralateral, 11 recordings
with a best ITD of exactly 0 µs). The ITD ranges covered
in ipsilateral and contralateral space were also similar and
increased with decreasing frequency (Figures 4A–C). There

TABLE 1 | Comparison of neurophonic and spike recordings (single units shown bold) obtained in close proximity.

Spike recording Neurophonic recording

Distance (µm) Frequency (Hz) Best ITD (µs) Frequency (Hz) Best ITD (µs) Frequency
difference (Hz)

Best ITD
difference (µs)

Phase difference
(cycles)

0 400 −179 400 −250 0 71 0.028

0 500 −500 500 −400 0 100 0.050

0 571 −612 571 −700 0 88 0.050

0 714 −472 800 −375 86 97 0.037

0 800 625 800 625 0 0 0.000

15 800 −280 800 −250 0 30 0.024

0 1000 −480 1000 −400 0 80 0.080

0 1111 420 1111 410 0 10 0.011

0 1250 −64 1250 0 0 64 0.080

0 1316 −252 1316 −304 0 52 0.068
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FIGURE 3 | (A) Ipsilateral threshold in dB SPL as a function of ipsilateral CF in
Hz. (B) Plot representing spontaneous rate in spikes/s as a function of
frequency (Hz). (C) Ipsilateral versus contralateral characteristic frequencies
(CFs) in Hz. The dashed line represents X = Y. In all panels, triangles represent
single-unit recordings, squares represent multi-unit recordings and circles
represent neurophonic recordings.

were no differences between the different types of recordings
shown in separate panels of Figures 4A–C (Kruskal–Wallis
test, p = 0.909). Figure 4D summarizes the medians and
interquartile ranges of best ITD values across all recording
sites, but separated according to three different tonotopic
regions. Medians always fell very close to zero ITD, reflecting
the already mentioned symmetrical distribution around zero
ITD.

Best IPD values generally ranged from −0.5 to 0.5. Single-
and multi-unit data clustered around zero at frequencies
below 500 Hz. Neurophonics and data above 500 Hz did not
cluster around specific values at different frequencies and their
distribution was frequency-independent (Figure 5). We found
only 7 of 124 best IPD values from the present study (red circles
in Figure 5) outside the pi limit, a range corresponding to half the
period of the stimulus frequency and equivalent to the maximum
best ITDs that can be generated using phase delays (Vonderschen
and Wagner, 2014).

For 7 of 22 cases where CD and CP were also determined
(32%), the disambiguated response maximum, i.e., best ITD, was
not the one closest to zero; these appear as unambiguous data
points outside the pi-limit in Figures 5A–C. In the majority of
these (five of seven), the peak closest to zero was ipsilateral-
leading while the peak closest to the CD value was contralateral-
leading; in the other two cases the reverse was true. Even among
those cases where the peak closest to zero was the closest to
the CD, there were four cases in which the laterality of best
ITD and CD differed (best ITD ipsilateral, CD contralateral).
This could occur because the CD often did not coincide with a
response peak (see next section). Ambiguous and unambiguous
ITDs were significantly different (Kolmogorov–Smirnov test,
p = 0.01).

Characteristic Phase and Characteristic Delay
We analyzed the range and distribution of CD and CP values
of the 22 tested cases that showed a linear phase-frequency
relation (see previous section). CD values ranged from 773 to
−681 µs (Figure 6). The general distribution appeared shifted
toward contralateral-leading values when compared to best ITD
(Figures 4D and 6B). However, this was not supported when
testing for a difference between best ITD and CD for the
restricted sample where both measures were taken (Wilcoxon
test, p = 0.492).

Phase-frequency relationships were quite diverse (Figure 7A).
Pure time-delay systems like the Jeffress model are expected to
show close to 0 or to 1. Other values indicate that there is some
phase-delay contribution, i.e., delays that vary with frequency
(Vonderschen and Wagner, 2014). Three of our 22 cases showed
a CP close to 0 or 1 (within ± 0.15), thus indicating a CD close to
a peak in the ITD curves. Eleven cases showed intermediate CPs
(in the range of | 0.15–0.35| ), indicating that the CD occurred
at some point along the slopes of the ITD curves. Lastly, 8 of
23 had CP values close to 0.5 (within ± 0.15), which indicates
that the CD occurred near a trough in the ITD curves (example
in Figure 1). Overall, the CP distribution was near normal
(Figure 7B), with a median at 0.036 CP did not depend on
frequency (Figure 7A).
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FIGURE 4 | Normalized best ITD in µs as a function of stimulus
frequency (Hz) near or at CF, separate for single units (A),
multi units (B), and neurophonics (C). In order to easily visualize
and compare data across all three panels the extreme outlier at
−4312 µs is not shown. Red data points are data from this study,
blue data points are data from Köppl and Carr (2008). Filled and
open symbols represent ambiguous and unambiguous bITDs
respectively. (D) Box plot of the best ITD distribution of all datasets

and recording types in µs at different frequency ranges, expressed in
Hz. Solid bars represent the median, boxes represent the interquartile
range. Whiskers represent the maximum and minimum of the
distribution, circles and stars mark outliers. In all panels negative
values represent ipsilateral-leading sounds and positive values represent
contralateral-leading sounds. The horizontal dashed line marks the
acoustic midline at 0 µs ITD and the vertical dashed line marks the
500 Hz position.

Slope Midpoints
To address the question whether the peaks or slopes of the
ITD-response curves better cover the naturally heard ITD range,
we also determined slope midpoints as an indicator of the
point of maximal sensitivity to ITD. For each recording site,
we determined the midpoint of the slope of the ITD sensitivity
curve that fell closest to the acoustic midline. This was calculated
as 1

4 of the stimulus period toward zero ITD from the best
ITD. For example, for a best ITD of +1000 µs at 1000 Hz,
the slope midpoint would correspond to +750 µs, while for a
best ITD of −1000 µs the slope midpoint would correspond to
−750 µs. In this kind of analysis, the direction of the slope
becomes significant and thus unambiguous determination of best
ITD. Therefore, we only included disambiguated data here.

Figure 8 shows the slope midpoints, coded according to
the direction of the slope relative to the peak. If slopes were
centered on the acoustic midline, data points will cluster

near the zero line on the graph. This is consistent with
the distribution at frequencies above ∼500 Hz. There, slope
midpoints were homogeneously distributed across a range of
values that decreased with increasing frequency (Figure 8).
Furthermore, most slopes showed a consistent direction, from
a peak in contralateral space toward ipsilateral (indicated by
the orientation of triangles). However, the distribution of slope
midpoint values for sites with a BF below ∼500 Hz showed a
change: most of the slope midpoints now corresponded to large
ITD values and a nearly equal number of slopes traversed the
acoustic midline in both directions, from a peak in ipsilateral
space to a trough in contralateral space and vice versa.

Comparison with Previously Published Data of
Chicken NL
As explained above, the present recordings were deliberately
biased toward lower BFs and intended to complement the
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FIGURE 5 | Normalized best IPD in cycles as a function of stimulus
frequency (Hz) near or at CF, separate for single units (A), multi units
(B), and neurophonics (C). Red data points are data from this study, blue
data points are data from Köppl and Carr (2008). Filled and open symbols
represent ambiguous and unambiguous bIPDs respectively. Negative values
represent ipsilateral-leading sounds and positive values represent
contralateral-leading sounds. Dashed horizontal lines mark the acoustic
midline at 0 µs ITD and the pi limit at ±0.5 cycles. A vertical dashed line
marks the 500 Hz position..

FIGURE 6 | (A) Normalized CD in µs as a function of stimulus frequency (Hz).
Triangles represent single unit recordings, squares represent multiunit
recordings and circles represent neurophonics. The acoustic midline at 0 µs
ITD is marked by a horizontal dashed line and a vertical dashed line marks the
500 Hz position. Red data points are data from this study, blue data points are
data from Köppl and Carr (2008). (B) Box plot of the CD distribution of all
datasets and recording types in µs at different frequency ranges, expressed in
Hz. Solid bars represent the median, boxes represent the interquartile range.
Whiskers represent the maximum and minimum of the distribution, circles and
stars mark outliers. Negative values represent ipsilateral-leading sounds and
positive values represent contralateral-leading sounds.

previously published data of Köppl and Carr (2008). Figures 4–7
display both datasets together. Other than frequency, we did
not detect any systematic biases that would preclude pooling
those data. Indeed, the main difference is a methodological
one, in that the present dataset is larger but many recording
sites were not as completely characterized, i.e., there was a
higher proportion of ambiguous best ITDs. Ambiguous and
unambiguous ITDs showed significantly different distributions
in both the new dataset alone and both datasets combined
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FIGURE 7 | Characteristic phase (CP) normalized to a single cycle
(±0.5). (A) CP in cycles as a function of stimulus frequency (Hz). Triangles
represent single unit recordings, squares represent multiunit recordings and
circles represent neurophonics.The horizontal dashed line marks the acoustic
midline at 0 µs ITD and the vertical dashed line marks the 500 Hz position.
(B) Stacked histogram of CP normalized to one cycle. Bins are 0.05 cycles
wide. The dashed line marks the zero position. Data shown in red are from the
present study, data shown in blue from Köppl and Carr (2008).

(Kolmogorov–Smirnov test, p = 0.01 for the present dataset,
p < 0.001 for both datasets combined) while unambiguous data
were similar between both datasets (Kolmogorov–Smirnov test,
p = 0.024). This highlights the value of determining best ITD
unambiguously to avoid sampling biases.

Discussion

We present a comprehensive dataset of electrophysiological
recordings of the responses to ITDs of neurons from the low
frequency regions of chicken NL. These data allow for a more
direct comparison between chicken and mammalian recordings

of ITD-sensitive neurons, which thus far covered different
frequency ranges. We will focus on features of our data that are
novel and suggest that the classic Jeffress-type place code of ITD
holds in modified form at higher frequencies, while at frequencies
below several 100 Hz the data are not consistent with any current
model of ITD coding.

Neurophonic as a Proxy Measurement for
Single Unit Responses
Both the NL of archosaurs and the MSO of mammals present
neurophonic responses with clear ITD sensitivity (Wernick and
Starr, 1968; Sullivan and Konishi, 1986; Schwarz, 1992; Carr
et al., 2009). ITD sensitivity is also a defining characteristic
of neurons in those nuclei. However, the precise source of
the neurophonic response is not yet clear and seems to vary
depending on the specific anatomical organization (Kuokkanen
et al., 2010; McLaughlin et al., 2010; Goldwyn et al., 2014). We
compared neurophonic and spike responses taken in the same
location or in very close proximity, and none of the pairs showed
a best phase difference larger than 0.08 or a best ITD difference
larger than 100 µs between spike and neurophonic recordings
(for details see Table 1). In addition, the general distribution of
best ITDs showed no significant difference between single units
and neurophonics. A similarly good correspondence between
neurophonic and single unit responses has repeatedly been
shown in owl, chicken and alligator (Köppl and Carr, 2008;
Carr et al., 2009; Funabiki et al., 2011; Palanca-Castan and

FIGURE 8 | Slope midpoints of the ITD-response functions from the
combined data of this study and Köppl and Carr (2008). Negative values
represent ipsilateral-leading sounds and positive values represent
contralateral-leading sounds. Red triangles represent ipsi- to contralateral
downward slopes, blue triangles represent contra-to ipsilateral downward
slopes, i.e., both types of triangles point in the downward direction of the
slope. The horizontal dashed line marks the acoustic midline at 0 µs ITD and
the vertical dashed line marks the 500 Hz position.
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Köppl, 2015). We thus consider the neurophonic response as a
reasonable proxy for single unit responses.

Evidence for Different Types of Input Delays
We observed an abundance of responses with non-zero CP, which
means that the CD occurred at some point on the slope of
the response functions, rather than at a peak. Such behavior is
consistent with phase delays contributing to the binaural inputs.
Phase delays may be generated by a variety of physiological
mechanisms such as timed inhibition (Brand et al., 2002),
cochlear delays through mismatched inputs from the two ears
(Yin and Kuwada, 1983; Shamma et al., 1989; Day and Semple,
2011) or synaptic properties (Jercog et al., 2010; Franken et al.,
2015). Most recently, it has been suggested that even the acoustic
inputs themselves could underlie non-zero CPs (Benichoux et al.,
2015).

The distribution of best ITDs appeared homogeneous at any
given frequency, which is consistent with a time-delayed, Jeffress-
like system. In contrast, a two-channel model, based entirely on
phase delays, predicts some degree of clustering around a single
specific ITD value that should decrease with increasing frequency
(McAlpine et al., 2001; Brand et al., 2002; Vonderschen and
Wagner, 2014). Physiological data from birds and crocodilians
as well as from mammals often show an intermediate behavior,
where the total range of best ITDs decreases with increasing
frequency, albeit without any clustering to specific ITD values
(review in Joris and Yin, 2007; Pecka et al., 2008; Carr et al., 2009;
Bremen and Joris, 2013). This was also true for the chicken NL.

We also analyzed our data regarding the pi-limit, a theoretical
limit for the best ITD distribution of a phase-delay system
(Vonderschen and Wagner, 2014) and equal to half the period
of the stimulus frequency. This limit exists because the cyclical
nature of phase differences means that, e.g., a contralateral-
leading phase delay of 0.6 cycles cannot be differentiated
from an ipsilateral-leading phase delay of 0.4 cycles. Pure
time-delay systems like the Jeffress model do not have this
theoretical limitation. The maximum ITD that a time delay is
able to compensate depends on the specific limitations of the
delay mechanism, e.g., the maximum physical length difference
between axons arriving from the ipsilateral and contralateral ears.
Therefore, best ITDs should be distributed across the naturally
occurring range, irrespective of the frequency band. In practice,
selecting the best ITD closest to zero from responses to a single
test frequency means that measurements will always fall within
the pi limit if they are not disambiguated by additional tests.
In addition, a recent modeling study suggests that a similar
frequency dependence of best ITD range may result for systems
based on time delays and phase delays alike (Fontaine and
Brette, 2011). Therefore, a larger dispersion of best ITDs at
lower frequencies is not a strong argument against a delay-
line system à la Jeffress. Our dataset contained several points
outside the pi-limit, both in the best ITD (after disambiguation)
and CD distributions, which suggests the presence of a time-
delay mechanism. The period of the frequencies we probed is
long enough so that points outside of the pi-limit were also
outside the natural ITD-range for the chicken. Finally, our
data provided no support for a stereausis model. This model

(Schroeder, 1977; Shamma et al., 1989) is based on cochlear
delays, which are caused by monaural inputs arriving to the
coincidence detectors with a slight CF mismatch. There were no
significant or systematic CF mismatches, in either the present or
the previously published data (Köppl and Carr, 2008).

In summary, the chicken NL shows evidence for a mixed
contribution of potentially several sources of input delays.
Strong and long-standing evidence for frequency-invariant time
delays via axonal delay lines comes from both anatomy and
physiology (Overholt et al., 1992; Köppl and Carr, 2008). Our
data suggest that additional, frequency-dependent phase delays
play a significant role. The strongest evidence is the broad range
of CP values, which is difficult to reconcile with a pure time-
delay system. It is important to emphasize that several sources of
delays need not be incompatible or in conflict. Indeed, a similar
combination of frequency-invariant time delay and frequency-
dependent phase delays was found to best explain the responses
of neurons in the gerbil MSO (Day and Semple, 2011). This does
not mean that the sources of such delays are necessarily similar in
gerbil and chicken.

Relationship of ITD Representation in NL to
the Chicken’s Natural Range
In a two-channel model of ITD coding, many best ITD values
are predicted to fall outside the naturally heard range of the
animal (Harper and McAlpine, 2004), while the Jeffress model
predicts all values to fall within that range. In the chicken, the
physical separation of the ears yields a prediction of ±75 µs for
its natural range of perceived ITDs (Hyson et al., 1994). However,
in practice, the presence of internal coupling between the middle
ears via the interaural canal makes this range larger, with a more
pronounced effect at lower frequencies (Calford and Piddington,
1988; Larsen et al., 2006). The internally coupled middle ears
extend the effective physiological range of the chicken close to
200 µs at 800 Hz, and possibly even larger at lower frequencies
(Hyson et al., 1994; Fischer and Seidl, 2014) but due to a lack of
measurements, the exact values for very low frequencies remain
unknown.

Both best ITD and CD values were distributed over a range
that extended beyond±200µs, and thus is probably broader than
the natural range of the chicken. The homogeneity speaks against
a two-channel model of ITD coding, while the broad distribution
range is inconsistent with a classical Jeffress-type model. In
contrast, the slope midpoints were much more restricted in
distribution at frequencies above ∼500 Hz. At lower frequencies,
the distribution was not homogeneous. Instead, all values fell
outside the likely natural range and no values occurred at ITDs
close to the acoustic midline.

ITD Coding Changes Across the Tonotopic
Range in the Chicken
Two features in our data are not consistent with a classical Jeffress
model. Firstly, a broad range of best ITDs and CDs that extended
beyond the likely natural range of the chicken. Secondly a large
number of non-zero CPs that point to the additional contribution
of a phase delay system. The position of slope midpoints at higher
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frequencies was, however, more restricted to the likely natural
range of the chicken and homogeneously distributed within
it. This suggests that, in accordance with previous predictions
(Harper and McAlpine, 2004; Hyson, 2005; Fischer and Seidl,
2014) and reports (Harper et al., 2014) the chicken may use a
slope code representation as opposed to a peak code. Importantly,
this is not in conflict with a topographical representation that,
indeed, was already shown for the higher-frequency regions
in the chicken NL (Köppl and Carr, 2008). This points to
a modified Jeffress-type place code as proposed by Hyson
(2005), where each ITD is represented by the border between
clusters of maximally firing units and minimally firing units
across an array of NL neurons. It is important to note that
peak and slope coding are not mutually exclusive, and both
systems could be used to extract information about different
features.

However, our data suggests that this system does not extend to
low frequencies of several 100 Hz. In this range, slope midpoints
fell far from the acoustic midline, with (a) no homogeneous
distribution, (b) no values close to 0 µs ITD, and (c) no
consistent slope direction across the acoustic midline. All of
these contradict the concept of a systematic array of slopes
covering the natural range. It remains unknown whether there
is a topographic organization of ITDs at these low frequencies.
Our data for low frequencies also did not support an ITD coding
strategy according to the two-channel model. In particular, the
presence of response slopes crossing the acoustic midline in
both directions in each NL would destroy any correlation of the
relative hemispheric activities with ITD (Grothe et al., 2010).
Furthermore, the slope midpoints, i.e., the most sensitive regions
of the responses, curiously spared the representation of frontal

space. Thus far, our data for the very low frequencies of chicken
NL do not support any current model of ITD coding.

This is different to the barn owl, where we recently showed
that the properties of NL neurons remained consistent with a
Jeffress model down to frequencies of several 100 Hz (Palanca-
Castan and Köppl, 2015). Different representations of azimuthal
space in chicken and barn owl could be a reflection of the
necessities of their respective ecological niches similarly to
the space covered by visual fields (Martin, 2007). Indeed,
Heffner and Heffner (1992) and Heffner (1997) found a
consistent relationship between the field of best vision and sound
localization acuity in which animals with smaller fields of best
vision (usually associated with predators) had higher acuity.
While the extraordinary sound localization capabilities of the
barn owl are well-documented (Knudsen et al., 1979), it remains
unknown how well chickens can localize sounds. Given that the
chicken may not need the localization precision that the owl does,
the constraints on the neural circuits need not be as narrow.
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