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“Life is like riding a bicycle.

To keep your balance, you must keep moving.”

-Albert Einstein



I. Summary

Excitatory and inhibitory synapses are major components of interneuronal information
processing. A robust interplay between these two types is crucial in the lateral superior olive
(LSO). LSO neurons integrate excitatory and inhibitory inputs from the ipsilateral and
contralateral ear, respectively. They are remarkably sensitive to interaural level differences
(ILDs) and interaural time differences (ITDs), making them well-suited for azimuthal sound
source localization. Together with their input neurons from the cochlear nucleus and the medial
nucleus of the trapezoid body, LSO neurons form an optimal circuit to investigate the
mechanisms underlying behaviorally relevant synaptic integration of excitation and inhibition.
The mechanisms by which the relative strength and timing of excitatory and inhibitory inputs
are integrated in the LSO are not yet fully understood.

In this study, | examined synaptic integration in LSO neurons in four steps. First, | evaluated
excitatory transmission by combining whole-cell voltage-clamp recordings with electrical fiber
stimulations in young adult mice. LSO neurons receive up to 40 excitatory inputs, with each
input contributing a synaptic weight (SWex) of 1 nS/input. | used these values, along with four
inhibitory inputs of SW;,, of 8 nS/input, as canonical synaptic inputs in the LSO circuit. Second,
| analyzed the biophysical membrane properties of LSO neurons that underlie synaptic
integration. Fast signal integration is enabled by a short membrane time constant and low
input resistance along the putative tonotopic axis. Voltage sag behavior and membrane
resonances indicate an extension of passive features by active conductances. Suprathreshold
responses were observed as biphasic action potentials (APs), likely reflecting compartment-
specific activation of voltage-gated sodium channels. Moreover, the AP threshold varied with
the slope of stimulation. Third, | employed the dynamic-clamp in conjunction with an input
pathway model to study synaptic integration. Upon sinusoidal stimulation, the neurons
behaved as coincidence detectors. They transformed a primary-like input pattern with
physiological SW.,. into onset responses. The onset can be employed for rate-level coding in
combination with inhibition. Conversely, the sustained phase does not support rate-based level
difference coding, regardless of SW.x. and SW;,, configurations. The coincidence mechanism
creates band-pass filtering during sinusoidal stimulation and sets the highest sensitivity to
transient activations. These activations enable robust rate-difference coding and coding of
temporal disparities between excitation and inhibition. Fourth, in vivo data from anaesthetized
mice showed that LSO neurons are highly sensitive to variations in stimulus transience and
can encode these up to high modulation rates. Moreover, integration of ILDs is not impeded
by such high modulation rates.

Together, my results provide a mechanistic rationale for the synaptic integration underlying

the high perceptual acuity of sound source localization with transient sound signals.



Il. Zusammenfassung

Erregende  und hemmende Synapsen sind zentrale  Bestandteile  der
Informationsverarbeitung zwischen Neuronen. Ein robustes Zusammenspiel dieser beiden
Typen ist von entscheidender Bedeutung in der lateralen superioren Olive (LSO). LSO
Neurone integrieren erregende und hemmende Eingange, die von dem ipsilateralen
beziehungsweise kontralateralen Ohr kommen. Sie sind bemerkenswert empfindlich
gegenulber interauralen Pegeldifferenzen (ILDs) und interauralen Zeitdifferenzen (ITDs), was
sie besonders fur die Lokalisation von Schallquellen eignet. Gemeinsam mit ihren Eingangen
aus dem Nucleus cochlearis und dem medialen Trapezoidkdrper bilden LSO Neurone einen
optimalen Schaltkreis, um die Mechanismen von verhaltensrelevanter synaptischer
Integration von Erregung und Hemmung zu untersuchen. Die Mechanismen, durch welche die
relative Starke und das zeitliche Auftreten von Erregung und Hemmung in der LSO integriert
werden, sind bislang nicht vollstandig verstanden.

In dieser Thesis habe ich die synaptische Integration in LSO Neuronen in vier Stufen
untersucht. Erstens habe ich die erregende synaptische Transmission neu bewertet, indem
ich Ganzzell-Spannungsklemmableitungen mit elektrischen Faserstimulationen bei jungen
adulten Mausen kombiniert habe. LSO Neurone erhalten etwa 40 erregende Eingange, wobei
jeder Eingang ein synaptisches Gewicht (SWe.) von 1 nS/Eingang hat. Diese Werte,
zusammen mit vier hemmenden Einfangen mit einem SWi,» von 8 nS/Eingang, habe ich als
kanonische synaptische Eingange im LSO Schaltkreis verwendet. Zweitens habe ich die
biophysikalischen Membraneigenschaften untersucht, die der synaptischen Integration in LSO
Neuronen zugrunde liegen. Eine schnelle Signalverarbeitung wird durch eine kurze
Membranzeitkonstante und einen niedrigen Eingangswiderstand entlang der tonotopen Achse
ermoglicht. ,Voltage Sag’ Verhalten und Membranresonanzen weisen auf eine Erweiterung
passiver Eigenschaften durch aktive Leitfahigkeiten hin. Uberschwellige Antworten traten als
biphasische Aktionspotentiale (APs) auf, was auf eine Kompartment spezifische Aktivierung
spannungsabhangiger Natriumkanale hinweist. Darlber hinaus variierten die AP-Schwelle mit
der Steigung des Stimulus. Drittens habe ich Dynamic-Clamp-Experimente in Kombination mit
einem Model zur Simulierung von Eingangsaktivitat eingesetzt, um die synaptische Integration
zu untersuchen. Bei sinusférmiger Stimulation verhielten sich die Neurone wie
Koinzidenzdetektoren.  Sie  transformierten  primar-dhnliche  Eingangsmuster  mit
physiologischen SW.. in Antworten im Reizbeginn. Diese Onset-Antworten koénnen in
Kombination mit Hemmung zur Kodierung von Levelunterschieden Uber die AP Raten
verwendet werden. Die andauernde Phase hingegen unterstitzt keine ratenbasierte
Levelunterschiedskodierung, unabhangig von der Konfiguration von SWe. und SWi... Der

Koinzidenzmechanismus erzeugt eine Bandpassfilterung wahrend sinusférmiger Stimulation



und fihrt zu einer hdéchsten Empfindlichkeit bei transienten Aktivierungen. Diese
Aktivierungen ermoglichen eine robuste ratenbasierte Levelunterschiedskodierung, sowie
eine Kodierung von zeitlichen Differenzen zwischen Erregung und Hemmung. Viertens
zeigten in vivo Versuche von narkotisierten Mausen, dass LSO Neurone sensitiv auf
Veranderung der Transienz von Reizen reagieren und diese bis zu hohen Modulationsraten
kodieren kénnen. Zudem wird die Integration von ILDs durch solche die Reiztransienz nicht
beeintrachtigt.

Zusammenfassend liefern meine Ergebnisse eine mechanistische Begrindung fir die
synaptische Integration, die einer hohen Prazision in der Schallquellenlokalisation mit

transienten Schallsignalen zugrunde liegt.

VI
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1. Introduction

1.1 Sound source localization

Sensory systems are a prerequisite for orientation in a three-dimensional environment,
whether it is on land, in water, or in the air. For humans, auditory orientation plays a crucial
role, especially where visual information is limited or unavailable. The ability to localize sound
sources is enabled by spatial hearing. Spatial hearing can be divided into three domains:
sound source localization in the azimuthal plane, in elevation, and in distance. Azimuthal
sound source localization refers to the ability to determine the direction of a sound source in
the horizontal plane relative to the head. This skill is vital in hunting scenarios for localizing
prey and, conversely, for detecting predators. Beyond this predator-prey relationship, sound
source localization plays an important role in social interactions. For humans, sound source
localization plays a particularly important role in recognizing danger (e.g., a rapidly passing
ambulance) as well as in the separation of voices in a noisy environment. Individuals who
struggle with localizing sound sources often experience the cocktail party effect, impairing their
ability to follow a conversation in environments with multiple sound sources (Cherry, 1953;
Bronkhorst, 2015).

Unlike other sensory systems, such as vision or somatosensation, auditory signals lack
spatial information when perceived by the sensory epithelium (Fig. 1.1; Hartmann, 2021).
Sound is transmitted through the auditory periphery and the middle ear to the cochlea, where
a mechanoelectrical transduction occurs. At this stage, the basilar membrane segregates the
signal into its frequency components by a mechanical Fourier analyis, resulting in a
topographic analysis of sound frequencies (tonotopic arrangement, Von Békésy, 1960;
Fettiplace, 2017; Rutherford et al., 2021). Consequently, spatial information is not directly
represented on the sensory epithelium. Two strategies can be employed to extract spatial
information from sounds to allow the brain to create a virtual auditory map. First, spectral cues
that are present monaurally are used by the central auditory system to estimate the elevation
and distance of sound sources (Reiss & Young, 2005). Second, the positioning of the ears at
opposite sides of the head is crucial for effective azimuthal spatial hearing, as it results in
disparities in the sound reaching each ear. These differences include temporal variations
(interaural time differences; ITDs) and intensity variations (interaural level differences; ILDs,
Grothe et al., 2010). The physical origins and physiological effects of ITDs and ILDs are

discussed in the next section.
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cutaneous sensory system

Figure 1.1 Spatial information is not represented on the basilar membrane - the auditory
sensory epithelium.

(A) Auditory signals are mapped tonotopically on the basilar membrane of the cochlea, which does not
encompass spatial information.

(B) Topographic representation on the retina. Objects like a trombone are mapped on the eye's sensory
epithelium — the retina.

(C) The cutaneous sensory system processes topographic information for touch, pain and temperature.
Humans can identify the side of stimulation represented by the two pins: Paris (left) and Berlin (right).
Panels A&B are inspired based on standard anatomical structures, see e.g., (Kim et al., 2018, Banna
et al., 2024), respectively.

1.2 Azimuthal sound source localization — level versus temporal coding

The significance of binaural hearing for sound source localization was recognized in the
late 18th and early 19th centuries by William Charles Wells (1757-1817), and Giovanni
Battista Venturi (1746—1822). Their studies concluded that the localization of sound sources
necessitates an inequality of sound between the two ears (Wade & Deutsch, 2008), which we
now understand to be ITDs and ILDs. | will introduce the principles of spatial coding and their
underlying neurons mechanisms in the next sections. These concepts have recently been
reviewed by Pecka and Encke (2020).

The use of ITDs for low-frequency sound source localization and ILDs for high-frequency
sound source localization was formalized about a century later in Lord Rayleigh’s duplex
theory of sound localization (Rayleigh, 1909; Stevens & Newman, 1936). Sound waves shorter
than the head’s diameter are reflected and absorbed due to impedance differences between
air and the head. Thereby, the attenuation of sound (sound shadow) creates direction-
sensitive level differences at the two ears (Figs.1.2 A&D; Owrutsky et al., 2021).

For humans with a head diameter of approximately 15 cm, the theoretical lower frequency
limit for effective ILD computation is around 2 kHz. In contrast, for small mammals, like mice,
with a head diameter of about 1.5cm, this limit is about 20 kHz. However, empirical

measurements have shown that substantial ILDs (> 10dB) are present at frequencies of
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10 kHz and higher (mouse: Lauer et al., 2011; gerbil: Maki & Furukawa, 2005; rat: Koka et al.,
2008).

The ILDs are complemented by ITDs, which arise from the differences in arrival times of
sound at each ear. When a sound source is not centered, it will first reach the ear facing the
source before reaching the adverted ear. By avoiding phase ambiguities, low-frequency sound
with wavelengths longer than the head diameter, enable ongoing temporal comparison of the
sound between the two ears (Grothe et al., 2010). This is considered ITD analysis of the fine
structure of sound (ITDs; Figs.1.2 B&C). Hence, the head diameter limits the ITD, for humans
with a head diameter of ~15 cm to a maximum of 800 us (1.3 kHZ), while for small mammals,
ITDs are in the range of up to 100 us (Maki & Furukawa, 2005; Benichoux et al., 2016; review:
Owrutsky et al., 2021).

The transition between ITD and ILD dominance occurs in humans between 1 and 2 kHz,
aligning well with the physical predictions (Brughera et al., 2013; Hartmann & Macaulay,
2014). Mice are often considered to rely on ILD cues due to their small head diameter and
low-frequency hearing limit of 1 kHz (Markl & Ehret, 1973). While phase ambiguity is not
present up to frequencies of ~10 kHz (at 100 ps, see above), ITD coding is further constrained
by physiological factors. For example, auditory nerve fibers, which encode the sinusoidal
structure of (pure-tone) sound, are limited to frequencies of ~1.5 kHz (further detailed in
section 1.3). This establishes a biological upper boundary for ITD-based localization (Rose et
al., 1967; Weiss & Rose, 1988; Joris, Carney, et al., 1994; Taberner & Liberman, 2005; review:
Joris & van der Heijden, 2019). A very recent study suggests that peripheral filtering within the
cochlea limits the use of ITD cues to about 1 kHz (Goupell et al., 2024).

While ITD- and ILD-based localization have limitations with pure tones, ITD cues exist in
high-frequency sounds through the signal's envelope, which can be used for sound source
localization (Stecker et al., 2021). For instance, the sound onset provides an important
temporal cue. In human speech, temporal cues are available in the envelope structure by
envelope fluctuations (2-50 Hz) and by periodicity (50-500 Hz; Rosen, 1992). Modulating the
envelope enables the study of the importance of temporal cues for the localization of high-
frequency sound. These can be studied systematically using sinus amplitude-modulated
(SAM) tones or high-frequency filtered clicks (Joris & van der Heijden, 2019; Yin et al., 2019).
These high-frequency temporal cues can be categorized into: ITDonset, ITDenv, @and 1TDgiick
(Fig.1.2 D-F). In human psychophysical studies, the importance of ITDen has been shown as
an important cue for high-frequency sound source localization. The ITDen thresholds can be
as low, or even lower than for fine-structure ITDs (Bernstein & Trahiotis, 2002; Dietz et al.,
2013).
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Figure 1.2 Azimuthal sound source localization depends on binaural auditory cues: interaural
level differences and interaural time differences.

(A) Schematic of sound shadowing by a human head, creating interaural level differences (ILD). High-
frequency sound (> 2 kHz) is absorbed and reflected by the head as physical barrier. Panels A&B are
adapted from Grothe et al. (2010).

(B) Interaural time differences (ITDs) arise from the varying differences a sound wave must travel to
reach each ear.

(C) Visualization of ITDs in the fine structure of a low-frequency pure tone.

(D-F) In high-frequency sound, the ILD is the level difference with which a sound wave reaches either
ear. Three sound waves commonly used in auditory neurophysiology are presented: a high-frequency
pure tone (D), a high-frequency amplitude modulated tone (E; cf. Fig.1.1 A), and a filtered click train
(F). ITDs can occur in either of these sound waves, such as at the onset (ITDonset, B), in phase
differences in the envelope (ITDenv, F), or in the arrival of the click (ITDaiick, G).

1.3 Neuronal representation of ILDs and ITDs in the auditory brainstem
The fundamental currency of information in the brain are action potentials (APs), with
information encoded either through their temporal occurrence or rate of occurrence. For
neurons to encode ILD and ITD information, it is essential that they receive bilateral inputs
and have their AP activity modulated by these cues. The activity of neurons can be assessed
by recording their APs as spikes in extracellular voltage recordings (simplified in the panel left
to Fig.1.3 C'). The terms AP and spike are often used interchangeably, as they refer to the

same biological observation.

Introduction 4



ILDs are encoded in a process where the AP activity caused by sound at one ear is reduced
by increasing the sound level at the other ear. According to the framework by Tollin (2003) an
ideal ILD processor has to fulfill several criteria, and these criteria are reliably met by neurons
in the lateral superior olive (LSO) of the auditory brainstem. LSO neurons respond with an
increase in the AP rate to sounds from the ipsilateral ear, and this response decreases as the
sound level at the contralateral ear rises (Boudreau & Tsuchitani, 1968; Guinan, Norris, et al.,
1972; Tollin & Yin, 2002a). This information is extracted from ipsilateral excitatory (Cant &
Casseday, 1986) and contralateral inhibitory inputs to the LSO (Moore & Caspary, 1983;
Banks & Smith, 1992). The activity of a neuron can be displayed in peri-stimulus time
histogram (PSTHSs), allowing to compare the firing rate before, during, and after stimulation.
Upon ipsilateral stimulation, LSO neurons exhibit a prominent onset response with little
temporal jitter in the occurrence of the first AP. This is followed by a decrease in activity, and
the temporal occurrence of this activity can be characterized into different firing patterns:
onset, chopper, or primary-like (PL, Tsuchitani, 1982). This activity is induced by a narrow
range of tone frequencies, and the frequency range that inhibits LSO neurons by contralateral
stimulation aligns with the excitatory range (Boudreau & Tsuchitani, 1968; Caird & Klinke,
1983). This implies that the neurons innervating a given LSO neuron have very similar
frequency tuning. The frequency sensitivity of LSO neurons is tonotopically ordered. Neurons
in the lateral limb of the LSO are sensitive to low-frequency sound, and neurons in the medial
part of the LSO to high-frequency sound (Fig.1.4 B, Caird & Klinke, 1983; Sanes & Rubel,
1988).

Computation of ITDs is classically assigned to neurons in the medial superior olive (MSO).
These neurons are excited by low-frequency tone stimulations of either ear. The AP probability
of MSO neurons depends on the ITD of the stimulus, and they only fire APs in a narrow
temporal window, enabling microsecond ITD coding (Goldberg & Brown, 1969). This is
achieved through a coincidence detection of excitatory inputs from both hemispheres. They
activate cyclically with the stimulus phase, which MSO neurons can follow up to frequencies
of about 1.5 kHz (Yin & Chan, 1990). This sets the upper frequency limit for ITD computation
by MSO neurons (Brughera et al., 2013). Importantly, the excitatory inputs are accompanied
by bilateral inhibitory inputs that can modulate the coincidence detection window and thereby
shift the preferred ITD for coincidence detection (Brand et al., 2002; Pecka et al., 2008; Myoga
et al., 2014). The intricate mechanisms of ITD coding of MSO neurons are further elaborated
in a recent review (Grothe et al., 2019). In the following, | will focus on a second mechanism
of ITD coding.

Despite LSO neurons fulfilling several criteria that allow ILD computation, this does not

imply that ILD computation is the exclusive coding regime of these neurons. LSO neurons

Introduction 5



exhibit an exclusive high sensitivity to ITDs of click stimulation (cf. ITDgick, Fig.1.2 F,
Beiderbeck et al., 2018; Franken et al., 2021). In contrast to MSO neurons, the ipsi-excitatory,
contra-inhibitory nature of the LSO inputs leads to an anti-coincidence detection. They fire APs
when ipsilateral and contralateral inputs are not in temporal register. Thus, APs are
suppressed in an anti-coincidence detection window (Joris & Yin, 1995). The dual sensitivity
to ILDs and ITDs led to the hypothesis of time-intensity trading, in which the presence of one
cue can be compromised by the second (Grothe & Park, 1995; Park et al., 1996). In pure-tone
stimulations, the onset response of LSO neurons is suppressed by both ITDs and ILDs, while
the sustained part is primarily sensitive to ILDs (Irvine et al., 2001). However, low-frequency
sensitive LSO neurons are described to be activated cyclically, following the low-frequency
stimulus phase like MSO neurons, and show ITD sensitivity throughout the stimulus (Finlayson
& Caspary, 1991; Tollin & Yin, 2005). Cyclic activation can also be achieved by an ipsilateral
high-frequency SAM tone. The APs of the neuron then follow the low-frequency sinusoid of
the modulation (Joris & Yin, 1995; Batra et al., 1997). Combined with contralateral inhibition,
the activity is sensitive to ITDenv (Joris, 1996). In humans, the ITD sensitivity for ITDenv can
even surpass the ITDs sensitivity (Bernstein & Trahiotis, 2002; Dietz et al., 2013), and rats
have been shown to behaviorally be able to use the ITDen for sound source localization (Li et
al., 2019). The synaptic integration mechanisms by which LSO neurons achieve dual
sensitivity to ILDs and ITD with high perceptual acuity remain largely unknown and were the

focus of my research.

1.4 Neuronal representation of sound in the afferent auditory pathway

Understanding how the brain decodes ITDs and ILDs requires comprehension of the
mechanisms by which sound is transformed into both temporal and rate-based
representations of APs. Therefore, | will introduce how the nervous system encodes sound in
the early afferent pathway.

The Fourier analysis of the basilar membrane spatially separates sound frequencies in the
cochlea (cf. Fig.1.1). The movement of the basilar membrane, along with the tectorial
membrane, stimulates activity in two types of hair cells: outer hair cells, which serve as a
reinforcement mechanism, and inner hair cells, which synaptically activate spiral ganglion
neurons (SGNSs) through their peripheral processes (Rutherford et al., 2021). Together with
the central processes of the bipolar SGNs, these projections are collectively referred to as
auditory nerve fibers (ANFs). ANFs target various neural populations within the cochlear
nucleus complex (CN), the brain's gate for auditory information (Oertel et al., 2019).
Consequently, all information required for subsequent sound processing, including ITD and

ILD information, must be encoded via the timing and/or rate of APs in the ANFs.
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Figure 1.3 Schematic of peripheral neural representation of different sound signals.

(A) lllustration of the sound pressure profile of a low-frequency pure tone (A"), a high-frequency pure
tone (A?) and a complex sound (wideband noise, A3).

(B) Schematics of basilar membrane oscillations induced by the sounds patterns in A. According to
Fig.1.1 (A), the oscillations shown in B! would be at an apical position, whereas those of B2 would be
at a basal position in the cochlea. The sound in A3 would undergo a Fourier analysis and the oscillations
in low-frequency areas are shown in B3 and those of high-frequency areas in B32.

(C) Neural representation of the sound patterns in A. The panel to the left of C illustrates a recording
from spiral ganglion neurons. Their activity is drawn in panels C'-C2 in spike raster plots (bottom), where
the dots mark the occurrence of APs. Each row is a single representation of the same sound. These
can then be summarized in peri-stimulus time histograms (top panels), i.e., by counting the number of
dots that fall into a single bin.

Figure is redrawn from (Joris & van der Heijden, 2019).

Low-frequency sound (Fig.1.3 A") induces cyclic displacements of the basilar membrane
(Fig.1.3 B"), and ANFs generate APs when the membrane is positively displaced. Thus, the
temporal pattern of APs follows the temporal structure of the sound (Fig.1.3 A'-C"). Because
they lock their AP activity to the phases of stimulation, this phenomenon is called phase
locking (Goldberg & Brown, 1969; Joris & Smith, 2008). The oscillations of high-frequency
sounds are too fast for the neural system to follow (Fig.1.3 A'-C'; Joris & van der Heijden,
2019). Instead, the AP activity of ANFs follows the envelope of the stimulus (Fig.1.3 C?; Joris,
Carney, et al., 1994). Complex sound signals include multiple frequency domains. These are
separately analyzed, and their low-pass filtered component can again reliably be encoded by
phase locking. The encoding of the high-pass filtered component is characterized by phase
locking to the envelope of the signal (Fig.1.3 A3-C?).
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1.5 Ticket to the olive: the neural pathway to lateral superior olive
neurons

In order to extract ILD and ITD information from high-frequency sound, the neural
architecture of the LSO circuitry must support the ipsi-excitatory and contra-inhibitory coding
principle. This architecture provides the anatomical basis for understanding the mechanisms
of synaptic integration in the LSO.

After sound is perceived in the cochlea by mechano-electrical transduction in the inner hair
cells, the information is transmitted to the CN via ANFs. These ANFs have multiple functional
classes that activate at different sound levels and span a range of rate-level functions,
enabling sound level computation over a wide range (Taberner & Liberman, 2005; Pyott & von
Gersdorff, 2020). They innervate bushy cells (BCs) in the anteroventral cochlear nucleus
(AVCN), in an ANF-subtype independent manner, presumably allowing BCs to integrate rate-
level information over a wide range (Wong et al., 2025). BCs are contacted via exceptionally
large synapses, named endbulb of held, which engulf the soma of their postsynaptic partners
(Held, 1893). The number of ANFs converging on a given BC is low, with functional estimates
being 1-13 (Cao & Oertel, 2010) and anatomical estimates being 5-12 (Spirou et al., 2023,
both in mice). BC display sharp frequency sensitivity and follow a tonotopic arrangement within
the AVCN (Fig.1.4 B, review: Oertel et al., 2019). They are categorized into three classes,
based on their somatodendritic morphology and auditory brainstem targets. (NB: in mice these
differences are less prominent (Lauer et al., 2013), and not taken into account by some author
(Zhuang et al., 2020)). Large spherical BCs (SBCs) are situated ventrally, respond to low-
frequency sound, and send excitatory projections to the MSO in both brainstem hemispheres
(Stotler, 1953; Osen, 1969; Lindsey, 1975; Smith et al., 1993). Small SBCs are situated more
dorsally and show sensitivity to higher sound frequencies. These neurons project to neurons
in the ipsilateral LSO (Fig.1.4 C, Cant & Casseday, 1986; Friauf & Ostwald, 1988). The
ipsilateral excitatory inputs are opposed by glycinergic inhibitory inputs emanating from
neurons of the homolateral medial nucleus of the trapezoid body (MNTB, Moore & Caspary,
1983; Bledsoe et al., 1990; Sommer et al., 1993), which in turn are innervated by globular BCs
(GBCs, Tolbert & Morest, 1982).
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Figure 1.4 Overview of the LSO input and output pathways and synaptic organization on
LSO neurons.
(A) The location of the LSO within the mouse brain seen from a dorsal view and in a sagittal brain slice.

In the sagittal slice, the LSO is indicated in red (arrow to ventral section) but is hard to see due to its
small size.

(B) Topographic arrangement of the LSO pathway in a coronal section.

(C) Cartoon depicting a coronal brainstem section indicating the input pathways to LSO principal
neurons. The major binaural innervations are drawn in bold, while innervations considered modulatory
or with unknown function are drawn light (drawn for completeness, but not further addressed). Panels
C&D are modified from (Friauf et al., 2019).

(D) Cartoon depicting the output pathways of LSO principal neurons (left) and lateral olivocochlear
(LOC) neurons (right — drawn for completeness, but not further addressed). Dotted lines ending in
arrows in the central nucleus of the inferior colliculus (CNIC) indicate ipsilateral excitatory projections
form LSO neurons, and contralateral inhibitory projection (see section 1.9).

(E) Somatodendritic morphology of two stereotypical LSO neurons (redrawn from Rietzel & Friauf,
1998).

(F) Somatodendritic orientation of LSO neurons within the nucleus follow the tonotopic axis. The two
neurons from E are approximately positioned at their location shown in Rietzel & Friauf (1998).

(G) Synaptic arrangement onto an LSO neuron soma and proximal dendrites. Red: presumed inhibitory
synapses, blue: presumed excitatory synapses. Modified from (Gjoni, Aguet, et al., 2018).

(H) Histogram of cell body coverage by inhibitory terminals. Modified from (Franken et al., 2018).

(I) Synaptic inputs onto an LSO neuron. Green excitatory inputs, red inhibitory inputs. Numbers of inputs
are based on (Gjoni, Zenke, et al., 2018).

Abbreviations: IHC: inner hair cell, AVCN: anteroventral cochlear nucleus, LSO: lateral superior olive,
MNTB: medial nucleus of the trapezoid body, LNTB: lateral nucleus of the trapezoid body, INLL:
intermediate nucleus of the lateral lemniscus, DNLL: dorsal nucleus of the lateral lemniscus, CNIC,
central nucleus of the inferior colliculus.
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The axons of the GBCs run through the ventral acoustic stria to innervate MTNB neurons
by another giant synapse: the calyx of Held (Held, 1893). The calyceal synapse enwraps the
MNTB soma and is the virtually exclusive spike-driving input to MNTB neurons (review: Yu &
Goodrich, 2014). MNTB neurons form conventional inhibitory boutons predominantly on the
soma of LSO neurons. An impressive 80 % of the soma area are covered by inhibitory
terminals (Fig.1.4 G&H, Helfert & Schwartz, 1987; Franken et al., 2018; Gjoni, Aguet, et al.,
2018). Functional estimates suggest that ~4-8 MNTB neurons are the source of these
innervations (Gjoni, Zenke, et al., 2018; Muller, Jovanovic, et al., 2019). During development,
inhibitory synaptic innervations are pruned, enhancing the frequency selectivity of inhibition
onto LSO neurons (Kim & Kandler, 2003; Muller, Sonntag, et al., 2019). This process aligns
the frequency selectivity of excitation and inhibition (Caird & Klinke, 1983; Sanes & Rubel,
1988). Since the soma is predominantly covered in inhibitory terminals, it is deduced that
excitatory synapses target LSO neurons on their dendrites (Fig.1.4 1). In contrast to the MSO,
there is no polarity in the excitatory and inhibitory afferents to the LSO, i.e., they target both
dendrites extending from the soma (Glendenning et al., 1985). The number of excitatory
converging synapses onto LSO neurons varies across studies. Recent studies suggest that
multiple (~40) weak excitatory inputs converge on a single LSO neuron, and each input
contributes about 50 pA (~0.7 nS; optogenetical stimulation, Gjoni, Zenke, et al., 2018). Others
report a smaller number of innervating inputs with higher unitary strength (Case et al., 2011;
Felix & Magnusson, 2016; Haragopal et al., 2025). These differences will be addressed in my
study.

LSO neurons have a spindle-shaped soma and extend their dendritic tree in orthogonally
to the tonotopic axis (Fig.1.4 E-F, Scheibel & Scheibel, 1974; Cant, 1984; Helfert & Schwartz,
1987; Williams et al., 2022). It is supposed that this allows excitatory inputs to form frequency-
selective laminar sheets of innervation to LSO neurons to effectively increase the frequency
selectivity of LSO neurons (Williams et al., 2022).

These excitatory and inhibitory innervations form the canonical innervation of LSO
neurons, thus aligning well with concepts of subtraction-like ILD computation (review: Friauf
et al., 2019). The rate-based ILD sensitivity reflects this computation, with AP rate increasing
in response to ipsilateral stimulation and progressively decreasing by increasing contralateral
stimulation (Boudreau & Tsuchitani, 1968; Moore & Caspary, 1983; Tollin & Yin, 2002b; Tsai
et al., 2010).

1.6 Activity patterns of neurons innervating the LSO
To understand how LSO neurons compute ILDs and ITDs, it is essential to consider the
activation dynamics of their primary inputs. | now turn to the activation pattern of BCs and

MNTB neurons, which forms the conceptual basis for ILD and ITD coding in LSO neurons.

Introduction 10



The activity of ANFs is further processed by BCs and MNTB neurons before being
transmitted to the LSO. In response to high-frequency pure tones, BCs and MNTB neurons
show PL activation patterns (Rhode & Smith, 1986). These PL patterns are sensitive to the
sound level and the AP rate is increased with increasing level. The peak firing rate is
~300 APs/s (Rhode et al., 1983; Winter & Palmer, 1990; Postolache et al., 2024). However,
non-monotonic effects due to inhibition are also described (Kopp-Scheinpflug et al., 2002;
Kuenzel et al., 2011; Kuenzel et al., 2015). Computational studies often simplify input rate-
level coding to a monotonic increase when investigating the ILD and ITD coding in LSO
neurons (e.g.: Wang & Colburn, 2012; Bures & Marsalek, 2013; Ashida et al., 2021; Dietz &
Ashida, 2021).

In addition to level coding, BCs and MNTB neurons exhibit remarkable temporal precision,
such as at the onset of a sound. To ensure that the temporally precise activity of excitation
and inhibition is in temporal register (Joris & Yin, 1998), structural and functional axonal
specializations compensate for the additional synapse in the contralateral pathway (Ford et
al., 2015; Stange-Marten et al., 2017). Furthermore, the input neurons phase-lock their APs
to the sound of low-frequency pure tones with enhanced temporal precision (Joris, Carney, et
al., 1994; Joris, Smith, et al., 1994). Similarly, the ANFs provide phase-locked inputs in
response to SAM tones with a high-frequency carrier, which are encoded with high precision
in both BCs and MNTB neurons (BC: Muller, Sonntag, et al., 2019, MNTB: Kopp-Scheinpflug
et al., 2003; Tolnai et al., 2008, interaction in the LSO: Joris & Yin, 1998). The transience of
the stimulus can be increased by using transposed tones, compared to SAM tones. Such
stimulations lead to a further increase in temporal precision of ANFs (Dreyer & Delgutte, 2006),
but have not been tested so far on BCs or MNTB neurons. The highest temporal precision is
achieved when stimulating with clicks. Even at stimulations with inter-click intervals of 500 Hz,
BCs and MNTB neurons exhibit remarkable temporal coding (Muller et al., 2023). Collectively,
high temporal precision is considered to elicit synchronous activation of inputs to LSO
neurons, which decreases with decreasing temporal structure of the sound envelopes. How
such synchrony affects the rate-level and temporal coding in LSO neurons is poorly
understood. Therefore, a central aim of my study was to investigate how excitatory and
inhibitory inputs are processed, which vary in their temporal correlation, and how this affects
the sensitivity to ILD and ITD cues.

1.7 Synaptic transmission in the LSO and the effects of synaptic noise
Synaptic transmission enables interneuronal communication. LSO neurons process

ipsilateral excitation along with contralateral inhibition for sound source localization, as

described in the former paragraph. The ipsilateral excitatory and contralateral inhibitory nature

of inputs was confirmed in in vitro brainstem slice studies (Sanes, 1990; Wu & Kelly, 1992;
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Kandler & Friauf, 1995). Excitatory inputs from multiple SBC converge onto LSO neurons and
form glutamatergic synapses. These elicit fast AMPA (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid) receptor-mediated currents with decay time constants < 1ms (Pilati
et al., 2016). The AMPA receptor subunits’ expression of the fast-gating GluR4 subunits
increases developmentally (Caicedo & Eybalin, 1999; Vitten et al., 2004; Pilati et al., 2016).
NMDA (N-methyl-D-aspartate) receptor-mediated currents are reported, however, they
decrease with age (Pilati et al., 2016). These excitatory inputs are contrasted by glycinergic
inhibitory innervations from the MNTB, which are also reported to be fast at ~1 ms (Pilati et
al., 2016; Mduller, Sonntag, et al., 2019). Their strength varies across inputs, but are about
~10-fold stronger than the excitatory inputs (~8 nS; Garcia-Pino et al., 2017; Gjoni, Zenke, et
al., 2018; Muller, Sonntag, et al., 2019). As mentioned earlier, there are about 40 excitatory
inputs converging onto a given LSO neuron, and about 4-8 inhibitory inputs.

Synaptic integration refers to the process of translating synaptic activity into changes in
the postsynaptic membrane potential (Vmem). When an excitatory input is active, it triggers an
excitatory postsynaptic conductance (EPSG). | will refer to the peak conductance elicited by
the activity of a single input as its SW (SWe.y in case of an excitatory input), and the sum of all
excitatory inputs is the compound SWex: (cSWexc). The SWex, by which a neuron is innervated,
is a key player in shaping its synaptic integration strategy. If multiple weak inputs converge
onto a neuron, substantial spatio-temporal summation is necessary to trigger APs.
Conversely, if the SW.,. is large, a unitary input may dictate the firing behavior of the neuron,
such as in the MNTB.

Temporally correlated inputs yield high EPSG peaks, while uncorrelated inputs produce a
broader, dispersed EPSG profile (cf. Fig.1.5 C"). Synchronous inputs maximize the EPSG
peak by summing individual peaks, which are integrated into a postsynaptic depolarization
(EPSP) that, if sufficient, triggers an AP (Fig.1.5 A). The initiation of the AP can be blocked by
adding inhibition (Fig.1.5 B). The scenarios outlined above describe the integration of PSG
from multiple synaptic partners. Their combined effect on the Vmem is typically referred to as
spatial summation. The second form of integration is temporal summation, referring to the
integration of synaptic inputs that occur in rapid succession at the same synapse. In this case,
the time interval between the activations is too short to allow the Viem to repolarize back to its

resting level, allowing successive PSPs to summate temporally.
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Figure 1.5 Schematic of synaptic transmission and experimental setup to stimulate with
simulated synaptic inputs.

(A) Schematic of glutamatergic excitatory synaptic transmission (left). The right shows a synaptic
conductance (top), its corresponding synaptic current (middle) and the voltage change in the
postsynaptic neuron (bottom; black: subthreshold, grey: suprathreshold).

(B) Same as A but for glycinergic inhibitory synaptic transmission. The grey traces to the right, show
the combination of the suprathreshold excitation from A with the hyperpolarizing inhibition (black in B)
that prevents the initiation of an AP.

(C) The influence of distributing the compound SW on different number of inputs. C' depicts the
summation of 40 converging inputs, each contributing 1 nS/input. The summed excitatory conductance
(Gexc) shows a mean steady-state conductance (starting 10 ms after onset) of 6.6 + 1.7 nS (C? left). In
case of a convergence of four inputs (right) the mean is similar (6.4 nS) but the SD increases (5.8 nS,
C2right). The bottom panels in C2 quantify this effect by plotting the mean Gexc (left) as function of SWexc
for two different activation frequencies (fex; top panels show traces for fexc of 300 APs/s). The right plot
shows the same for the SD (0(Gexc)). See Silver (2010) for further details on ‘neural arithmetics’.

When multiple inputs converge onto a neuron and transmit the same type of signal, they
are considered to act in parallel. This concept relies on the assumption that the synapses are

functionally similar, particularly in their molecular composition, such as postsynaptic receptor
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subtypes. The conductances of these parallelly connected synapses would linearly summate
to create a summed synaptic conductance (Fig.1.5 C'-C?). An important feature of such
summed PSG is the time-averaged conductance and its deviations from the mean (here
termed synaptic noise; while further sources of synaptic noise are summarized by Faisal et
al., 2008). Several studies have shown that such noise is an important carrier of information
and can reliably be encoded in auditory neurons (Street & Manis, 2007; Gai et al., 2009). The
noise of the summed PSG is a product of the SW each synapse contributes and their activation
rate. Fig.1.5 (C?) shows two scenarios to illustrate these effects. On the left, 40 inputs
converge onto a given neuron, with each of the inputs contributing a SWe, of 1 nS/input. They
sum to a cSWex. of 40 nS. The same 40 nS can be reached by distributing the 40 nS to only
four inputs, resulting in SWe, of 10 nS/input. While both scenarios have a very similar mean
steady-state conductance of ~6.5nS, they differ in the noise (0 (Gexc)) Of the EPSG
(Fig.1.5 C?, bottom panels). These changes can be explained by Campbell's theorem
connecting the frequency of randomly occurring, fast decaying signals to their time averaged
mean and standard deviation (Campbell, 1909; Silver, 2010). The summed EPSG will be
majorly altered if there is temporal correlation between converging inputs. Therefore, the
temporal activity patterns of the synaptic inputs are major determinants for encoding of level
and temporal information. How variations in the SWex and SWi,, influence the computations for
ILD and ITD coding in LSO neurons is not known. To this end, | used the dynamic-clamp (DC)
method in combination with an input pathway model to study synaptic integration in LSO

neurons. This method will further be subject in section 1.10.

1.8 Functional adaptations for ultra-fast information processing

The bilateral LSO brainstem circuit shows several adaptations, functionally as well as
morphologically, that allow for exquisite temporal coding. A very recent review covers
structural and functional adaptations of neurons across the auditory brainstem (Keine &
Englitz, 2025), while | will focus on adaptations of LSO neurons that shape synaptic
integration.

Important features of synaptic integration are intrinsic membrane properties as well as
active conductances. The latter result from the activity of voltage-gated channels that
contribute to changes in the membrane potential, causing non-linear current-voltage
relationships. Auditory neurons typically exhibit low input resistances (Rin) that result in short
membrane time constants (tmem, Keine & Englitz, 2025). These are determined by passive and
active channels and are major determinants for high-frequency membrane resonances, which

allow fast synaptic integration (Fischer et al., 2018; Leao, 2019).
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Neurons of the bilateral auditory pathways utilize different sub-threshold active channels.
The two most well-described are low-threshold voltage-gated potassium (Kv) channels of the
Kv1 family and hyperpolarization-activated cyclic nucleotide-gated (HCN) channels, which are
expressed (Maraslioglu-Sperber et al., 2024) and functionally described in the LSO (HCN:
Leao et al., 2006; Kv1: Karcz et al., 2011; review: Leao, 2019). Kv1.1 channels show fast
activation due to depolarizations, and they slowly inactivate. They conduct a hyperpolarizing
current, and play an important role in limiting the number of APs in response to a current step
stimulation and to influence a rate- or slope threshold for AP initiation (McGinley & Oertel,
2006; Cao et al., 2007). Furthermore, neurons utilizing Kv1 channels exhibit a band-pass
filtering behavior in combination with stochastic resonance when cyclically activated (Gai et
al., 2009; Gai et al., 2010; Johnston et al., 2010). While the activity of these channels has
been described in BCs and MNTB neurons (Manis & Marx, 1991; Brew & Forsythe, 1995), the
influence of their activity in response to sinusoidal activation has so far not been tested in LSO.
The second channel family, HCN channels (HCN1-4), activates due to hyperpolarization, and
the current they conduct has an equilibrium potential of about -50 mV (Wahl-Schott & Biel,
2009). Therefore, their activation can have a depolarizing or hyperpolarizing effect depending
on the Vimem Of the neuron. LSO neurons primary utilize HCN1-channels, which have the fastest
kinetics of the four subtypes (Leao et al., 2006; Hassfurth et al., 2009; Kopp-Scheinpflug et
al., 2015). A functional role in dendritic integration has been attributed, in that they effectively
dampen the integration of unsynchronous excitatory input signals (Leao et al., 2011). In
combination, the overlapping activation curves of low-threshold Kv conductance and HCN
conductances contribute to the resting Rin of a neuron (Golding & Oertel, 2012). Together,
they shape coincidence detection of excitatory inputs by influencing a slope-dependent AP
threshold (Cao et al., 2007; Golding & Oertel, 2012). In the LSO, a post-inhibitory facilitatory
effect is most likely influenced by the intricate interplay of some of these voltage-gated currents
(Kv1- and HCN-mediated) in combination with voltage- gated sodium (Nav) channels (Dodla
et al., 2006; Beiderbeck et al., 2018).

Further low-threshold Kv conductances were recently described in the LSO, by means of
single cell expression analysis and immunohistochemistry: Kv7.2, Kv7.3 and Kv11.3
(Maraslioglu-Sperber et al., 2024). The activation of the Kv7 channels hyperpolarizes LSO
neurons and contributes to enhance onset AP firing by preventing multiple firing. Similar
functions are attributed to Kv11.3 channels in BCs and MNTB neurons (Hardman & Forsythe,
2009; Yildirim & Bal, 2018). The function of this channel for synaptic integration in LSO

neurons is so far unknown.
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1.9 Afferent and efferent projection of LSO neurons

The projection patterns of LSO neurons are introduced briefly here, to provide anatomical
context and allow for functional interpretations in the results and discussion sections.

The neuronal pathway described so far, is the innervation pathway onto the principal
neurons in the LSO. These neurons are part of the ascending auditory pathway. Besides
principal neurons, the LSO harbors neurons of the lateral olivocochlear (LOC) system
(Romero & Trussell, 2022). As the LOC neurons will not be further subject in this study, the
wording is simplified to LSO neurons regarding the main neuron type. These can be further
subdivided into excitatory and inhibitory neurons, which project to several target nuclei in the
ascending auditory pathway. Ipsilateral projections terminate in the intermediate and dorsal
nucleus of the lateral lemniscus (INLL and DNLL, respectively) as well as neurons in the
central nucleus of the inferior colliculus (CNIC). Contralaterally projecting LSO neurons
terminate in the DNLL and CNIC (Friauf et al., 2019; Williams et al., 2022) (Fig.1.4 D). Whether
there is a strict segregation of excitatory LSO neurons projecting contralaterally and inhibitory
ipsilaterally, or if the two types project bilaterally is currently under debate (Mellott et al., 2022;
Williams et al., 2022; Haragopal et al., 2023; Williams & Ryugo, 2024) and species-specific
differences are discussed by Williams et al. (2022). The temporal dynamics of the activation
patterns of LSO neurons are thought to contribute to temporal coding in CNIC neurons (Ono
etal., 2020). These show sensitivity to ITDeny of high-frequency modulated tones. This strongly
suggests that the temporal firing patterns of LSO neurons are important factors in the
ascending auditory pathway. The temporal activation patterns of LSO neurons in response to

different synaptic integration paradigms are another focus of my study.

1.10Studying synaptic integration using virtual synapses: the dynamic-
clamp method

Synaptic integration is mediated by various intricate mechanisms, including the intensity and
timing of input signals, temporal jitter in synaptic vesicle release, neuromodulation during
continuous stimulations, and voltage-gated conductances of postsynaptic neurons. In
monosynaptically innervated neurons, like MNTB neurons, synaptic integration can be studied
by electrically stimulating the input and recording Vmem changes. In contrast, this is
complicated in poly-innervated neurons, such as in the LSO. Electrical stimulation of the
excitatory, respectively inhibitory pathway unavoidably activates presynaptic inputs
simultaneously. This prevents to study the influence of temporally uncorrelated inputs within
either pathway.

To address these limitations, the DC method can be employed. This approach was initially
utilized by two groups (Robinson & Kawai, 1993; Sharp et al., 1993) to examine the impact of

virtual conductances in real-time in neurons. In this method, a conventional patch-clamp setup
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is augmented with a DC interface, which may consist of an additional computer or a
microcontroller (Prinz et al., 2004; Yang et al., 2015). Synthetic conductances are transmitted
through the patch-clamp setup to the DC interface. The interface then computes the resulting
current based on the conductance, the instantaneous Vmem obtained from current-clamp (CC)
recordings, and the reversal potential of the conductance. This calculated current is

subsequently applied via the patch-clamp amplifier (Fig.1.6 A&B).
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Figure 1.6 Dynamic-clamp setup to study synaptic integration using virtual synapses.
(A) The process of creating simulated synaptic conductances for excitation is shown in A' and for
inhibition in A2, First, activation timings are created for each input that follow a stimulus function (green
and red sinusoid and digitized green and red traces overlaying the black traces in the top panel). A
unitary conductance of either input is then positioned at each timing to create the time-varying
conductance of a unitary input. The sum of those reflects the summed excitatory and inhibitory
conductance that can be used for dynamic-clamp (DC) stimulations (bottom).
(B) Experimental setup to stimulate neurons with simulated synaptic inputs. A classical patch-clamp
setup is extended by a DC interface. This calculates in real-time the current which results from the
conductances in combination with the reversal potential of each synapse and the momentary Vmem. This
current is applied to the neuron, via the patch-clamp amplifier. For details of the DC interface see (Yang
et al., 2015).

The relative timing and strength of each input can be modeled in a manner akin to
computational experiments (Rothman et al., 1993; Ashida et al., 2017). As illustrated in
Fig.1.6 A, the timings of excitatory and inhibitory synapses are simulated using an
inhomogeneous Poisson process, which utilizes a sinusoidal stimulus function. At each
generated input timing for a specified input, a unitary conductance is assigned to produce a
time-varying conductance for each input. The sum of all inputs can then be applied via the DC
interface to study different effects of synaptic integration. Thereby, a key advantage of this

experimental setup is the precise control over input strength and timings. This permits isolation
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of the intrinsic response properties of the postsynaptic neuron to defined synaptic parameter.

Such manipulation enables bridging the gap between in vivo and in vitro approaches and

provide mechanistic insights into principles of synaptic integration.

1.11 Aims of the study

This thesis aims to enhance our understanding of synaptic integration mechanisms in LSO

neurons. The goals can be split into four parts:

1.)

3.)

As outlined in the introduction, there is disagreement in the literature of the synaptic
innervations of excitatory synaptic inputs to LSO neurons. To this end, | reevaluated
the excitatory synaptic inputs to LSO neuron with a focus on the cSWe,, the SW.,. and
the kinetics of synaptic inputs. These will be used as a physiological reference, to allow
the interpretation of the influence of different synaptic parameters on synaptic
integration in LSO neurons.

Intrinsic membrane properties form the basis for synaptic integration and are reported
to vary with the position of the neurons along the putative tonotopic axis of the LSO of
rats and guinea pig (Barnes-Davies et al., 2004; Remme et al., 2014, respectively).
Therefore, | analyzed the following aspects:

i.  What are the basic subthreshold membrane properties of LSO neurons?

i. Do these properties vary along the tonotopic axis?

iii. What are the intrinsic AP properties of LSO neurons and do LSO neurons

express a slope-dependent AP threshold?

This characterization provides valuable insights into how intrinsic membrane properties
are set for synaptic integration and are important for the interpretations on mechanisms
of synaptic integration in LSO neurons.
The primary objective of this thesis was to assess mechanisms of synaptic integration
of LSO neurons under in vivo like stimulation patterns. This was studied in several
aspects. The primary questions were as follows:

i.  Acoincidence detector role for LSO neurons was proposed by a modeling study
(Ashida et al., 2016) and auditory neurons are reported to exhibit stochastic
resonance (Gai et al.,, 2010). Do LSO neurons exhibit such a coincidence
detection mechanism?

i. How does the SW, influence rate and temporal coding of LSO neurons and
how do the temporal dynamic of input activation influence this?

ii. How do LSO neurons extract level-difference information from PL input
patterns, characteristic for pure-tone stimulation?
iv.  How does stimulus transience, modeled by increasing temporal correlation,

affect synaptic integration for rate-level coding?
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v. | hypothesized that temporal correlation is a major determinant for temporal
coding in LSO neurons and analyzed the influence of temporal disparities on
the rate-level coding, as well as the influence of stimulus transience on the
coding of temporal disparities.

4.) To characterize the functional importance of the in vitro findings in an in vivo situation,
a cooperation with the group of Dr. Conny Kopp-Scheinpflug was established. Here we
wanted to address the following objective:

i.  Does stimulus transience increase temporal coding in LSO neurons, potentially
restricting APs to shorter time windows?

i. Does stimulus transience negatively affect rate-level coding in LSO neurons?
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2 Methods

2.1 Animals

Animal breeding and experiments were approved by the regional councils of Rhineland-
Palatia according to the German Animal Welfare Act (TSchG §4/3) and followed the guidelines
for the protection and welfare of laboratory animals. C57BL/6J mice, bred and housed in the
animal facility of the University of Kaiserslautern-Landau, were used for in vitro experiments.

Animals of both sexes aged > 27 postnatal days were analyzed.

2.2 Brainstem slice preparation

Brainstem slices were prepared similarly as described (Muller, Sonntag, et al., 2019). Briefly,
mice were decapitated, and the brain was quickly removed into an ice-cold preparation
solution containing (in mM): 93 N-methyl-D-glucamine, 93 HCI, 30 NaHCO3, 25 glucose,
20 HEPES, 10MgCl2, 5 L-ascorbic acid, 3 myo-inositol, 3 sodium pyruvate, 2.5 KCI,
1.2 NaH2PO4, 0.5 CaCl2 (pH 7.4 when oxygenated with carbogen; 300 £ 10 mOsm/I; final
solution was stored for a maximum of three days). The forebrain and cerebellum were cut off
the brainstem, which was glued with the caudal side onto a magnetic plate. This was inserted
into a Leica VT 1200S (Leica Microsystems, Wetzlar, Germany) and brainstem slice (270 ym)
were cut ventral to dorsal at low speed (0.01-0.03 mm/s). The presence of the 7" cranial nerve
(facial nerve) stump indicated the presence of the LSO. Accordingly, this slice, along with one
above and one below were collected. These were subsequently incubated in preparations
solution at 36°C for 7-8 mins. The slices were then transferred to artificial cerebrospinal fluid
(ACSF) at room temperature, containing (in mM): 125 NaCl, 2.5 KCI, 1 MgCI2, 1.25 NaH2P 04,
2 sodium pyruvate, 3 myo-inositol, 0.44 L-ascorbic acid, 25 NaHCO3, 10 D-glucose, 2 CaCl2
(pH 7.4 when oxygenated with carbogen; 295 + 5 mOsm/I) and stored up to 6 h at room

temperature, before recordings were made.

2.3 Whole-cell patch-clamp recordings & electrical synaptic stimulation

LSO neurons were patched under a Nikon FN1 upright microscope (Nikon GmbH,
Dusseldorf, Germany), equipped with a 4x (Nikon, Plan 4x/0.10 «/- WD 40) and 60x (Nikon
NIR Apo 60x/1.0W DIC N2 «/0 WD2.8) objective. The bath was perfused with ACSF at a rate
of ~1ml/min, and the temperature was maintained at 35-37°C using a TCO7 temperature
controller (Luigs&Neumann, Ratingen, Germany). Data acquisition was performed using a
Heka EPC 10 double amplifier (Heka, Lambrecht, Germany) at sampling frequencies of
20-100 kHz with PatchMaster (Heka, version, v2x90.3) software run on Fujitsu Esprimo

P95894+ computer (Fujitsu, Minato, Japan) with Windows 10 operating system. The LSO was
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identified by its bean-like structure in the ventral brainstem (Fig.3.1 A?, Friauf et al., 2019) and
LSO principal neurons were identified by their spindle-shaped soma. Patch pipettes were
pulled from borosilicate glass (GB 150F-8P; Science products, Hofheim am Taunus,
Germany) with a horizontal puller (P-1000 micropipette puller, Sutter instruments, Novato,
USA). The patch pipettes had a resistance of 0.8-4.5 MQ when filled with an internal solution
containing (in mM): 10 HEPES, 5 EGTA, 1 MgCI2, 140 K-Gluconate (pH 7.2). A SM10
micromanipulator (Luigs&Neumann) was used to control the patch pipette. Liquid junction
potential of 15.4 mV was corrected online, and offset potentials were corrected. Successfully
patched LSO neurons were identified as principal neuron by fast membrane kinetics, voltage
sag in response to hyperpolarizing current injection, and short-latency APs at rheobase and
distinguished from LOC neurons (Sterenborg et al., 2010; Maraslioglu-Sperber et al., 2024).
Voltage-clamp (VC) recordings were low-pass filtered by a 2.9 kHz Bessel filter. Series
resistance (Rs < 17 MQ; determined by a 200-ms hyperpolarization from -70 mV to -72 mV)
was compensated by 60-70 % online. CC recordings were 100 % bridge-balanced and
recorded at a sampling frequency of 100 kHz (not filtered online). A 4x micrograph was taken
for analysis of the recording position, after terminating the recording. The location of the
neurons within the LSO was determined from 4x micrograph. To this end, the tip of the
recording electrode was orthogonally traced to the midline of the LSO, and its position
calculated along the LSOs tonotopic axis (medial = 0 %, lateral = 100; Fig.3.3 F). This analysis
was performed by tracing the tonotopic axis in Corel Draw (2021, version 23.1.0.389, Ottawa,
ON, Canada).

2.3.1 Passive and active membrane properties

A set of VC and CC protocols were applied on each recorded neuron before starting with
specific experiments. These were used to ensure recording quality and characterize the
passive and active membrane properties of the neurons. Data analysis was performed by
custom IgorPro 9 scripts (latest version: 9.0.5.1, WaveMetrics Inc., Lake Oswego, OR, USA).
The VC protocol to determine Rs is mentioned above. All CC recordings were filtered with a

10 kHz low-pass filter prior to analysis, unless otherwise specified.

2.3.1.1 Recording and analysis of Vrest, Rin, Tmem, and Cmem

In CC, 40 repeats of a 50-ms depolarizing current step (10-pA or 20-pA) were applied to
determine the resting membrane potential (Viest), Rin, the Tmem, and the membrane capacitance
(Cmem). Vrest values were determined as the mean Vmem 0f @ 10-ms phase preceding the current
step. The amplitude of the peak depolarization was used to calculate Ri,, according to Ohm’s

law. An exponential fit from the start depolarization to the peak depolarization was used to
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determine tmem. Fig.3.3 A illustrates these analyses. Cnem Was calculated by the relation
Cmem = T::;:n-
2.3.1.2 Recording and analysis of sag amplitude, rheobase, and firing pattern

A second CC protocol included current step stimulations of -200 pAto 1.5 nAin 50-pA steps,
resulting in 35 steps (200 ms duration). The -100-pA stimulation was used to determine the
sag amplitude. This was determined as the difference between the peak hyperpolarization and
the steady state hyperpolarization (last 10 ms of stimulation; cf. Fig.3.3 J). APs were detected
by Vmem crossing -30 mV. The rheobase was defined as the current step amplitude at which

the first AP was elicited. The AP latency was determined by the peak location.

2.3.1.3 Recording and analysis of membrane resonance properties

A sinusoidal current with exponentially increasing frequency (ZAP-current; 2.5 to 2000 Hz
over 60 s) was used to analyze membrane resonance properties. A subthreshold current
amplitude was used for stimulation (200-400 pA, cf. Fig.3.4). Membrane impedance (Z) was
calculated on cycle-by-cycle basis (difference between peak de- and hyperpolarization divided
by the current amplitudes) as this resulted in less noise compared to an analysis in the
frequency domain. The instantaneous Z (Zinst) was defined as the Z, average across the first
three cycles. The impedance was smoothed by a moving average (five points) across cycles,
and the resonant Z (Z.s) was the maximal Z. The frequency at which this maximum occurred
was defined as the resonance frequency (f.s). The Q factor resulted from the division of Zes
by Zinst.

2.3.1.4 Correlation analysis

A correlation analysis of the active and passive membrane properties was performed in
Microsoft excel (version: 2105, Microsoft Corporation, Redmond, WA, USA). The Pearson
correlation coefficient (p) was calculated by a build-in function and the standard error (SE) and

the t statistic, used to determine the p value, were calculated as follows:

— p2 —
1-p° p*Vn—2 1)

The t value was then used to extract the p value with a build-in function in Microsoft excel.
The membrane resonance properties were employed for a correlation analysis in the same

way.
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2.3.1.5 Recording and analysis of slope-dependent AP initiation

Sinusoidal current stimulations of a single cycle were used to analyze the slope-dependent
AP initiation. The sinusoidal current was in form of a raised sine, and modulation frequencies
(Fmoa) Of 5-2000 Hz were tested:

I(t) = A= (sin(2mF,0q * t) + 1) @)

With A describing the amplitude of the sinusoid. The amplitude varied for each F,... between
0.1 nA and 3 nA, in 0.1 nA steps (30 steps in total), resulting in 270 combinations (9 x 30).
The presentation of these combinations was randomized for each neuron. The recording was
accepted for analysis if the Ri» (determined in CC) changed by less than 30 % throughout the
time course of the experiment, and Rs was below 16 MQ and changed by less than 25 %. The
minimal current amplitude at a given Fp0q4, at which an AP was triggered, was considered the
current threshold (lw). The frequency dependency of this Il was further analyzed by the
preferred frequency (F,rs) and the bandwidth 3 dB above threshold (bandwidthsgg). The Fprris
the frequency at which lin- was lowest, or the geometric mean, if two Fn.ss had the same i
(Fig.2.1).
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Figure 2.1 Analysis of the frequency-dependent lix.

The linr as a function of Fnea Of an exemplary neuron. The Fprer was the geometric mean of 200 Hz and
500 Hz (316 Hz), and the bandwidthsss was 1061 Hz.

2.3.1.6 Analysis of AP characteristics

To extract the voltage threshold (Vi) of the APs, the first derivative of Vimem was used.
Starting from the AP latency, the signal was searched backward in time, and the point at which
the derivative reached 25 % of its maximum amplitude was determined. The corresponding
Vmem value at this time point was defined as the Vi (Fig.2.2). The rate of current presentation
was extracted from the peak of its first derivative. Phase-plane plots were created from the

Vmem Without prior filtering, and the number of phases was visually identified
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Figure 2.2 Analysis of AP characteristics.

(A) Time course of an AP. APs were detected by crossing a -30-mV threshold. The AP latency was
calculated from the peak position. The Vinr was extracted from the x-position of 25 % of the peak of the
first derivative (B).

(B) The first derivative of Vmem, illustrating the extraction of the time point of the Vinr.

The relation of the Vinr with the max rate of current (current slope) was evaluated by sigmoid
fitting, using OriginLab’s build-in Boltzman fit (Origin2018G, version b9.5.0.193, OriginLab
Corporation, Northampton, MA, USA). The amplitude values were further used as Vi1 and

Vinr,2, for the more positive and more negative amplitude, respectively.

2.3.2 Synaptic stimulations and recordings of excitatory postsynaptic currents

Evoked excitatory postsynaptic currents (eEPSCs) were recorded at a membrane potential
(Vmem) of -70 mV and isolated from inhibitory postsynaptic currents (IPSCs) by applying 1 uM
strychnine (Sigma-Aldrich, St. Louis, MO, USA). A subset of experiments was performed by
adding QX-314 (5 mM, Sigma Aldrich) to the internal solution. A stimulation electrode
(~10 um tip) was placed on the slice just medial to the 7" nerve stump to stimulate the fibers
in the ventral acoustic stria (VAS, Fig.3.1 A'-A?). Electrical stimulation was generated by a
stimulus isolator (STG 4002, Multi-Channel Systems, Reutlingen, Germany) at 0.5 Hz.
Stimulation pulses had a duration of 100 ys and were gradually increased by 5 pA every 10
stimuli, up to 300 pA, and by 10 pA every five stimuli from 300-1200 pA. Recordings were
terminated if the Ri, changed more than 30 % (determined by 200-ms hyperpolarization
from -70 mV to -72 mV, just before every synaptic stimulation), or if the stimulus directly
activated the neuron, as indicated by a fast inward current that occurred immediately after the
stimulation artifact.

Peak eEPSC amplitudes were analyzed with custom IgorPro 9 routines (including a subset

from Dr. A. U. Fischer and mafPC, a courtesy of Dr. M. A. Xu-Friedman) and were used for
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k-means-based cluster analysis (Dr D. J. Weingarten, Univ. Kaiserslautern) in MatLab
(MathWorks, Natick, MA, USA). For a detailed description of the cluster analysis, see (Muller,
Sonntag, et al., 2019). eEPSC kinetics of minimal stimulation were determined by means of
the decay time constant (t4.cay) Of @ single exponential fit and averaged across the first ten
eEPSCs for each neuron. To generate synaptic conductance templates (alias synaptic
kernels), the graphical average of the first ten riseso aligned eEPSCs was fit by a bi-exponential
function (Nielsen et al., 2004):

—x—xc\ N —x—xc

y = An-se * (1 — e Trise ) * Adecay % e ldecay (3)

with A and Aqecsy being the peaks of the two exponential functions and xc the x value of the
peaks. n describes a scaling factor. . and 4., describing the time constants of the rising

and decaying functions, respectively.

2.4 Dynamic-clamp stimulations

The DC is an extension of the CC configuration that allows the application of artificial
conductance, and thereby stimulating neurons with simulated synaptic conductances
(Robinson & Kawai, 1993; Sharp et al., 1993; Prinz et al., 2004). All DC experiments have
been performed with the setup that | established in my master’s thesis (Fisch, 2021), and the
DC system is adapted from Yang et al. (2015). | simulated excitatory synaptic conductances
and inhibitory synaptic conductances to analyze feed-forward excitatory synaptic integration,
in conjunction with feed-forward inhibitory synaptic integration in LSO neurons (see below).

The artificial synaptic current (dynamic-clamp current (Ipc)) is calculated as follows:

IDC = Gexc * (Vmem - Eexc) + Ginh * (Vmem - Einh) (4)

Where Vmem is the membrane potential of the neuron, Gex. and Ginn are the excitatory and
inhibitory synaptic conductances, respectively. Eexc and Einn are the associated reversal
potentials and were set to 0 mV (Eexc) and -85 mV (Einn). The latter was chosen as the glycine
reversal potential in LSO neurons is approximately -82 mV at P11 (Ehrlich et al., 1999).
Predetermined conductances were read by the Heka EPC10/2 amplifier and sent to a separate
computer (Fujitsu Esprimo P958/94+ computer) via a National Instruments 6321 PCle card
(National Instruments Corporation, Austin, TX, USA). The current was calculated in real-time
in IgorPro 9 running mafPC, generously provided by Dr. Matthew Xu-Friedman
(https://www.xufriedman.org/mafpc). A detailed description of the DC setup can be found in

my master's thesis (Fisch, 2021).
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The DC recordings were performed at a sampling rate of 100 kHz. However, the update
rate of the Ipc is inevitably lower. The update rate was tested by running the “testmode” in
mafPC, for presenting only a Gexc and for presenting a Gexc along with Ginn (Yang et al., 2015).
The fast Fourier transformation (FFT) of these signals is displayed in Fig.2.3 A&B, and the
update rates were determined as the peaks of the FFT, which were 28.0 kHz and 17.3 kHz,

for the two settings, respectively.
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Figure 2.3 Update rate of the Ipc.

(A) A fast Fourier transformation (FFT) of a single presentation of the “testrun” of mafPC with only a
Gexc activated. The peak of the FFT can be used to estimate the update rate of the DC interface (28.0
kHz).

(B) Same as A, but with a Gexc and a Ginn activated.

The DC experiments were performed under blockers for glutamatergic excitatory synaptic
transmission (10 uM, CNQX, Abcam, Cambridge, UK) and glycinergic inhibitory synaptic
transmission (1uM, strychnine). For DC recordings, patch pipettes with a Rpip < 3.5 MQ were
used, and recordings were restricted to Rs < 17 MQ and less than 25 % change in Rs and less
than 30 % in Ri, throughout the experiment. The Ri, was monitored using the same protocol
mentioned earlier (40 repeats of a 50-ms, 10- or 20-pA step current stimulation). All DC
recordings were 100 % bridge-balanced and a low-frequency VC was used to set the Vimen to
-60 mV (update rate ~1 Hz), as a close approximation of the Vyem 0f LSO neurons recorded
in vivo (Franken et al., 2021), and to maintain the same driving force for synaptic conductances
across experiments.

Occasionally, the DC interface produced stimulation errors (< 1 % of stimulations), due to
interruptions by the operating system. These were detected semi-automatically by the sum of
squared residuals of the recorded Ipc and the theoretical Ipc, as per equation (4). The
distribution of these was used to detect stimulation errors. These recordings were restricted
from further analysis.

In DC experiments, where the conductance stimulations are large, recording and stimulating
through the same electrode can cause large errors in the current presented and lead to

oscillations in the recorded Vmem. TO circumvent this limitation, a subset of experiments was
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performed by dual patch-clamp experiments. Here, a neuron was patched with two patch-
pipettes, allowing it to record Vmem With one electrode (also monitored by the DC interface)
and apply the currents with the second electrode (Yang et al., 2015). For these experiments,
| used electrodes with Rpip < 5 MQ. The Ri» was monitored throughout the experiment in the
same way as for single-electrode DC experiments. To successfully patch neurons with two
electrodes, | first performed a giga seal with both electrodes before breaking through the
membrane. Two-electrode DC experiments were performed in experiments of Fig.3.8,
Fig.3.20 and Fig.3.21/3.22.

2.5 Modelling synaptic conductances of mimicked auditory activity.

| used a model to create artificial input AP timings, to simulate the activity of BCs and MNTB
neurons. These were then used to generate synaptic conductances of the innervating pathway
for DC stimulations. The model is adapted from Rothman et al. (1993).

In a first step an inhomogeneous Poisson process was used to model the AP timings of the
synthetic input. The probability of an AP occurring at a given timing is determined by two
interacting components: a stimulus function and a refractory function (Fig.2.4).

The stimulus function models the AP dynamics of the BCs and MNTB neurons to tonal
stimulations, such as PL firing behavior or sinusoidal activity in form of phase locking to a SAM
stimulation. The refractory function accounts for the refractory period after an AP was initiated,
preventing APs form occurring too closely together and ensuring realistic inter AP intervals.
The product of the stimulus and refractory functions is integrated until the integral reaches a
random variable drawn from a standard exponential distribution. The ordinary differential
equations were solved by IgorPro 9’s build-in fifth order Runge-Kutta-Fehlberg integration with
a step size of 10 us. Together, these components regulated the AP generation process,
allowing the model to produce AP trains that resemble in vivo AP recordings of BCs and MNTB
in response to auditory stimulations (Fig.2.4). The model was implemented in IgorPro 9 and
the scripts to create artificial AP timings are available in the supplementary information in
digital format (“Input AP timing model”, IgorPro 9 file). Furthermore, all DC stimulation files are

available in the digital supplements.
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Figure 2.4 Model procedure to generate synaptic conductances.

(A) Two functions regulated the generation of input AP timings: a stimulus function and a refractory
function. These are used in an inhomogeneous Poisson process is used to generate the Input AP
timings. The stimulus function was adapted depending on the experiment, and consisted of PL
functions, sinusoidal functions or pulsed-sinusoidal functions.

(B) AP timings follow the stimulus function (here, a single cycle sinusoid) and the inter AP intervals are
constrained by the refractory function. The histogram of 800 repetitions depicts how AP timings
resemble the stimulus function.

(C) AP timings are used in conjunction with a unitary synaptic conductance to be convolved into time-
varying synaptic conductances for each of the modeled synaptic inputs.

(D) Summing the individual inputs, leads to the synaptic conductance used for stimulations.

2.5.1 Refractory function

The refractory function follows the equation:

1

R(t)=1- T

f*10%(t=(tap -1+ ta)\ 100 (5)
(1 +e 0.001 )

Where fis the mean AP frequency, which was varied to fit the target rates (50-500 Hz). tiken-1

is the AP time of the n-7 AP, and t;is an absolute refractory period of 0.7 ms. Therefore, the
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function consisted of two components, an absolute refractory period of 0.7 ms and a relative

refractory period.

2.5.2 Stimulus functions
The stimulus function controlled the temporal dynamics of AP occurrence. A PL function
(P(t)) was used to model AP firing behavior in response to pure tones of BCs and MNTB

neurons:

_t=ton _t=ton _t—ton
P(t) — <1 — e Tq >>k (RT‘ * e Ty + RSt * e Tst + RSS) ,lf ton S t S toff (6)

0 ,otherwise

Where R, are rate constants and z; are time constants. ¢, and t,+describe the onset and offset
of stimulations, and were set to t,,= 0.05 s, t.#= 0.25 s, respectively. Thus, the stimulus
duration was 200 ms. R, was varied to simulate level-dependent rate coding in the sustained
part of the stimulus (last 190 ms of the stimulus). The values for R, and the resulting average
AP frequencies can be found in supplementary tables (Table S.1 & Table S.2). The remaining
parameters were kept constant: z,= 0.2 ms; 7, = 3 ms; 7« = 10 ms; R.= 600; R, = 200.

The sinusoidal function (S(t)) is set up to allow for different sinusoidal modulations (F.q), to
repeat either at Fn.q or at a lower rate, denoted as pulse frequency (Fpuse = N*Fpmoa; {N =
1,2,3,...}). This is realized by a cosine function and a gating condition, which is written as

follows:

Asin . Ap 1 1
S@) = {(1—cos(2n*(t*Fem,—A(p)))* 5 if ton ST S topp mod(t— ) < @)

’
Fmod Fpulse Fenv
0 ,otherwise

where Ag describes a phase shift in multiples of the envelope phase duration, thus t = Ag *
1

, and 4., is the amplitude that controls the rate at which the synthetic input is activated

fenv

(100-500 Hz; Table S.3, Table S.4 & Table S.5). Reducing tos to F—ld allows to model single

cycle sinusoids as presented in Fig.3.8. In this experiment, the synaptic model stimulations
and the sinusoidal conductance stimulations were scaled to match in their integral. To this

end, the integral of the unitary EPSG was multiplicated by the theoretical number of APs
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occurring in a single cycle (:"i * number inputs) and the sinusoidal conductance was scaled

mod

to match this number.

2.5.3 Convolution into time-varying synaptic conductances

The next process involves convolving the input AP timings with the predefined synaptic
templates, i.e., a synaptic template is positioned at each input AP timing to produce a time-
varying synaptic conductance (Fig.2.4 C). The templates are provided in the digital
supplementary file (“Input AP timing model”, IgorPro 9 file). This process is repeated for the
number of inputs, and the resulting conductances are summed to yield the total synaptic
conductance used for DC stimulation. This process is performed separately for excitation
(Gexc) and inhibition (Ginn). To analyze the effect of different SW, | maintained the cSW across
different stimulation constant (i.e., 40 nS for excitation and 32 nS for inhibition) but distributed
it across different number of converging inputs. To model a more naturalistic SW-,. distribution,
the SWe.. of 40 inputs were drawn from a gamma distribution, with a = 0.6, B = 1. If the drawn
value was below 0.3 nS/input, it was rejected and a new one drawn. 0.3 nS/input was chosen
as lower limitation as it calculates to a current that reflects about the quantal size of excitatory
synaptic transmission (at Vhoa Of -70 mV and Eexc of 8 mV: 0.3 nS * (=70 mV —8ml) =
—23 pA). The drawn SW, resulted in a mean = SD of 1.0 £ 0.7 nS/input (Fig.3.9).

The stimulations were 200 ms in duration, presented at 1 Hz (therefore, 800 ms interval in
between stimulations), and repeated ten (or twenty) times for every stimulus configuration. To
minimize possible time-dependent changes in the results of AP probabilities in LSO neurons,
the configurations were presented in semi-random order, i.e., the presentation of the
combinations was randomized across the repeats but maintained in the same order for each

neuron.

2.6 Analysis of DC data

Analysis of the DC data was performed in IgorPro 9 and Microsoft Excel. The data were low

pass filtered (10kHz cutoff) and analyzed for stimulation errors.

2.6.1 AP occurrence and AP rates

APs were detected by Vmem crossings of -30 mV. Peak AP latencies were extracted and
further processed in Microsoft Excel. The occurrence of APs was calculated in different ways.
In the single cycle sinusoidal stimulations (Fig.3.8), the entrainment was calculated, which
describes if the stimulation was responded with APs or not, independent on the number of
APs.

Methods 30



The AP timings in the PL stimulations were analyzed for the onset probability. Specifically,
the probability of AP occurrence within the first 10 ms of stimulation was calculated
(independent of the number of APs) and the mean across multiple (5-10) repeats was the
onset probability. The AP rate of the remaining stimulus duration was calculated by dividing
the number of APs by 0.19 s. | introduce the modulation index (Ml) to quantify the effect of
inhibition on the AP rate:

R¢. . — Ry
Ml = finn fmh:oAPs/s (8)

Rmax

This normalizes the AP rate to the AP rate at fin = 0 (Raws = 0 arsss) and allowed us to
statistically assess both facilitation and suppression of the AP rate.

The AP rate in sinusoidal stimulations (Fig.3.16-Fig.22) are reported as the number of APs
divided by the stimulus duration (0.2 s).

The -3 dB bandwidth was calculated for rate modulation transfer functions (rMTF), with the

gain calculated as follow:

R
gain = 20 = log (R ) (9)
max

Where R is the AP rate, and the R... the maximal AP rate for a given stimulation

configuration.

2.6.2 Temporal analysis of AP occurrence

The AP timings were used for temporal analyses, which were performed in IgorPro 9. The
PL stimulations were subject to two temporal analyses. The 15t AP latency jitter was calculated
as the standard deviation of the 15t AP’s latency. The spike-triggered average (STA) of the 1%
AP was constructed by aligning the 15t APs at the position of Vi and averaging the Vmem
across the number of repeats.

In the second analysis, | created shuffled auto correlograms (SACs) and extracted the
correlation index (ClI) according to (Joris et al., 2006). The SAC is constructed as the between
repeats cross-correlation and is normalized by N(N — 1)R2wD; N was the number of repeats,
R was the mean AP rate, w was the coincidence window (0.5 ms) and D was the stimulus
duration (200 ms). The ClI represented the correlation value at a delay of 0 ms.

Another metric of temporal coding is the vector strength (VS). The VS was only determined
for sinusoidal stimulations as it relies on knowledge of the stimulus phase. The VS was

calculated to create temporal modulation transfer functions (Goldberg & Brown, 1969):
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_VErc0s(@)? + Ensin(@)? (10)

n

VS

Where «a is the angular phase of the AP latency in regards to the stimulus phase, and n the
number of APs. The VS was then used to compute Rayleigh statistics (RS, Mardia & Jupp,
1999; Sayles et al., 2013):

RS = 2n x VS? (11)

2.6.3 Stimulus separability
To estimate the influence of stimulus parameters on the AP rates of LSO neurons, | calculated
the standard separation (Sakitt, 1973), and refer to it as ‘separability’. The separability (D)

calculates as follow:

_ |fref - ftestl

N aref * Otest

where, X,..; and . refer to the means of the reference and test condition, respectively,

D (12)

and orer and Oiest to their corresponding standard deviations (performed in Microsoft excel).
To assess the influence of inhibition, the reference condition was always the AP rate at
finn = 0 APs/s, representing the condition of pure excitation. Test conditions were the AP rates,
elicited at various fin.
Separability in the hemispheric rate difference model was calculated as described (Muller
et al., 2023). In this case, the reference condition corresponded to the AP rate at At,, and the

test conditions to the AP rate at Atn+1. The resulting separability values were smoothed by a

triangular weighted average with a fixed kernel of [g%g] and no boundary conditions at

the edges.

2.7 Analysis of in vivo data

A cooperation with the laboratory of Dr. Conny Kopp-Scheinpflug (Devision of Neurobiology,
Faculty of Biology, Ludwig-Maximilians-University Munich, Germany) was initiated and in vivo
recordings were performed by Luna Studer. For full methodological details on the recording
procedure, please see (Stancu et al., 2024).This section focuses on the stimuli and analysis
of the in vivo data, as performed by me. Amplitude-modulated pulsed-sine tone followed

equation (7) and had a duration of 400 ms. Pure-tone stimulations were presented with a 5 ms
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linear ramped on- and offset (stimulus duration 100 ms). Auditory stimuli were presented
through hollow ear bars to anaesthetized C56/BL6J mice, with an inter-stimulus interval of 450
ms. Neurons located in the superior olivary complex that responded with an increase in AP
activity to ipsilateral sound stimulations and a decrease in AP activity to contralateral sound
stimulations, were considered LSO neurons. They provided the data of recorded AP timings
from these tentative LSO neurons (Fig.3.24-Fig.3.27), which | used for further analysis. The
data was imported to IgorPro 9 and rate and temporal analysis was performed as described
for the DC data. The AP rates were determined within the stimulation period for each ILD and

the resulting ILD functions were fitted with a build-in sigmoid fit in IgorPro 9:

A

1+ exp (ILDSIS — x) (13)

Sigmoid(x) =

where A is the amplitude of the sigmoid function, ILDso the midpoint of the sigmoid and k is a
slope parameter. The dynamic range was defined as the difference in ILD values at which the
sigmoid reached 95 % and 5 % of A.

The temporal analysis of AP occurrences was performed as described above, while the CI
is referred to as reproducibility, in accordance with (Muller, Sonntag, et al., 2019) and to
differentiate it from the in vitro data. Furthermore, the modulation depth was extracted from

the SACs, as the difference in correlation at delay of 0 ms and a delay of half a cycle of Fyuse.

2.8 Statistics

Statistics were applied in Microsoft Excel and IgorPro 9. Data was tested for normality by a
Kolmogorov-Smirnov test, and normal distribution was accepted if p > 0.05. For datasets that
consisted of multiple stimulus condition, normality was assessed for each condition, and the
data were considered normally distributed if more than 95 % of the conditions met the criteria
for normality. Otherwise, a non-normal distribution was assumed. This approach avoids mixing
different statistical tests within a dataset and represents a conservative decision criterion. In
case of normal distribution, the mean + SD is presented in the figures, while non-normal
distributed data is displayed as median + median absolute deviation of the median (MAD).
Details on the descriptive statistics and the statistical tests applied are provided in the figure
legends. Significances are indicated as: * (p < 0.05); ** (p < 0.01); *** (p < 0.001), and n.s.
(p =2 0.05). Critical a levels were post hoc corrected (Bonferroni correction) for multiple
comparisons, and the critical level surpassed is indicated in the figure legends or the

accompanying supplementary tables.
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Data in the frequency domain (e.g.: Fig.3.6 E&F) was averaged by the geometric mean.
Specifically, the mean and SD were calculated on In-transformed data and then back-

transformed for presentation.

2.9 Data visualization

Data was visualized in IgorPro 9 and in OriginLab and further processed in CorelDraw 2021
(version: 23.1.0.389, Corel Corporation, Ottawa, ON, Canada).

2.10Writing

Parts of the manuscript were refined with the assistance of writing tools (Microsoft Copilot Pro
(in Microsoft Word version 2504), ChatGPT (version: GPT-40, OpenAl, San Francisco, CA,
USA), and Grammarly (version 14.1232.0, Grammarly Inc., San Francisco, CA, USA)) to
improve grammar, clarity, and conciseness. All scientific content and interpretations were
developed by me. An early draft of this manuscript was proofread by my supervisor
Dr. Eckhard Friauf.
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3 Results

3.1 Synaptic characteristics of excitatory and inhibitory synaptic inputs to
LSO neurons

The strength and time course of synaptic inputs are major determinants for temporal and
spatial synaptic integration, and majorly influence synaptic noise (Campbell, 1909; Silver,
2010). Therefore, the first experiment was designed to determine three synaptic
characteristics: the cSW, the contribution of unitary synaptic input to the total synaptic strength
(the SWex), and the kinetics of synaptic inputs. The synaptic current was later used to create
a template for DC experiments.

LSO neurons were patch-clamped and recorded in VC to record synaptic currents. A
stimulation electrode was placed on the VAS to evoke EPSCs from BCs in the AVCN
(Fig.3.1 A'&A?). The stimulation protocol was identical to the one determining synaptic
characteristics of elPSCs in LSO neurons from a prior study (Fig.3.1 B, Muller, Sonntag, et
al., 2019, see methods for details).

Stimulation at low stimulus intensity typically elicited no eEPSCs in LSO neurons, as
observed for the exemplary neuron for intensities up to 45 pA (Fig.3.1 C&D). The first eEPSCs
recorded (minimal eEPSCs) were small, often < 100 pA and increasing stimulation amplitudes
resulted in an increase in the amplitude of the eEPSCs (Fig.3.1 C). Plotting the eEPSC
amplitude against the stimulus intensity indicated increases of the eEPSC amplitudes with
increasing stimulus intensity (Fig.3.1 D). A k-means-based cluster analysis enabled to assign
individual eEPSC amplitudes to clusters, reflecting the recruitment of input fibers. This allowed
me to determine the number of converging inputs and the amplitudes with which each input
contributed to the compound eEPSC. In the exemplary neuron depicted in Fig.3.1 C&D,
minimal stimulation elicited eEPSCs with a cluster mean of -79 pA, increasing to -267 pA after
recruiting an additional fiber. The additional fiber thus contributed to the compound eEPSC by
an amplitude of -188 pA. The neuron ran into direct stimulation after a stimulus intensity of
100 pA, and thus, the recording was terminated (see Methods 2.3.2, Fig.3.1 D). Minimal
eEPSCs were small in most neurons, with a mean of -94 + 12 pA (Fig.3.1 E). At maximal
stimulation, i.e., the stimulus intensity that elicited the largest eEPSC amplitudes, the eEPSC
amplitudes increased to -292 + 72 pA. Most neurons (13/15) did not exceed -500 pA, with only
one neuron surpassing -1000 pA (Fig.3.1 E). This increase was caused by the recruitment of
1-4 fibers, and a total of 37 input fibers terminating onto 15 LSO neurons were found, resulting
in a mean of 2.5 + 0.9 fibers per LSO neuron (Fig.3.1 F).

To evaluate the strength with which each input fiber drives excitatory currents in the LSO,

the SW... was determined. To this end, | pooled the data from 37 inputs. The current
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amplitudes were converted to a conductance amplitude by equation (4) with a Ve of +8 mV
(empirically determined Vi, Fisch, 2021). The resulting SW.,s were small with most values
barely reaching 1.0 nS/input and only four SW...s reached values > 2.5 nS. The median SWex.
was 1.0 nS (mean: 1.5 nS), a value highly comparable with the estimates of 0.7 nS from Gjoni,
Zenke, et al. (2018).

The brain slice methodology, in combination with electrical stimulation, sets inherent
limitations to determine the total synaptic strength (cut axons during slice preparation or too
long distance to the stimulation electrode). Thus, the number of recruited input fibers reported
here arguably reflects the lower end of the range. Indeed, Gjoni, Zenke, et al. (2018) report a
considerably higher number of convergences of ~10-40. | subsequently reassessed the
compound eEPSC by including QX-314 in the patch pipette, blocking Nav channels and
thereby increasing the voltage clamp. The minimal eEPSCs from these experiments are
comparable with the first assessment (mean: -108 + 23 pA compared to -94 + 12 pA, p = 0.58,
unpaired t-test). The maximal eEPSCs increased to values between -469 pA to -2313 pA
(median: -731 pA). The data of eight neurons are shown in Fig.3.1 L. A linear increase in
eEPSC amplitudes was observed across a broad range of stimulus intensities for all neurons.
| avoided k-means clustering, due to its limitation in handling small steps across a large range.
Notably, the linear increase was accompanied by single, distinct stepwise increase in half of
the neurons (4/8, Fig.3.1 L). Assuming a SW.. of 1 nS, the convergence ranges between 6
and 30 inputs (median: 9.4). These findings may still represent a conservative approximation
of the number of converging inputs. Therefore, | followed the suggestion by Gjoni, Zenke, et
al. (2018) and a convergence of 40 inputs, each with a SW... of 1 nS/input serves as the basis
for the subsequent experiments. This relates to a cSWex of 40 nS.

In the next step, | analyzed the zwecay @s a measure for synaptic kinetics. To this end, the
first ten eEPSCs were averaged for each neuron, thus reflecting the kinetics of minimal
stimulation. eEPSCs decayed rapid, with a zyecay Of 0.47 £ 0.03 ms (Fig.3.1 H). A neuron with
slightly faster than mean kinetics (zwecay = 0.39 ms) was chosen to serve as the source to
create a conductance template. 30 minimal eEPSCs from the representative neuron were
peak aligned, averaged and fitted with a biexponential function according to equation (3)
(R? > 0.99), resulting in the EPSG template for subsequent DC stimulations (Fig.3.1 |).
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Figure 3.1 Unitary excitatory inputs to LSO neurons have weak synaptic weights and fast
kinetics.
(A) Voltage-clamp (VC) recording from an exemplary LSO neuron and synaptic stimulation of excitatory
input fibers running in the ventral acoustic stria (VAS). A'! is a schematic drawing, whereas A? is a
photomicrograph. The stimulation electrode was positioned medially to the 7th nerve (A2).

(B) The stimulation intensity was increased in increments of 5 pA following each ten repeats, up to a
maximum of 600 yA. In some cases, the intensity was increased further in increments of 10 yA after
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each ten repeats up to a maximum of 1200 pA.

(C) Evoked excitatory post-synaptic currents (eEPSCs) from an exemplary neuron. Individual eEPSCs
are shown as thin green lines, whereas black lines represent the mean of each cluster.

(D) eEPSC peak amplitudes as a function of the stimulation intensity (open dots) and the cumulative
mean amplitude of each cluster (black lines). Same neuron as in C.

(E) Minimum and maximum eEPSC amplitudes (mean = SEM, green diamonds) for 15 neurons. The
filled dots denote the data from the exemplary neuron from C and D. The same designation is used in
F and H.

(F) Number of recruited input fibers calculated by cluster analysis.

(G) Excitatory synaptic weight (SWexc) of all recorded fibers (n = 37; sum of F). Corresponding violin plot
is superimposed.

(H) Same as F, but for the decay time constant (tdecay).

(I) Minimal eEPSCs (black trace) from a neuron with slightly faster-than-average kinetics (filled dot in
H; tdecay = 0.4 ms) fitted with a two-exponential waveform function to generate the excitatory
postsynaptic conductance (EPSG) with an arbitrary amplitude (green trace). The peak amplitude of the
EPSG was set to fit the median SWex of 1 nS/input shown in G.

(J) Same as |, but for an evoked inhibitory postsynaptic current (elPSC; black trace) and the
corresponding IPSG template (red trace). The peak amplitude was set to 8 nS. Data were reanalyzed
from Mdller, Sonntag, et al. (2019).

(K) Overlay of EPSG and IPSG templates to illustrate the differences in SW and in kinetics. Inset shows
peak-aligned templates to emphasize the differences in kinetics. These templates were used to
generate synaptic conductances (Gsyn) of the excitatory inputs (Gexc) and the inhibitory inputs (Ginn).
(L) Same as D but for eight neurons, which were recorded with QX-314 in the patch pipette.

Panels A-K were presented in a similar form in my master thesis (Fisch, 2021).

To obtain a template for inhibitory MNTB-LSO synapses, data reported by Miller and
colleagues was reexamined (Muller, Sonntag, et al., 2019). Again, minimal elPSCs from a
representative MNTB-LSO stimulation were peak aligned, averaged and fitted by a
biexponential function (Fig.3.1 J). The fit results describe the elPSC waveform very well with
R?>0.99. The SW:. reported by Miiller et al. is markedly higher than the excitatory one
determined here (~8 nS vs. 1 nS, Fig.3.1 K) and shows slower kinetics (Tdgecay = 1.2 ms). The
authors report a 4:1 convergence of inhibitory input fibers onto LSO neurons, similar to Gjoni,
Zenke, et al. (2018) (~4-8).

>

@ >
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_2ms

Figure 3.2 Estimated synaptic innervation onto LSO neurons.
This model summarizes the findings from Fig. 3.1 with few strong inhibitory inputs and 40 weak
excitatory inputs converging onto an LSO neuron. The SWius is 8 nS/input and the SWexc is 1 nS/input.
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These results provided the basis for modeling the LSO circuit for DC stimulations. In
conclusion, 40 excitatory inputs converge onto a given LSO neuron with a SW.,. of 1 nS/input.
This is contrasted by a few strong inhibitory inputs, namely four inputs each with a
SWinn of 8 nS/input. The cSWe and cSWi. are in a similar range with cSWe. =40 nS and
cSWinn = 32 nS (Fig.3.2).

3.2 Intrinsic electrophysiological properties shape stimulus response
dynamics of LSO neurons

The intrinsic membrane properties of neurons dynamically shape the integration of synaptic
inputs. Together they form the mechanisms that dictate the excitability of neurons and the
kinetics of stimulus response dynamics. To this end, | characterized the intrinsic membrane

properties of LSO neurons.

3.2.1 Resting membrane properties of LSO neurons

Neurons integrate the electrical charges transferred by synaptic transmission into changes
in Vmem. The rate and magnitude of change are determined by passive and active membrane
properties and thereby determine how incoming synaptic inputs are spatially and temporally
integrated. The passive properties set the basis for synaptic integration and includes the Ri,
and the Cmem Of @ neuron, setting up the RC circuit. Together they determine the zmem. These
parameters were determined before every CC experiment offering a dataset of passive
membrane properties of n = 106 LSO neurons, recorded under physiological conditions.

To determine the resting membrane properties, a small current step stimulation (10 or
20 pA) was used and the resulting changes in Vmem analyzed to determine aforementioned
parameters (Fig.3.3 A). The Ri» of LSO neurons was low, spanning values of 21.7 — 94.7 MQ
(mean: 46.3 £ 18.1 MQ, median: 39.5 MQ, Fig.3.3 B). The tmem was fast, with a mean of
1.5+ 0.7 ms, and only three neurons displayed values above 3 ms (Fig.3.3 C). The Cmem,
derived from the previous two measurements, yielded an average value of 34.7 + 11.7 pF.
The violin plot indicates that most values lie within the range of 15 to 40 pF, with an additional
distribution observed at ~50 pF (Fig.3.3 D). The Vst also influences synaptic integration by
influencing the increase in Vmem necessary to reach the AP threshold (Vi). The neurons
showed a Viest 0f -70.0 +- 4.3 mV (Fig.3.3 E), well in the reported range for auditory brainstem
neurons.

Differences in membrane properties of LSO neurons along the tonotopic axis were reported
for different species (rat: Barnes-Davies et al., 2004, guinea pig: Remme et al., 2014), and
thus suggest differences between the synaptic integration of low-frequency and high-
frequency coding LSO neurons. /n vivo experiments and immunohistochemical analysis do

not suggest such gradients in mouse LSO neurons, based on Kv.1.1 channels
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(Karcz et al., 2011), but the hypothesis of the absence of tonotopic effects has so far not been
tested in mice in vitro. To this end, | determined the tonotopic location of the recording site
and performed a correlation analysis between the determined membrane properties (Rin, Zmem,
Cmem, and Vmem) and the recording site (Fig.3.3 F-H). Plotting the Ri, as function of the
tonotopic position reveals no linear correlation as indicative by a low Pearson correlation
coefficient (o = -0.01; p = 0.88; Pearson correlation test; Fig.3.3 G). Neither of the remaining
parameters showed a significant correlation, with ps of -0.04 for Cmem (p = 0.71), -0.04 for Tmem
(p =0.70) and -0.03 for Vimem (p = 0.73, Fig.3.3 H). This leads to the conclusion that mouse
LSO neurons possess fast intrinsic membrane properties that are consistently set along the
tonotopic axis.

Furthermore, correlation tests between Vmem and the remaining parameters showed a
significant link with Rin and Tmem, but not with Cmem (0 (Vmem, Rin): -0.59, p < 9e-15;
£ (Vmem, Tmem): -0.55, p < 6€-12; p (Vmem, Cmem): 0.02, p = 0.84; Fig.3.3 |). Since Cmem is mainly
determined by the neuron’s membrane area, the absence of correlation was hypothesized.
The dependency of the three parameters through Tmem = Rin * Cmem suggests a voltage-
dependent influence on R, indicating low-threshold conductances like Kv1 and HCN
channels. Given the proportional relationship between tmem and Rin, the correlation between
Viest and Tmem May be accounted for by voltage-dependent changes of Rin (Fig.3.3 |).

LSO principal neurons are often characterized by an HCN channel-mediated current (In)
dependent voltage sag in response to hyperpolarizing current injections. An exemplary voltage
sag evoked by a -100-pA current injection is shown in Fig.3.3 J, resulting in a sag amplitude
of 2.5 mV. Across the population, the mean sag amplitude was 2.0 mV, with a median of
1.8 mV (Fig.3.3 K). Because of the constant stimulus amplitude, the ohmic relation leads to a
bigger hyperpolarization for neurons with higher Rins, which in turn may activate a larger I. A
linear correlation between the sag amplitude and Rix is in line with this mechanism (o (sag,Rin):
0.79, p = 4e-24; Fig.3.3 L). This relationship is accompanied by correlations between the sag
amplitude and tmem (0 (Sag,Tmem): 0.58, p = 6e-11) and Vmem (0 (sag,Vmem): -0.56, p = 4e-10),
but not with Crem (0 (sag,Cmem): -0.20, p = 0.04; Fig.3.3 M). Moreover, no significant correlation

was observed between sag amplitude and tonotopic position (Fig.3.3 M).
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Figure 3.3 Passive membrane properties are optimized for fast synaptic integration.

(A) Voltage deflection from rest (dotted line in lower trace) to a 10-pA current step stimulation (upper
trace). Membrane potential (Vmem) is the average over 40 repeats. The blue dots indicate the x- and y-
positions used to calculate the input resistance (Rin). The red line displays an exponential fit to the
depolarizing phase of the voltage deflection.

(B) Rin of all neurons reported in this thesis as violin plot, including single cell data (black circles). The
red diamond represents the mean, and the red line represents the median. n indicates the number of
neurons analyzed.

(C) Same as B but for the membrane time constant (Tmem).

(D) Same as B but for the membrane capacitance (Cmem).

(E) Same as B but for resting membrane potential (Vrest).

(F) Example of tonotopic position analysis from a 4x micrograph of the LSO including the recording
electrode (medial: 0 %, lateral: 100 %, scale bar in the top left).

(G) Scattered plot of Rin as a function of tonotopic position for n = 102 neurons. Onset firing neurons
are presented as black circles, and multi-firing neurons as blue circles (see Fig.3.5 for assignments of
firing type). The red line indicates a linear fit, and the associated Pearson correlation coefficient (p)
along with its p-value are displayed in red. The black values indicate the results of a linear fit excluding
the multiple firing neurons.

(H) p of the correlation between the tonotopic position and the four parameters analyzed above: Rin,
Tmem, Cmem, and Vrest. Diamonds show p + SE and statistics are indicated above each value (see Methods
for details of calculations).

(I) Similar to H, but for the correlation between Vrest and the remaining parameters. No further correlation
was analyzed as these parameters are dependent through Tmem = Rin * Cmem.
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(J) A -100-pA current step stimulation was used to calculate the voltage sag amplitude. The difference
between the peak hyperpolarization (left red line) and the steady state Vmem (right red line) were
subtracted to calculate the sag amplitude.

(K) Same as B but for the sag amplitude

(L) Scattered plot of the sag amplitude as a function of Rin for n = 106 neurons. Linear fit (red line)
statistics from the correlation analysis are indicate.

(M) Same as |, but for the correlation analysis between the sag amplitude and the remaining
parameters.

Bonferroni-corrected significance thresholds for six comparisons were set as follows: p < 0.0083 (*);
p <0.0017 (**); p < 0.00017 (***).

Finally, a correlation analysis was performed between the parameters and the postnatal
age (P) of the animal. Although previous reports suggested changes in Rin and Cnem (Dagostin
& von Gersdorff, 2022), | did not find influence here (data not illustrated; p (P,Rin): -0.12,
p = 0.25; p (P, Cmem): -0.04, p = 0.71). The same holds true for correlations of zmem, and Vmem
with the postnatal age (o (P, zmem): -0.14, p = 0.15; p (P, Vmem): 0.10, p = 0.34).

3.2.2 Active membrane properties shape subthreshold integration

The passive membrane properties described above are accompanied by active membrane
properties (see Introduction 1.8). Subthreshold voltage-gated ion channels, such as HCN and
low threshold Kv channels, play a significant role in this process and both channel types are
described in LSO neurons (HCN1: Leao et al., 2006, Kv1.1: Karcz et al., 2011; review: Leao,
2019). The opening and closing of these channels dynamically adjust neuronal excitability by
altering the momentary Rin, which also affects tmem (Izhikevich, 2006). Moreover, the Vimem Can
be affected, depending on the sum of conducted ‘active’ currents. Besides regulating neuronal
excitability, the activity of the channels can create subthreshold resonances, leading to
preferential input frequencies in oscillatory inputs (Remme et al., 2014; Mikiel-Hunter et al.,
2016; Fischer et al., 2018; review: Hutcheon & Yarom, 2000).

The activity of subthreshold active membrane properties and the favored input frequency of
oscillatory inputs can be analyzed by applying a sinusoidal current with exponentially
increasing frequency (ZAP-current; Puil et al., 1986; Fischer et al., 2018) in a CC recording
(Fig.3.4 A). The resulting changes in Vimem (Fig.3.4 B) can be used to determine the frequency
dependent Z, which was analyzed for four factors: the instantaneous Z (Zist), the resonating
Z (Zrwes), the Q factor and the fes (Fig.3.4 C). Since Zinst is related to Ri, (for low stimulation
frequencies Z = R, Izhikevich, 2006), the values of Zi,st embed in the range of Ri, with a mean
of 34.8 + 14.2 MQ (Fig.3.4 D). All analyzed neurons showed an increase from Zinst t0 Zres,
elevating the impedance to 46.5 £ 15.5 MQ (Fig.3.4 E) and resulting in a Q factor of 1.4 + 0.2
(Fig.3.4 F). The fress associated with the Zss range from 18.4 to 45.5 Hz (mean: 29.1 + 8.1,
Fig.3.4 G), a value considerably low for auditory neurons, but well in range with previous
reports (Fischer et al., 2018).
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Given that active subthreshold membrane properties significantly impact synaptic
integration, a tonotopic location analysis was performed. Neither the Q factor (Fig.3.4 H) nor
the fres (Fig.3.4 1) showed a significant correlation with the mediolateral position (o (tonotopic
position, Q factor): 0.44, p = 0.16; p (tonotopic position, fes ): -0.26, p = 0.46; Fig.3.4 J).
Similarly, no tonotopic effect was found on Zist and Zws (0 (tonotopic position, Zinst): -0.3,
p = 0.37; p (tonotopic position, Zinst): -0.20, p = 0.58; Fig.3.4 J). This implies no differences in
active subthreshold membrane properties between LSO neurons responsible for low and high
sound frequency encoding.

Taken together, the analysis of passive and active subthreshold membrane properties
indicates that mouse LSO neurons possess membrane kinetics required for fast auditory

signal processing and do not vary along the tonotopic axis of the LSO.
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Figure 3.4 Active membrane properties generate resonances and shape subthreshold
integration.

(A) A sinusoidal current with exponentially increasing frequency (2.5 Hz to 2000 Hz over 60 s; ZAP-
current) was used for stimulation.

(B) Vmem response to the stimulus in A.

(C) The membrane impedance (Zmem, left y-axis) and Q factor (right y-axis) as a function of fnirp. The
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quantifications of Zinst, Zres, Q factor, and £es are illustrated in red.

(D) The Zinst is shown for ten LSO neurons. The value of the neuron shown in C is highlighted as filled
circle.

(E) Same as D but for the Zres.

(F) Same as D but for the Q-factor.

(G) Same as D but for the fes.

(H) The Q factor as a function of the mediolateral recording position. The red trace shows a linear
regression used for correlation analysis.

(I) Same as H but for fies as a function of the mediolateral position.

(J) p of the correlation between the tonotopic position and the four parameters quantified in D-G.

3.2.3 LSO neurons exhibit robust onset burst firing behavior

The AP firing response of neurons to current-step stimulation is commonly employed to
classify neurons as either differentiators or integrators and they fall into three classes of
excitability (Hodgkin, 1948; Izhikevich, 2006). Auditory neurons often exhibit
class 3 excitability, firing either a single AP, or a brief burst of APs at the onset of a constant
current stimulation (Yang et al., 2016). Class 1 and 2 excitability show increasing firing rate
with increasing stimulus amplitude, either continuous (class 1) or discontinuous (class 2). LSO
principal neurons are reported to display class 1 and 3 excitability, while the latency of the first
AP can reliably be used to differentiate them from the co-resident LOC neurons (Sterenborg
et al., 2010; Haragopal & Winters, 2023; Maraslioglu-Sperber et al., 2024). In vivo recordings
from LSO neurons reported onset burst firing behavior (Franken et al., 2018). In order to
examine the intrinsic AP firing behavior of LSO neurons, and to characterize their excitability
class, | stimulated the neurons with depolarizing step currents, increasing the applied current
from 0 to 1.5 nA in 0.05 nA steps (31 steps, Fig.3.5 A). Typically, LSO neurons fired a single
AP at the rheobase, i.e., the smallest current step that induced APs (Fig.3.5 A&B). At higher
stimulation amplitudes, this often transitioned into a brief burst of APs at the onset of
stimulation, characteristic for class 3 excitability (Fig.3.5 B&C). Most neurons follow this
feature, with bursts comprising 1-9 APs (mean: 3 APs, Fig.3.5 D). A subset of neurons
(7/106; 7 %) increased their AP firing frequency with rising current amplitude. These neurons
can be distinctly identified by the maximal number of APs evoked by the stimulation protocol,
exceeding 100 APs within the 200 ms pulse (Fig.3.5 D). According to this criterion, 99 out of
106 neurons (93.4 %) are classified as onset burst firing neurons, and seven (6.6 %) are
identified as multiple firing neurons exhibiting ‘class 1 excitability’ (Fig.3.5 D&E).

Contrary to rat and guinea pig LSO neurons, the mouse LSO neurons tested here, showed
no signs of tonotopic differentiation based on their passive or active subthreshold membrane
properties. To test if AP triggering and suprathreshold mechanisms order tonotopically, | first
determined the rheobase to analyze the excitability of neurons. The mean rheobase value is
0.65 £ 0.18 nA (Fig. 3.5 F). Similar to the above findings, no tonotopic organization was found,

indicated by a low Pearson p of 0.05 (p = 0.60; Fig.3.5 G). Finally, the increase in the number
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of APs evoked at each current step was analyzed. The mean number of APs increased
monotonically for the population of onset LSO neurons. It started to increase at 0.45 nA and
the average neuron fired three APs at the highest stimulation intensity tested (1.5 nA,;
Fig. 3.5 H).

Collectively, these results demonstrate that most LSO neurons show onset burst firing
behavior across the entire tonotopic axis. Thereby, the neurons show intrinsic properties to
function as temporal differentiators.
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Figure 3.5 LSO neurons exhibit robust onset burst firing behavior.

(A) LSO neurons were stimulated with a 200-ms step current protocol to analyze sag behavior and AP
firing characteristics. Current steps increased in steps of 0.05 nA from -0.2 nA to 1.5 nA (35 steps). The
hyperpolarizing currents were used for sag amplitude analysis (Fig. 3.3 J-M). Rebound APs were not
observed in any of the recordings, consequently only 0-1.5 nA stimulations (31 steps) were analyzed
for APs and are displayed here. The red trace shows the rheobase stimulation of the exemplary neuron
shown in B (0.6 nA).

(B) Overlayed voltage responses of an exemplary LSO neuron to the 31 current stimulations shown in
A. The red trace illustrates the AP at rheobase stimulation. The neuron displayed an onset burst AP
firing with a maximum of four APs. The inset shows a zoom-in of the time course of Vmem, stimulated at
0.85 nA (0.25 nA above rheobase).

(C) Temporal occurrence of APs of the exemplary neuron at different current stimulation amplitudes.
The APs are differentiated in color by their sequence (15t to 4t"). The blue box indicates the period of
stimulation (left) and is truncated in the zoom-in of the first 10 ms on the right.

(D) Violin plot illustrating the maximum number of APs triggered by the step stimulation protocol. Multi
firing neurons (blue dots) showed a different magnitude in the maximal number of APs compared to
onset firing neurons (black dots), leading to an interruption of the y-axis. Mean (red diamond) and
median (red line) were calculated excluding the multi firing neurons.

(E) Probability of occurrence of onset burst firing neurons and multi firing neurons. Numbers of neurons
in each category are indicated.

(F) Violin plot of the rheobase values for n = 106 LSO neurons. Single cell data is shown as black dots,
the mean is indicated by the red diamond and the median by the red line.

(G) Scattered plot of the rheobase values as a function of the tonotopic recording position. Black dots
represent data from onset burst firing neurons, and blue dots represent data from multiple firing
neurons. Red line indicates a linear fit, with the Pearson correlation coefficient (p) displayed along with
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the corresponding p-value.
(H) The mean number of APs of onset burst firing neurons as a function of stimulation amplitude. The
SD is shown as gray shaded area.

3.2.4 Slope-dependent modulation of AP threshold

The results that LSO neurons exhibit subthreshold resonances and fire onset burst APs are
highly suggestive of a differentiator function. Differentiating neurons are characterized by a
slope-dependent AP threshold (McGinley & Oertel, 2006; Gai et al., 2009). In auditory
neurons, this mechanism aids in detecting rapidly changing signals and creates a high-pass
filter to suppress slowly changing input signals (Gai et al., 2010). As the role of LSO neurons
as differentiators or integrators is under debate (e.g.: Franken et al., 2018), | tested if LSO
neurons also express such a mechanism.

To explore a slope-dependent AP threshold, | used sinusoidal stimulations, similar to
(Lehnert et al., 2014). Nine stimulation frequencies (Fmoq: 5, 10, 20, 50, 100, 200, 500, 1000,
2000 Hz) were tested with stimulus amplitudes from 0.1 nA to 3 nA in 0.1 nA steps (resulting
in 9 * 30 = 270 stimulus combinations, Fig.3.6 A). Stimulating at 100 Hz resulted in no APs in
the exemplary neuron at low stimulus amplitudes of up to 0.7 nA (Fig.3.6 B' (1)). Increasing
the stimulus amplitude to 0.8 nA resulted in a single AP (2). The number of APs increased
with increasing stimulus amplitude to a maximum of four APs elicited by stimulus amplitudes
>2.4 nA (Fig.3.6 B'&C (5)). Similar effects were also seen at Fmos of 50 and 200 Hz (Fig.3.6 C).

For frequencies > 200 Hz only single APs were elicited, likely due to temporal limitations of
the stimulus (Fig.3.6 C). Specifically, the number of APs elicited at a constant stimulus
amplitude varied depending on Fmos. At 0.6 nA, the neuron fired an AP exclusively at
Fmod = 200 Hz. Increasing the stimulus amplitude up to 1.3 nA increased the F,..qs that elicited
APs (100-2000 Hz), but still only a single AP was triggered by each stimulus. At stimulus
amplitude of up to 1.3 nA, only a single AP/stimulus was observed at Fmnoss = 100 Hz.
Stimulations with Fmoes < 50 Hz did not trigger an AP in the neuron regardless of the stimulus
amplitude (Fig.3.6 B? (6), Fig.3.6 C). At this stimulus level, the number of APs decreased with
increasing Fmods at frequencies > 50 Hz (Figs.3.6 B?&C (7)-(9)).
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Figure 3.6 LSO neurons exhibit a slope-dependent modulation of AP threshold.

(A) Stimulus paradigm to analyze slope dependent modulation of AP threshold. The sinusoidal
frequency (Fmod) Was presented at nine different frequencies (5, 10, 20, 50, 100, 200, 500, 1000, and
2000 Hz) and an amplitude of 100 pA to 3000 pA in 100 pA steps (i.e., 30 steps), resulting in a total of
270 stimulus combinations. The left panel shows the stimulation waveforms at each amplitude step,
plotted across three time scales (x-axis scaling either 200, 20, or 2 ms). The right panel illustrates three
Finods (5, 50, and 500 Hz), representing one example from each time domain.

(B") Vmem recordings (black traces) from an exemplary LSO neuron in response to stimulations at
Fnod = 100 Hz and five stimulus amplitudes (0.7 nA — 2.4 nA; red traces). Each AP is marked with a dot
above its peak. With increasing current amplitude (700 pA — 2400 pA), the number of APs was
increased (D-G)).

(B2) Same as B’ but for stimulation amplitude of 3 nA and five Fnoss (20 Hz to 1000 Hz; 5)-(9)).

(C) The number of APs per stimulus (color-coded) as a function of current amplitude and Fnod for the
neuron shown in B'-B2. The situations depicted in B are highlighted in the plot ((1-(9)).

(D) The AP threshold as a function of Fmnod. Blue diamonds represent mean + SD, while faded lines
represent single-cell data. The dotted line is the average rheobase value for the neurons analyzed in
this experiment. Numbers on top indicate how many neurons responded with an AP to the specified
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Fmod. The total number of neurons tested was n = 26 (see E).

(E) The preferred frequency (foref) of LSO neurons. Blue diamond represents the geometric mean + SD
and dots represent single-cells data of n = 26 neurons.

(F) Same as E but for the bandwidthads.

Subsequently, the current necessary to initiate spiking (i.e., liw) was determined at each
FmogS. The resulting graph exhibited a frequency-dependent I (Fig. 3.6 D). The lin was lowest
at Fmoss of 100500 Hz, with the average curve indicating the lowest threshold at 200 Hz
(0.80 £ 0.21 pA; mean = SD; Fig.3.6 D). Even at this optimized stimulus frequency, the
threshold did not fall below the average rheobase value of 0.68 + 0.20 nA for those neurons.
For Fmoas exceeding 200 Hz, a slight increase in the I at 500 Hz (0.84 nA) was observed,
followed by a steeper increase thereafter. For Fnoss below 200 Hz, the Iw also increased
slightly to 0.97 nA at 100 Hz and more pronouncedly to 1.46 nA at 50 Hz. At frequencies below
50 Hz, the number of neurons responding with an AP decreased, highlighting an increase in
the threshold. At an Fmoq Of 10 Hz, only one neuron fired an AP at a stimulus amplitude of
2.4 nA (Fig.3.6 D). To quantify the frequency at which the ln was lowest, the preferred
frequency (Foref) Was introduced. The Fper ranged from 100-707 Hz, with an average of
275 + 141 Hz (Fig. 3.6 E). The frequency tuning of the neurons was quantified at a cutoff of
3 dB and can be used as a measure of the bandwidth of the tuning (bandwidthsgs). All neurons
showed low- and high-frequency cutoffs and were thus characterized by a band-pass filtering
behavior. The bandwidthsss ranged from 353 to 1700 Hz with an average at 868 + 311 Hz
(Fig.3.6 F). These results demonstrate that LSO neurons exhibit a slope-dependent
modulation of the I and are most sensitive to input signals with a Fnes of 275 Hz and a
bandwidth of 868 Hz. These adaptations help LSO neurons to better encode fast fluctuations
in auditory stimuli.

To get a deeper understanding of the mechanisms behind the slope dependent I changes,
| analyzed the V. Fig.3.7 (A) shows two APs elicited by stimulation at the respective s and
Fmoas of 50 Hz (1red, 1.9 nA), and 200 Hz (black, 0.7 nA). There is a notable difference in the
slope of the Vmem rise, and the APs were initiated at different Vin.. While Vinr was -48.0 mV at
the 200 Hz stimulation (black), the Vi at the 50 Hz stimulation was markedly higher -32.4 mV
(Fig.3.7 A). | performed a phase-plane analysis to further characterize the APs. This analysis
revealed clear differences between the AP waveforms elicited by 50 Hz and 200 Hz
stimulations (Fig.3.7 B). The 200 Hz stimulation led to a biphasic AP. The two phases are
described to be the activation of Nav channels at different locations, with the first (left) phase
being caused by the activation of somatodendritic Nav channels and the second (right) phase
the activation of Nav channels in the axon initial segment (AIS, Bean, 2007). In contrast, the
AP caused by the 50 Hz stimulation showed a monophasic AP, probably because of the

inactivation of somatodendritic Nav channels (Fig.3.7 B). In the phase-plane analysis, the
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threshold can be determined by the sudden increase in the first derivative of the Vimem (dV/dt)
(see arrows in Fig.3.7 B). Plotting the Vi as a function of the maximal slope of the current
(dl/dtmax) reveals a smooth transition between two Vi, states. At low dl/dtmax, the Vi is about
20 mV more positive than at high dl/dtmax. A sigmoidal function can well be used to describe
the data (R? = 0.76), and the two amplitude values Vi1 and Vir2 are used to quantify the
effect (Fig.3.7 C). Threshold elevation occurred in 81 % (21/26) of the neurons analyzed, with
a significantly higher Vinr,1 compared to Vinr2 (Vinr1: -32.5 £ 4.2 mV, Vi 2: -49.4 £ 3.8 mV; mean
+ SD, p = 1.5e-17; Fig.3.7 E). The increase in threshold amounts to 16.9+2.7 mV
(mean = SD; Fig.3.7 F).

The rate-dependent change in Vi suggests that the AP initiation zone can vary in an
activity-dependent manner, which creates a high-pass filter in LSO. In other words, with
decreasing Fnoqs the threshold for AP initiation increases, because the availability of Nav

channels in the somatodendritic compartment decreases.
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Figure 3.7 AP initiation is determined by the current slope.

(A) Time course of two APs of an exemplary neuron, elicited by stimulations at 50 Hz, 1.9 nA (red trace)
and at 200 Hz, 0.7 nA (black trace). The arrows mark the Vir of the APs (-32.4 mV and -48.0 mV,
respectively).

(B) Same APs as in A shown in a phase-plane plot. The phase-plane plot shows the first derivative of
Vmem (dV/dt) as function of Vmem. The arrows again mark Vir. While the phase-plane plot for the AP
evoked by the 200 Hz stimulus clearly shows two phases (black trace), the phase-plane plot for the AP
evoked by the 50 Hz stimulus barely shows a second phase.

(C) The Vur of the neuron displayed in A&B, as a function of the maximal current slope (dl/dtmax). The
different stimulation frequencies are color-coded. As dI/dT is influenced by Fmos and current amplitude,
multiple Fmos-current amplitude pairs correspond to the same dI/dT (each x-value can have multiple y-
values). The two situations shown in A&B are marked by larger circles. The black line represents a
sigmoidal fit used to extract Vir1 and Vir2, while the dotted line indicates the extrapolation of the
resulting function.
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(D) Number of LSO neurons that exhibit a threshold adaptation.

(E) Vinr1 for the 21 LSO neurons exhibiting threshold adaption. Blue diamonds represent mean x SD,
and dots represent single-cell data. Statistics were evaluated by a paired t-test, p = 1.5e-17.

(F) Awnr between Vinr2 and Vinr,1 for the neurons presented in E.

3.2.5 Mimicked synaptic noise does not increase the frequency tuning of LSO
neurons

The above findings, based on CC experiments, showed that LSO neurons exhibit a slope-
dependent modulation of the AP threshold. Such experiments are suitable for describing the
intrinsic spiking properties of the neurons, but they ignore two important factors from the
neuron's physiological environment. First, a neuron does not experience ohmic currents as
input signals; rather, the input signals are in the form of synaptic conductances. One
consequence is that the current dynamically adjusts according to the driving force of the
conductance (Vmem-Eexc, for an excitatory conductance), leading to a less effective
depolarization if Vmem approaches Eex.. Second, synaptic noise due to the summation of
multiple inputs is running on top of sinusoidal waveforms (like an AC component), which might
initiate spiking by fast changes in the Gexc.

To test if physiological synaptic noise is capable of triggering APs in LSO neurons and
thereby increasing the frequency coding range, | switched to DC experiments in combination
with an input pathway model to mimic synaptic noise. The modeled input consists of 40
converging inputs, each having a SW.. of 1 nS/input, thus matching the physiological
estimates (Fig.3.8 A). Input AP timings were modeled for each of the inputs, which were
generated by an inhomogeneous Poisson process that followed sinusoidal stimulus functions
(see Methods 2.5). The same nine Fn.S as earlier were used (5-2000 Hz; Fig.3.6) and the
amplitude of Gsyn was varied by increasing the input activation rate (fexc) (NB: at Froa = 500 Hz
and fexe = 500 APs/s, there will be on average one presynaptic spike/input/stimulus.

Consequently, at Fnoa = 500 Hz and fexc = 100 APs/s, the probability of an input being active

1

within the 2 ms (500 —

) is 20 %, reducing the number of active inputs effectively to eight). The

synaptic model stimulations were compared to an idealized sinusoidal conductance (hereafter
referred to as sinusoidal conductance), which was scaled to match in integrated conductance.

Low levels of stimulation (fexc = 100 Hz) led to a depolarization that was insufficient to initiate
APs in the exemplary neuron at a F,.s = 500 Hz (Fig.3.8 B', top and bottom panel) for the
sinusoidal conductance, and for the synaptic model stimulation (red and blue, respectively).
The same was true for each of 16 repeats, leading to a response probability/stimulus
(entrainment, independent of the number of APs) of 0 % for both conditions (Fig.3.8 B', middle
panel). Increasing the stimulus amplitude by raising fexc to 200 APs/s (Fig. 3.8 B?) was

sufficient to trigger an AP with the sinusoidal conductance, but not with the synaptic model.
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The entrainment, increased to 37.5 % and 18.75 %, respectively. Further increasing fexc
increased the entrainment to 100 % (Figs.3.8 B3-B*). The neuron responded to each synaptic
model stimulus with a single AP at foc = 500 APs/s, but increased to AP doublets at
fexe = 1000 APs/s.

Stimulating the neuron at low Fn.as (< 50 Hz) did not trigger APs in response to sinusoidal
conductances (Fig.3.8 B® (red), C"). Interestingly, the fast fluctuations in the synaptic model
were insufficient to initiate APs, (Fig.3.8 B® (blue), Fig.3.8 D'), resulting in an entrainment of
0 % for both stimulation conditions. These results resemble the high-pass filtering observed
in Fig. 3.6 and the synaptic noise could not bypass the filter.

The lowest Fnoq at which APs occurred was 50 Hz at foxc = 500 Hz, with entrainment values
of 13 % and 31 % for sinusoidal stimulation and synaptic model simulations, respectively
(Fig.3.8 BS). At all Fueas > 50 Hz, the entrainment was 100 %, except at 2000 Hz where the
entrainment of the synaptic model decreased to 38 % (Fig.3.8 B’-B™"). It should be mentioned
that the Gexc at 2000 Hz had a much lower amplitude for the synaptic model compared to the
sinusoidal conductance because the synaptic kernel reflects a frequency of ~500 Hz (see high
overlap in both conductances in Fig.3.8 BY), thus the scaling increases the amplitude of
sinusoidal conductance, while the synaptic model is limited. At lower fexc (200 APs/s), only
Fmoas of 500 and 1000 Hz (sinusoidal conductance), or 200 — 1000 Hz (synaptic model) were
capable of initiating APs (Fig.3.8 C'-D"), probably caused by similar mechanisms underlying
the slope-dependent threshold adaptations observed before (Fig.3.7). These results were
qualitatively similar for all 14 neurons tested (Fig.3.8 C?-D?).

To capture AP firing beyond entrainment, | next analyzed the number of APs per
stimulation at two fexe, 200 and 500 APs/s (Fig.3.8 E, light and bold traces, respectively). At
oxc = 500 APs/s, the average number of APs sharply increased at Fn.ss > 50 Hz. On average,
about one AP per stimulus was elicited for Fn.es of 100 — 1000 Hz, for both the sinusoidal
conductance stimulation and the synaptic model stimulation. The synaptic model stimulations
showed a number of APs/stimulus at an F,.« of 2000 Hz compared to sinusoidal stimulations,
reflecting the previously observed decrease in AP probability (Fig.3.8 B''&E). At
fexe = 200 APs/s, similar Fn.ss were encoded by the neuron of 100 — 1000 Hz. However, the
sinusoidal stimulation showed an elevated number of APs at Fn.us of 200 and 500 Hz

compared to the synaptic model stimulations (Fig.3.8 E).
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Figure 3.8 Frequency dependent modulation of AP probability is not increased by physiological

synaptic noise.

Results

52



(A) The cartoon illustrates the simulated excitatory synaptic convergence and the associated SW onto
an LSO neuron chosen to match the physiological situation.

(B) DC stimulations of an exemplary LSO neuron with synaptic model (blue traces) and idealized
sinusoidal conductance stimulations (referred to as sinusoidal conductance; red traces). Each panel
consists of three subpanels: the top subpanels display the time-varying conductance stimulus (Gexc)
with either varying the fexc (B'-B*) or the Fmoa (B5-B'"). The two stimulus types were designed to match
in integrated conductance (as the model is probabilistic, trial-to-trial differences may have occurred).
The voltage response of an example neuron to the two stimulus types are shown in the lower subpanels,
with each AP marked by a dot. The middle subpanels display the occurrence of AP over multiple repeats
(spike raster plots), with 16 repeats for the synaptic model and 8 repeats for the sinusoidal conductance.
The grey boxes indicate the phase duration of the sinusoidal stimulus. The numbers next to them
provides the entrainment, i.e., how many of the stimuli were responded with an AP (top in percent,
bottom in counts). Note that in B'-B*, Fnod was constant (500 Hz) and fe« increases from left to right
(100-1000 APs/s). In B3-B'" the Fmoq increases from left to right (20-2000 Hz) at a constant fex
(500 APs/s).

(C") The entrainment (color coded) as a function of fe and Fnod for the sinusoidal conductance of the
neuron shown in B. Grey boxes indicate stimulation combinations that were not tested.

(C?) Same as C' but the average of 13 neurons.

(D') Same as C' but the synaptic model.

(D?) Same as D' but the average of 13 neurons.

(E) The median number of APs/stimulus as a function of Fiq for the sinusoidal conductance stimulations
(red; saturated trace shows the data for fexc of 500 APs/s, and faded traces at fexc of 200 APs/s) and the
synaptic model stimulations (blue). The synaptic model and sinusoidal conductance stimulations were
compared at either fex, but not across fex. Statistics were evaluated by Wilcoxon-signed-rank test.
Details on statistics are provided in the supplements (Table S.6).

(F) The median unitary entrainment threshold as function of Fmoa for the sinusoidal conductance

stimulations and the synaptic model stimulations. The unitary entrainment threshold calculates as F’:;Cd
e.g.: % = 2.5 APs. Numbers on top indicate how many neurons responded with an AP to the

specified stimulation. The data of the sinusoidal conductance (red) was shifted to the left for visibility.
Statistics between the two stimulus types was tested by Wilcoxon-signed-rank test. Details on statistics
are provided in the supplements (Table S.7).

In the next step, | calculated the unitary entrainment threshold as a measure of how often
a single input must be active in one cycle of stimulation to trigger spiking with an entrainment
>50 % (Fig.3.8 F). At a Fnes of 50 Hz, entrainment of 50 % was only exceeded in three
neurons (3/14, 21 %) by synaptic model stimulation and only one neuron (1/14, 7 %) by
sinusoidal conductance stimulation. Thus, they were not further considered for analysis. At

Fmoas = 100 Hz the threshold was crossed mostly at fexc = 500 Hz, leading to a unitary

fexc . 500 APsxs™1

entrainment threshold of 5 APs (Fmod, 9 o0t

=5 APs; Fig.3.8 F). At Fnee = 200 and

500 Hz the threshold was exceeded at foxc Of 500 Hz, leading to a unitary entrainment
threshold of 2.5 and 1. At higher Fn.4s, the synaptic model stimulation showed an increased
unitary entrainment threshold compared to the sinusoidal stimulation. Synaptic model
stimulations resulted in a unitary entrainment threshold of 0.5 for both Fn.s = 1000 Hz and
2000 Hz, while the sinusoidal stimulation further decreased from 0.5 to 0.25 (Fig.3.8 F).
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To put this in perspective with other studies, the temporal jitter (latency SD of the inputs)
caused by the sinusoid can be estimated. In a Gaussian distribution, six times the SD covers
>99 % of values, therefore, dividing the sinusoidal wavelength by six provides a good

estimate of temporal dispersion. Considering Fn.« = 100 Hz as the lowest encoded F4, the

1
. . . . T00 Ha 10
maximal temporal dispersion an LSO neuron allows can be approximated to 2022 = 6ms =

1.67 ms. The sensitivity of the LSO neurons increases up to frequencies of 200-500 Hz,
relating to temporal windows of 0.83 and 0.33 ms. If the temporal jitter is lower (0.17 ms and
0.01 ms for 1000 Hz and 2000 Hz, respectively) the sensitivity of the neurons decreases.
Together, this experimental series demonstrates that mimicking synaptic inputs to the LSO
does not increase the coding range of the LSO neurons. Auditory stimuli are thus encoded by
the temporal envelope of the inputs to LSO neurons, rather than the fast conductance
dynamics on top of the envelopes. This implies that LSO neurons prioritize temporally
structured inputs over randomly occurring inputs, improving signal discrimination, and

suggesting a coincidence mechanism for excitatory inputs.

3.3 Synaptic integration in LSO neurons stimulated with in vivo-like
activation pattern

In the previous chapters, | described biophysical properties of LSO neurons that help to
encode temporally structured inputs. In the next experimental series, | aimed to simulate the
activity of presynaptic inputs to LSO neurons with in vivo-like stimulation patterns. The
objective was to analyze the sensitivity of LSO neurons to various aspects of these input
patterns. One major aspect in synaptic information transfer is the SW (Silver, 2010; Wu et al.,
2024). | systematically varied these from the empirically determined SW (SWex.: 1 nS/input,
SWinn: 8 nS/input) to infer the functional consequences on LSO neurons’ coding. To achieve
this, | employed the previously described synaptic model (Fig. 3.8). | generated stimulation
patterns using different stimulus functions to mimic the firing behavior of the two main input
populations, BCs and MNTB neurons. This approach allows to connect cellular coding

mechanisms to in vivo-like synaptic dynamics.

3.3.1 Distributing SWexc across multiple inputs promotes onset coding and suppresses
sustained firing in response to a primary-like stimulation pattern

In the first experimental series, | stimulated LSO neurons with excitatory conductances to

analyze the AP driving capabilities of different PL stimulation patterns. These reflect the typical

spiking activity of in vivo recorded BCs and MNTB neurons when stimulated with high-

frequency pure tones (see Introduction 1.6). The inputs were activated over a 200-ms period,

and the fexc Was used as a proxy for sustained sound level coding. The fexc Was varied between
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50 — 500 APs/s, in 50 APs/s increments, and reflects the rate coding of sound pressure levels
observed in the innervating excitatory pathway (see Introduction 1.6). Moreover, | analyzed
the influence of five levels of SW.,. on LSO neurons’ coding. Beside the physiological most
relevant situation (40 inputs X 1 nS/input), the remaining either aimed to decrease the
synaptic noise (400 inputs X 0.1 nS/input) or increase the synaptic noise
(20 inputs X 2 nS/input, 10 inputs X 4 nS/input, and 4 inputs x10 nS/input; three
configurations are shown in Fig.3.9 A). All patterns have a cSW.,. of 40 nS. Together, five SWe.
and ten foxc Were tested, resulting in 5 x 10 = 50 stimulation combinations.

When stimulated with a small SW,,. of 0.1 nS/input and an f... of 300 APs/s, the exemplary
neuron shown in Fig.3.9 (B'-B?), responded with a reliable onset AP in each of ten repeats. |
quantified this by the onset reliability (spiking probability within the first 10 ms of stimulation),
resulting in an onset reliability of 100 % (Fig.3.9 B', black). Throughout the remaining 190 ms
of stimulation, no further AP was observed (sustained rate = 0 APs/s, Fig.3.9 B', blue).
Increasing the SW.,. to the physiological equivalent of 1 nS/input, the onset reliability was
maintained at 100 % and the sustained rate showed a negligible increase to 3 APs/s
(Fig.3.9 B?). Further increasing the SWe. to 10 nS/input initiated a high AP rate in the sustained
part of stimulation with 281 APs/s (53 APs/190 ms) and maintained the high onset reliability
of 100 % (Fig.3.9 B®).

The exemplary neuron showed an onset reliability of 100 %, irrespective of SW.., and for
all ten foxc tested (Figs.3.9 C'-C° & D'). Corroborating findings were observed for the sample
of ten neurons (Fig.3.9 D?). A small SW., of 0.1 nS/input was not able to initiate APs in the
sustained part, independent of fexs (Figs.3.9 C'&E"). A low sustained rate of < 15 APs/s was
obtained upon stimulation with SW... of 1 nS/input, even at the highest foxc of 500 APs/s
(Figs.3.9 C?&E"). Further increasing SW.,. to levels = 2 nS/input, the sustained rate showed
level dependent increases, with a saturating, or even oversaturating effect. The maximal
sustained rate for stimulations with SW.. of 2 nS/input (70 APs/s) was achieved at
fexc = 350 APs/s and decreased with higher fexc (Fig.3.9 E"). Both, SWe. of 4 and 10 nS/input,
achieved maximal sustained rates at fexc Of 450 APs/s (173 and 316 APs/s, respectively;
Figs.3.9 (C3-C° & E")). These findings were qualitatively confirmed by the sample of ten
neurons (Fig.3.9 E?).
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Figure 3.9 Distributing SW.x across multiple inputs promotes onset coding and suppresses
sustained firing in response to a primary-like stimulation pattern.

(A) Three cartoons illustrate simulated excitatory synaptic convergence and associated SWex onto an
LSO neuron. The number of inputs varied inversely with SWex, resulting in a cSWex of 40 nS.

(B) Integration of SWex 0.1 nS/input (B'), 1 nS/input (B2), 10 nS/input (B3) at fexc of 300 APs/s. The
subpanels follow the same structure as Fig.3.8 (B): Top: Time-varying conductance stimulation, bottom:
voltage response of an exemplary neuron, middle: spike raster plots over 10 repeats. The 200 ms
stimulation was divided into a 10 ms onset phase (black, magnified at the right) and the subsequent
190 ms represents the sustained phase (blue). The numbers next to the spike raster plot provide the
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onset reliability (black) and the sustained AP rate (blue).

(C) Spike raster plots of five SWex: (0.1, 1, 2, 4, 10 nS/input) and ten fex. (50 — 500 Aps/s in 50 APs/s
steps, see left scale). Each combination shows ten repeats.

(D) The onset reliability in dependence of fex for five SWex (color-coded brown to light blue) of the neuron
shown in B-C is illustrated in D', and the median of ten neurons is shown in D2. Note that the onset
reliability is 100 % for all conditions in D' leading to an overlap of all curves. In D2, SWex of 2 nS/input
and 4 nS/input are at 95 % at fexc = 50 APs/s.

(E) The sustained AP rate in dependence of fex: for five SWex (color-coded brown to light blue) of the
neuron shown in B-C is illustrated in E', and the mean of ten neurons is shown in E2. In E', the larger
circles illustrate the results depicted in B.

(F) The sustained firing rate as a function of SWex for ten fex. (color-coded beige to green; scale to the
right of F'). F! illustrates the results for the neuron shown in B-C, and the median of ten neurons is
shown in F2. In F1, the larger circles illustrate the results depicted in B. The distribution of empirically
determined SWex from Fig. 3.1 (G) is redrawn as a cumulative probability function (purple) and the
sustained rates at the 50, 75" and 95 percentiles are highlighted by dotted lines.

(G) The sustained AP rate in dependence of the SD of the excitatory conductance (0(Gexc)). G
illustrates the results for the neuron shown in B-C, and the median of ten neurons is shown in G2.

Fig.3.9 F' displays the sustained rate of the exemplary neuron as a function of the SWe.
This reveals an exponential increase in the sustained rate with increasing SWe,. for all fexc. TO
determine the relationship between the SW... and the sustained rate on the sample level, |
incorporated the empirically determined cumulative distribution of SW., in the sample plot
(Fig.3.9 F?). This allows a direct assessment of the influence of SW.,. on the sustained rate.
The median SW,,. of 1 nS/input resulted in a maximal sustained rate of 11 APs/s, and an
increase of the SW.,. to the 75™ percentile (1.8 nS/input) is connected to a sustained rate to
32 APs/s. A further increase to the 95™ percentile (5.2 nS/input) is connected to a sustained
rate of 108 APs/s (Fig.3.9 F?). When considering an arbitrary threshold of 50 APs/s as
threshold for ‘sustained firing’ this was achieved by SW.,. = 2.5 nS/input (86" percentile) and
increasing the threshold to 100 APs/s was reached by stimulation with SWe. = 4.7 nS/input
(94" percentile). Plotting the sustained rate against the SD (o) of the sustained Gexc (0(Gexc))
confirmed that the sustained rate mainly depended on the noise in the input signal, with higher
noise levels fostering sustained firing behavior (r? = 0.98; Fig3.9 (G'&G?) review: Silver, 2010).

The SWe.s tested so far were uniformly-distributed across the number of inputs (uSWexc).
Next, | tested, if a physiologically more plausible scenario with jitter in the distribution of SWy.
(jSWex) increases the coding range of LSO neurons. To this end, the SW.,.s of 40 inputs were
drawn from a gamma distribution to simulate jitter in the SWe.. The minimal SW.. was
0.3 nS/input and the largest 3.2 nS/input. The mean SW.,. was 1 nS/input, thus reflecting the
physiologically relevant scenario (Fig.3.10 (A), right). The traces emerge from the same
exemplary neuron as in Fig.3.9. The neuron reliably fired onset APs in response to both uSW.
and jSW., stimulations (100 % onset reliability, Figs.3.10 B'&B?). The sustained rate of this

neuron increased ten times comparing uSWex. and jSWe.. stimulations (3 APs/s and 30 APs/s,
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respectively). The onset reliability was independent of fex, but the increase in the sustained
rate became apparent in the raster plots in Figs.3.10 (C' & C?). On the population level
(n=10), the neurons showed a significant increased sustained rate in 5/10 f..s tested
(at fexe = 150, 200, 250, 350 and 400 APs/s; Fig.3.10 D, Table S.8). The dynamic range, as
quantified by the minimal sustained rate subtracted from the maximal sustained rate
(independent of fexc), also showed a significant increase (uSWex: 12 £ 15 APS/s vS. jSWex:
27 + 35 APs/s, p = 0.04; Fig.3.10 E). This increase was mainly driven by half the population
of neurons, while the dynamic range for the remaining five neurons increased by < 5 APs/s.
This indicates that, at least within a subpopulation of neurons, jitter in the SWe. can

substantially enhance the coding range of LSO neurons.
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Figure 3.10 SW., jitter increases the sustained AP rate.

(A) Similar to Fig.3.9 A. In the left cartoon the SWex is uniform with 1 nS/input (uSWexc). In the situation
on the right SWex jitter (jSWex) is introduced by drawing the SWex: of the 40 inputs from a gamma
distribution. The histogram shows the distribution of SWex (mean + SD: 1.0 £ 0.7).

(B) Same as Fig.3.9 (B), but for the stimulation paradigm shown in A.

(C) Same as Fig.3.9 (C), but for the stimulation paradigm shown in A.

(D) The sustained spiking rate as a function of fex for uSWex. and jSWex.. Statistics were evaluated by
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paired t-test. Details on statistics are provided in the supplements (Table S.8).

(E) The dynamic range of the sustained rate, compared between the uSWex: and jSWex. Statistics were
evaluated by paired t-test, p = 0.041.

Note: Figs.3.10 (B'-C") are replotted from Fig.3.9 for comparison with the jSWex..

3.3.2 Temporal precise onset coding is enhanced by distributing SWexc across multiple
inputs

Temporal precision is a hallmark of the central auditory system, and LSO neurons provide
temporally structured input pattern to IC neurons (Ono et al., 2020). To analyze the temporal
coding capabilities of LSO neurons under the PL stimulation paradigm, | conducted a temporal
analysis of the onset APs and the sustained APs. The onset phase was analyzed by the
temporal jitter in the latency of the first AP (Fig.3.11 A). The onset latency jitter was low, rarely
exceeding 0.2 ms, for SWey < 2 nS/input. At foxe 2 300 APs/s, the jitter dropped below 0.12 ms
(Fig.3.11 B). Stimulating with a SW., of 4 nS/input resulted in higher onset latency jitter of
~0.3 ms, which halved to ~0.15 ms when fex. exceeded 300 APs/s. Stimulations with SWe,. of
10 nS/input resulted in the highest onset latency jitter, which showed peaks for distinct fexc
(Fig.3.11 B).

Plotting the onset latency jitter as function of SW... supports the finding that jitter increased
with increasing SWe. (Fig.3.11 C). To disentangle the contribution to the onset latency jitter of
the intrinsic AP generating mechanism from the temporal jitter in the stimulus (Gex), |
generated STAs of the Vimem (STA Vmem) of the first AP (Fig.3.11 D). When aligned at Vi, the
STA Vmem curves of all SWe,. stimulations virtually overlapped. Since the intrinsic AP generating
mechanism contributed minimally to the jitter, | examined the contribution of the input latency
on onset latency jitter. | defined input latency as the time, at which Ge exceeded 5 nS. The
onset AP latency of the exemplary neuron highly depended on the input latency jitter, as
evident by R? of 0.98 of a linear fit, with a slope equivalent to unity (Fig.3.11 E). The ordinate
value of 0.53 ms measures the latency from input latency to the AP peak.

To assess temporal structure in the occurrence of APs within the 200 ms of stimulation, |
conducted an analysis of the normalized SACs, (Joris et al., 2006). The data presented in
Figs. 3.11 (F,G'&H) originates from the example neuron presented in Figs.3.9 & Fig.3.10. If
all APs are perfectly synchronized across the ten repeats, the SAC shows a straight line at
0 ms delay. If they occur randomly, the SAC forms a triangle, approaching zero at a delay
equal to the stimulus duration (Fig.3.11 F"). If APs are temporally structured, the SACs display
side peaks at delays matching the inter-AP interval (Lim & Capranica, 1994). The SACs
showed a high degree of synchronization for small SWe. of 0.1 and 1 nS/input (Figs.3.11
F2&F?), while for larger SW... the SACs showed a progressive increase in randomly occurring

APs, as indicated by a progressive transition to a triangle (Figs.3.11 F*-F°).
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Figure 3.11 Distributing SWex. across multiple inputs enhances temporally precise onset
coding and omits randomly occurring APs in the sustained part.

(A) Spike raster plot of the onset for three SWex (0.1, 1, 10 nS/input) from an exemplary neuron. The
plots are redrawn from the spike raster plots in Fig.3.9 (B).

(B) 15t AP peak latency jitter as a function of fexc for five SWexc.

(C) 15tAP peak latency jitter as a function of SWex for ten different fex.

(D) Spike-triggered average (STA) of the 15t AP across ten repeats for all SWex.. Same neuron as in A.
APs were temporally aligned at the Vinr (dashed line). The STAs of the five SWex. show a high degree of
overlap and start to deviate during the afterhyperpolarization.

(E) The 13t AP latency as a function of the input latency. Plotted are all values for the neuron depicted
in A when an onset AP was elicited, resulting in 100 dots/SWexc (10 fexc X 10 repeats). The red line shows
a linear fit, demonstrating a high degree of correlation (R2 = 0.98). The lines to the right of the y-axis
indicate the range of 1t AP latencies for each SWexc.

(F) Normalized shuffled auto correlograms (SAC) of five SWex at fexe = 300 APs/s. Two special cases of
SACs are illustrated in F': when APs occur in perfect temporal alignment across repetitions, only a line
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is visible at delay = 0. The SAC results in a triangle that approaches 0 at the stimulus duration if APs
occur randomly over time during the stimulus and are not temporally aligned across repeats. F2-F8
depict the SACs for five SWex at fexe = 300 APs/s (bottom graphs). The numbers to the right of each
panel represent the correlation index (Cl). The spike raster plot is redrawn for each of the depicted
situations with synchronously occurring APs marked in red (at least 2 APs in a temporal register of
0.2 ms across repeats; same data as in Fig.3.9 (B))

(G) The Cl as a function of fe for all SWex for a single neuron (G') and for the sample median of ten
neurons G2,

(H) The ClI as a function of the sustained rate for the neuron show in A. The results from different SWexc
follow the same color-code as in G.

The peak of the SAC at 0 ms delay, is quantified as the Cl (Joris et al., 2006; Brette et al.,
2007). If Cl > 1, APs are temporally correlated across repeats. The exemplary neuron showed
the highest Cl values for SW., of 0.1 nS/input for all foxc (Fig.3.11 G'). At SWex = 1 nS/input,
the Cl decreased with increasing fexc but still showed very high correlation with all Cl values
being > 10. A similar course was observed at SW... = 2 nS/input, eventually decreasing to
values slightly above 1, which suggested only minor temporal correlation. For SW... of 4 and
10 nS/input most Cl values are smaller than 1 (18 of 20 values; 90 %), indicating no temporal
correlation, thereby emphasizing the result that APs occur temporally random (Fig.3.11 G").
The ensemble showed higher Cl values compared to the exemplary neuron, resulting in a high
degree of correlation for SW.,. of 2 nS/input at all fexc (Fig.3.11 G?). The finding that most APs
occurred randomly at SW... 4 and 10 nS/input was affirmed by the ensemble (Fig.3.11 G?).
Plotting the Cl against the sustained rate revealed an exponential dependence of the Cl on
the sustained rate, suggesting that the high degree of correlation results from the onset APs
(Fig.3.11 H).

These findings collectively illustrate a remarkable level of temporal precision of APs from
LSO neurons when stimulated with physiological SW.... An increase in SW.,. elevates the onset
latency jitter and causes APs that are initiated during the sustained phase, to appear

temporally random.

3.3.3 Increased Vinr constrains the ability to initiate APs in the sustained phase

The analysis of the rate of APs and their temporal occurrence (Figs. 3.9 & Fig.3.11,
respectively) described the coding mechanisms of LSO neurons. Subsequently, | analyzed
the data to identify biological mechanisms that could explain the observed phenomena. One
mechanism observed in the literature is that the AP threshold varies with the amount of noise
in the stimulus (Higgs & Spain, 2011; Lubejko et al., 2019). Therefore, in the next step, |
analyzed the Vi of the APs. Fig. 3.12 (A) depicts the Vimem Of the exemplary neuron, stimulated
with five SW-..., as previously presented in Fig.3.9 (B), and the Vi, of each AP is marked by a
red dot. The Vi of the first AP is also indicated as a red dotted line, for comparison with the
Vinr Of APs in the sustained part of stimulation. At large SW.,. of 10 nS/input, APs with Vi both
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higher and lower than the first AP occurred (Fig. 3.12 A'&B"). In the next step, | subtracted
the Vi of the 15t AP from the APs in the sustained phase of stimulation (Awr). A normalized
histogram of A indicates the distribution of the Vi, in respect to the Vi of the first AP. For
large SW., of 10 nS/input, the data distributed around zero, with a mean of 1.0 £ 3.4 mV
(Fig. 3.12 C"). With smaller SW., the Vi of the sustained APs gradually shifts to more
depolarized values compared to the Vi of the 1t AP (Figs.3.12 A%-A* & B?-B*). The
distributions of Awr confirmed this observation by a depolarizing shift from zero with decreasing
SWexe (SWexe 4 nSlinput: 4.1 £ 2.5 mV; SWe 2 nS/input: 6.0 £ 2.5 mV; SWe. 4 nS/input:
8.7+2.0 mV; Fig.3.12 C?-C*). This analysis was not possible at the lowest SW.. of
0.1 nS/input, as there were no APs in the sustained part of stimulation (Fig. 3.12 A>-C®).

The observed shift in Anr was not due to changes in the Vi of the 15t AP, as this was highly
comparable between all SW.,. tested at f... of 300 APs/s. Similarly, no statistical significance
of SWex on the Vi of the 15t AP was found at any f... tested (data not shown). As the average
level of depolarization increased with increasing f.., the Awn- was analyzed across fe.. The
results from the exemplary neuron indicate that the A increased for all SW.,. tested with
increasing fex (Fig.3.12 E"). The exemplary neuron also exhibited hyperpolarizing shifts of Vixr
at large SWex of 10 nS/input and low f.. of 50 — 200 APs/s. This phenomenon was otherwise
observed only at SW,,. of 4 nS/input and f.x. = 50 APs/s (Fig.3.12 E"). The shift in Aur for low
SWex of 1 nS/input, was large with values ranging from 2.3 mV at f... = 150 APs/s to the highest
value observed of 8.7 mV at f... = 400 APs/s. These results were corroborated by the sample
median (Fig. 3.12 E?). At larger SW. of 10 nS/input, three significant hyperpolarizing shifts
were detected at f... = 50, 100, and 200 APs/s. The intermediate SW... of 4 nS/input did not
show any significant deviations from zero in Awr, however smaller SW.,. of 2 and 1 nS/input
show various significant depolarizing shift (Fig. 3.12 E?).

Together, these results indicate that at the physiological SWe. (1 nS/input), an increase in
fexe shifted the Vi of APs during sustained integration to depolarized levels, thereby
constraining the neurons from initiating APs. For SW.,. of > 4 nS/input this phenomenon would

flip and the shifts in Vinr became negative, potentially adding a facilitatory effect on the AP rate.
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Figure 3.12 Vi increases during the sustained part.

(A) Time course of Vmem Of an exemplary neuron to a stimulation at fexe of 400 APs/s at five SWexc
(indicated to the left). In each trace the Vi of each AP is marked by a red dot. The red dotted line
depicts the Vinr of the 15t AP, and the blue dotted line the average Vmem during the sustained part of the
trace.

(B) Phase-plane plots of the Vmem displayed in A. The red dots mark the Vinr.

(C) The difference in Vi between the 1st AP and remaining ones (Awr) displayed in normalized
histograms, of all APs extracted from ten repeats. Red dotted lines mark the mean Awr for each
condition. Note the increase of Awr, indicated by a shift of the red dotted line to the right across the plots.
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(D) The Vinr of the 15t AP as a function of SWexc at fexe = 300 APs/s. Black diamonds represent mean + SD,
while dots represent single cell data. Statistics were evaluated by a one-way ANOVA (p > 0.99).

(E) The Aur as a function of fex for five SWexe. E' represent the results from the neuron shown above and
E2 shows the sample median. Statistics were evaluated by a one-sample Wilcoxon signed-rank test
(comparison against zero). Details on statistics are provided in the supplements (Table S.9).

3.3.4 Inhibition blocks onset APs and modulates the sustained AP rate bidirectionally

Ipsilateral sound stimulations increase the AP rate of in vivo recorded LSO neurons, and an
increase in the contralateral sound level, successively decrease the AP rate. Excitation-
inhibition synaptic integration in LSO neurons has been assessed in multiple studies using the
in vitro brainstem slice preparation. They either used electrical or optical input fiber
stimulations (e.g.: Sanes, 1990; Wu & Kelly, 1992; Gjoni, Zenke, et al., 2018) or DC
stimulations (e.g.: Beiderbeck et al., 2018; Franken et al., 2021). In these experiments the
excitatory, respectively inhibitory inputs, were collectively activated but did not consider
temporal jitter within an input pathway. Such a high degree of synchronization is rarely
achieved in a naturally condition. To assess the effects of inhibitory inputs on the onset firing
and the sustained AP rate, as well as to understand the mechanisms underlying rate coding
during bilateral stimulation, | extended the excitatory stimulation model with an inhibitory
component. To achieve this, | combined the semi-natural PL stimulation paradigm with
simulations of the inhibitory pathway in the same way.

| tested the excitation-inhibition integration by stimulating at a constant f... of 300 APs/s
while varying the inhibitory activation rate (fi,») from 0 to 300 APs/s in increments of 50 APs/s,
which resulted in seven levels. The influence of SW... and SW;,» was evaluated using three
values each (SWex: 1 _nSlinput, 4 nS/input, 10 nS/input; SWi.n: 2 nS/input, 4 nS/input,
8 nS/input; the two values considered physiological are underlined, compared Fig.3.1 &
Fig.3.2).

In the absence of inhibitory activity (fi.» of 0 APs/s), excitatory stimulation produced results
that aligned with those observed in Fig. 3.9. Specifically, stimulation with small SW.,. resulted
in exclusive onset responses for the exemplary neuron (onset reliability of 100 %) and a
sustained AP rate of 0 APs/s (Fig.3.13 B"). As SW.,. increased, the onset reliability remained
at 100 %, while the sustained AP rate increased to 52 and 164 APs/s for SW... of 4 and 10
nS/input, respectively (Figs.3.13 C'&D"). Adding inhibition at a rate of f;,, = 200 APs/s reduced
the onset reliability to 30 % when combined with SW.,. of 1 nS/input. Paradoxically, by adding
inhibition the neuron fired APs in the sustained stimulation phase with a rate of 17 APs/s
(Fig.3.13. B?). APs emerged by adding inhibition at levels as low as 50 APs/s as illustrated in
the raster plot in Fig. 3.13 (E"). At a SW. of 4 nS/input, the reduction in onset reliability was
less pronounced (50 %), and the paradoxical facilitating effect of inhibition was also seen
(increase from 52 APs/s to 71 APs/s, Figs.3.13 C'-C? & E?). At the largest SW.., adding

Results 64



inhibition minorly decreased the onset reliability (by 10 %), while showing a suppressive effect
on the sustained rate (reduction from 164 APs/s to 142 APs/s, Figs.3.13 D'-D? & E?®).
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Figure 3.13 Inhibition effectively blocks the onset AP evoked by excitation and bidirectionally
modulates the sustained AP rate.

(A) Similar to the cartoon in Fig.3.9 (A). The stimulation paradigm is indicated in the cartoon with the
number of converging inputs and the SW for both, excitation and inhibition. The cSWiu of 32 nS was
distributed across 4 inputs, resulting in a SWinn of 8 nS/input.

(B-D) Integration of simulated synaptic inhibition (Ginn) with Gexc for three different SWex: (1 nS/input (B),
4 nS/input (C), and 10 nS/input (D)). The panels essentially follow the same structure as Fig.3.9 (B).
The rate of inhibition (fi.n) varied between 0 APs/s (B'-D') and 300 APs/s (B2-D? shows finx = 200 APs/s).
The fexe was kept constant at 300 APs/s. The PL functions were modeled the same way for excitation
and inhibition, without a time difference between the two functions. Note that stimulation errors
occurred, which were excluded from analysis (white box in raster plots in B'&D").

(E) Spike raster plots for the stimulation paradigms shown in A, at seven different fi.n. Each stimulation
condition was presented ten times.

(F) The onset reliability as a function of fi:n for three SWex.. F' displays the results of the exemplary
neuron shown in B-E, and F? the median of the sample (n = 9). Large dots depict the situations shown
in B-D.

(G) Same as F but for the sustained rate. G2 displays the mean sustained rate. Horizontal dotted lines
indicate the sustained rate at fi.n = 0 APs/s to indicate sustained rate suppression and facilitation.

(H) Same as G but for the modulation index (MI). The MI normalizes the sustained rate to the value at
finn = 0 APs/s. The equation is provided in the text body. Statistics were evaluated by a one-sample two-
tailed t-test. Details on statistics are provided in the supplements (Table S.10, Table S.11, and
Table S.12).

Inhibition was most effective in reducing the onset APs triggered by SWe. of 1 nS/input. An
onset AP probability of 30 % was achieved by inhibition at a rate of 150 APs/s
(Figs.3.13 F'-F?). Inhibition was less effective in reducing the onset APs induced by SWey.
4 nS/input stimulations, with the lowest level achieved of ~30 % at fi., =200 APs/s.
Conversely, inhibition had limited impact on the onset AP probability induced by stimulations
with SW... of 10 nS/input, with the lowest onset reliability recorded at 80% (Figs.3.13 F'-F?).
This demonstrates that large SWi., (8 nS/input) are most effective in reducing the onset
reliability, when paired with a small SW.,. of 1 nS/input.

The bidirectional modulation of the sustained rate (suppression and facilitation) became
increasingly evident when evaluating the effect across various fi.» levels. The physiologically
most relevant combination displayed an elevation in the sustained AP rate at all levels of fiu,
for both the example neuron and the ensemble (Figs.3.13 G'-G?). The higher sustained rate
elicited by stimulation with SW.,. of 4 nS/input increased, when combined with intermediate
levels of inhibition (fi.» of 100-200 APs/s) before returning to its initial value (Fig.3.13 G"). At
the ensemble level, this effect appeared to be diminished, and adding inhibition minimally
affected the sustained AP rate (Fig.3.13 G?). Finally, high sustained AP rates, triggered by
SWex 4 nS/input stimulation, were suppressed when adding inhibition at fi.,» =200 APs/s
(Figs.3.13 G'-G?).
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To statistically assess the AP rate suppression and facilitation, the sustained AP rate was

Rfinn =Rfinn =o APs/s

normalized by the MI, which calculates as MI = . Positive values indicate an

max

increase in the sustained rate, compared to the rate elicited at fi., = 0 APs/s, while negative
values indicate a decrease in the sustained rate. The sustained rate of the exemplary neuron
changed from 52 APs/s to 71 APs/s in Figs.3.13 (B'-B?) (SWex: 4 nS/input; SWi.»: 8 nS/input;
finn 0 @and 200 APs/s). The maximal rate of 74 APs/s was induced by fi.» = 150 APs/s. The

71 APs/s =52 APs/s

equation solves as MI =
74 APs/s

= 0.26 (Fig. 3.13 H"). The effects observed before

are reflected in this analysis and adding inhibition reliably and significantly increased the
sustained rate across all fi,, when combined with SWe.,. of 1 nS/input (Fig.3.13 H?). In contrast,
significant suppression of the sustained rate only occurred at the largest SWex. (10 nS/input) in
combination with the highest fi.» of 300 APs/s. Although significant the effect of suppression

was moderate, reducing the sustained rate only by -0.27 (Fig.3.13 H?).

SWo, [NS/input]
4 10
1 SWi, 2 3
A S, A A
—.100 —. 100 - 100
= n=9 = S S
> 80 > 80 > 80 -
E 60 3 60 S 604
O 40 D 40 /‘\\ © 401
z 20 2 20 1 3 20 1
& & 6
0 R 0
0 100 200 300 0 100 200 300 0 100 200 300
For [APSIS] fin [APS/S] £ [APs/s]
1 SWin 2 3
2oB 2—1—8 100B 2ooB
z n=9 ¥ ?
o o g0 o
< 15 < < 150-7\*——-—\\
o 2 60 L
© © A ©
2 10 c [ — C 1001
s S 8 201 s 50
S Z 3 g
172 T 7 @ ol » ol
0 100 200 300 0 100 200 300 0 100 200 300
fin [APs/8] fin [APs/s] fon [APS/s]
1 SWip
C P
1.0 kK KRk k% kkk % Apy
g S 3 %
20-5 /\/\ % 'E 'E
.5 0*4’””* P . N z .5 .5
© C © ©
] % S ]
8-05 3 8- 8-
= ] = =
40l n=9405 A0l 100
0 100 200 300 0 100 200 300 0 100 200 300
fin [APS/8] S [APS/S] fun [APSIS]

Results 67



Figure 3.14 Onset reliability is minimally influenced by SWi», whereas sustained rate
facilitation is enhanced by large SW;,» and suppression by small SWi,.

(A) The median onset reliability as function of fix for three SWinn. Besides the physiologically relevant
8 nS/input, two smaller SWia» of 4 nS/input and 2 nS/input were tested. A" depicts the plot for SWex of
1 nS/input, A? for SWex of 4 nS/input, and A3 for SWex. of 10 nS/input. Accompanying figures similar to
Figs.3.13 (A-D) can be found in the supplementary material (Fig.5.2 & Fig.5.3). The figure presents
results from nine neurons (same for B&C).

(B) Same as A, but for the mean sustained rate. Horizontal dotted lines indicate the sustained rate at
finn = 0 APs/s to indicate sustained rate suppression and facilitation. B'-B? show the results in the same
way for SWexc of 1, 4, and 10 nS/input.

(C) Same as B but for the MI. Significances were tested by a one-sample t-test against zero (dotted
gray line).

Statistics were evaluated by a one-sample two-tailed t-test. Details on statistics are provided in the
supplements (Table S.10, Table S.11, and Table S.12).

The above section described the results of physiological SWi... In the next step, | analyzed
the effect of decreasing SWi.. Three levels of SWi, were tested: 2 nS/input, 4 nS/input, and
8 nS/input (Fig.3.14, Fig.5.2, and Fig.5.3). The onset reliability was reduced to levels of
~20-30% by all SW;,, tested (Fig.3.14 A'). To assess the inhibitory frequency that was
necessary to reduce the AP rate effectively, | calculated the population separability against
fin = 0 APs/s (Figs.3.15 A'-A3, Sakitt, 1973). A threshold of one was chosen to determine the
finn Necessary for the population to detect the reduction. For SWe. of 1 nS/input, this threshold
was crossed by adding inhibition at levels as small as 8 APs/s (SWi.n of 2 nS/input), 9 APs/s
(SWimn of 4 nS/input), and 18 APs/s (SWi,, of 8 nS/input; Fig.3.15 A"). At larger SW,. of
4 nS/input, the reduction in onset reliability was less pronounced compared to SWe of
1 nS/input and reached levels of ~30-40% at the highest fi.n (Figs.3.14 A'-A?). The fixs to
cause separability accompanying these stimulation combinations were low, with values of
13 APs/s (SWi., of 2 nS/input), 11 APs/s (SWim of 4 nS/input), and 30 APs/s (SWi. of
8 nS/input; Fig.3.15 A?). Onset reliability, induced by the largest SW... was only slightly
reduced, even when paired with the highest fi,, of 300 APs/s (67%-90%; Fig.3.14 A®). This
reduction followed a similar trend for all SW;,, (Fig.3.14 A®). However, the small reductions in
the onset reliability were still detectable by means of the separability analysis (29 APs/s
(SWinn = 2 nS/input), 25 APs/s (SWi,» = 4 nSlinput), and 116 APs/s (SWi,,» = 8 nS/input);
Fig.3.15 A%). Due to the relatively minor differences in onset reliability, separability is primarily
achieved through comparable values of onset reliability across the recorded neurons. In all
SWex conditions, onset separability was highest for large SWi.» (8 nS/input) and decreased
with decreasing SWi., (Figs.3.15 A'-A®). Collectively, the SW... had a more pronounced effect
on the rate computation of the onset (Figs.3.14 A'-A®), while SW,, also influenced the stimulus
separability (Figs.3.15 A'T-A®).
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Figure 3.15 Stimulus separability is reliably reached at stimulus onset, but not in the
sustained part.

(A) The separability of the onset for three SWiun levels (4, 8, and 16 nS/input) is shown as a function of
finn. A threshold of one indicated separable means (grey dotted line). The fi.n crossing this threshold
represents the required inhibitory drive to separate the conditions. Separability is assessed for three
SWex configurations: 1 nS/input (A'), 4 nS/input (A2), and 10 nS/input (A3).

(B) Similar as (A) but for the stimulus' sustained part. Note that only one SW configuration crossed the
separability threshold (B3).

The sustained part of the stimulation was analyzed using the mean AP rate and the
modulation index (Figs. 3.14 B-C). The above observations (Figs.3.13 F-H) indicated that
adding inhibition often resulted in an increased AP rate, rather than demonstrating a
suppressive effect. This facilitating effect was strongest, when weak SWe.s (1 nS/input) were
combined with strong SWi.» (8 nS/input; Figs.3.14 B'&C"). This gradually changed to
suppressive inhibition with increasing SW... and decreasing SWi., (Figs.3.14 B'-B* & C'-C?).
More generally, AP rate facilitation was promoted by small SW... and large SWi.,, and the
opposite was true for AP rate suppression. Intermediate SW levels minorly influenced the
sustained rate of LSO neurons (Figs.3.14 B?&C?). | utilized the population separability to
assess, whether the modulation of the AP rate through inhibition had functional significance.

The separability remained low across all conditions (Figs. 3.15 B'-B®) and only exceeded the
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threshold of one in a single case, when weak inhibition was combined with strong excitation,
i.e., unphysiologically large SWe. and small SWi,,. This illustrates that despite bidirectional
significant changes in the sustained rate, these changes cannot be employed for rate-level
coding in LSO neurons.

Collectively, these findings (Fig.3.13, Fig.3.14 & Fig.3.15) indicate that a rate-level code
can be employed at the onset of stimulation, when the innervating conductances exhibit the
greatest deviations due to the temporally correlated recruitment of numerous inputs. The onset
rate-level coding is promoted by small SW., while the SWi,, shows only minor effects.
Conversely, sustained integration of temporally uncorrelated input activity is ineffective for
extracting rate-level information. In stimulation conditions that elicited a low sustained AP rate
(small SWey), adding inhibition paradoxically increased the sustained rate. High sustained
rates, induced by large SW.., were suppressed by about 30 %. Despite these bidirectional
changes, the separability analysis revealed that the AP rate modulations by inhibition were
insufficient to induce functional significant changes. This underscores the significance of
temporally aligned input patterns for rate-level coding in LSO neurons, such as at the onset of
stimulation. In essence, this highlights the critical role of temporal structure in the innervating

synaptic conductances.

3.3.5 Sinusoidal stimulations reveal band-pass filtering of LSO neurons

The results of the preceding section (section 3.3.4) show that LSO neurons can barely
extract any rate-based ILD information from the sustained part of PL stimulations. This part is
characterized by temporally uncorrelated (randomly) activity within the excitatory and
inhibitory input pathway. Correlated activity of the innervating pathway can be induced by
stimulations with amplitude-modulated sound with a high frequency carrier, such as SAM
tones, transposed tones, or click stimulations (Joris, 1996; Kopp-Scheinpflug et al., 2003;
Tolnai et al., 2008; Mdller, Jovanovic et al., 2019; reviews: Joris & Trussell, 2018; Owrutsky et
al., 2021). In the following setup, | used sinusoidal stimulation patterns to mimic
synchronization in the input pathways, to analyze the synaptic integration of temporally
correlated inputs in LSO neurons (Fig.3.16 A).

In the first step, | tested the AP driving capacity of excitatory stimulations following
sinusoidal activation pattern. To this end, | tested nine Fn.q: 5, 10, 20, 50, 100, 200, 500, 1000,
and 2000 Hz (Fig. 3.16 A presents three). To analyze how different SW..s affect rate and
temporal coding, | tested four SW... levels: 0.1 nS/input, 1 nS/input, 2 nS/input and 4 nS/input.
In such experiments, the coding of the neuron at different F,.q is typically analyzed in two
ways: the AP rate is quantified in rMTFs, and the temporal precision of the APs, in means of

the VS is quantified in temporal modulation transfer functions (tMTFs).
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When stimulating LSO neurons with physiological SW.,. of 1 nS/input, and at a low Fp,eq of
10 Hz, an exemplary neuron exhibited APs at a rate of 2 APs/s (Fig.3.16 B'). The AP rate
increased at intermediate Fn.ss of 100-500 Hz, peaking at 200 Hz with 93 APs/s, before
decreasing towards zero at 1000-2000 Hz (Figs.3.16 C'&D’, quantified Fig.3.16 E'). This
indicates that the neuron exhibited band-pass filtering behavior at this low SW.,.. At an elevated
SWex of 4 nS/input, the same neuron demonstrated an increased rate of 72 APs/s, when
stimulated with a 10 Hz sinusoid. At intermediate frequencies, this rate further increased to
134 APs/s at 100 Hz modulation, and at high F..S, the rate decreased to 87 APs/s
(Figs.3.16 B?-D? & E'), revealing the band-pass filtering effect again. The band-pass filtering
was also observed at SW.,. of 2 nS/input, with AP rates falling between those previously
mentioned. The lowest SWe of 0.1 nS/input resulted in a low AP rate peaking at 33 APs/s at
Fmoa = 200 Hz, yet the band-pass filtering remained appreciable (Fig.3.16 E"). A similar firing
pattern was observed in 14 neurons, with the mean rMTF reflecting a response trajectory
comparable to that of the representative neuron (Fig. 3.16 E?). The normalized rMTF functions
have been used to quantify the bandwidth, indicating the range of F..ss the neuron responded
to. In other words, it quantifies the sharpness of frequency tuning (Fig.3.16 F). The sharpest
frequency tuning was achieved by stimulations with SW.,. of 0.1 nS/input (0.9 octaves), which
increased depending on the SW.,. (Fig. 3.16 G). At the physiological level of SWx. = 1 nS/input,
the bandwidth was 1.5 octaves, corresponding to frequency cutoffs of ~90 Hz to 320 Hz. At
SWex of 2 nSlinput and 4 nS/input, the bandwidth increased to 2.2 and 2.8 octaves,
respectively (Fig. 3.16 G). The results suggest that LSO neurons exhibit highly selective
frequency tuning, which is promoted by small SW.,.. This is an important feature for extracting
information from rapidly changing signals and implies that LSO neurons play a crucial role in

processing amplitude modulations in natural sounds.
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Figure 3.16 LSO neurons exhibit band-pass filtering in rate modulation transfer functions and
low-pass filtering in temporal modulation transfer functions.

(A) Sinusoidal functions used to simulate input timings with various Fm.a. Depicted are three (10, 100,
1000 Hz) out of nine Fmoas (5-2000 Hz). Further traces are shown in the supplements (Fig.5.5), as well
as the rMTFs of single neurons (Fig.5.6).

(B-D) Sinusoidal stimulations at three Fmos values depicted in A at two SWex (1 and 4 nS/input; B'-D*
and B2-D?, respectively). The panels essentially follow the same structure as Fig. 3.9 (B). For space
reasons, the raster plots show the first 10 of 20 repeats. The panels have been extended by phase
histograms, above which the vector strength (VS) is indicated. In instances where the number of APs
was less than 20, the VS was not calculated (n.d.).

(E) Rate modulation transfer functions (rMTFs) display the evoked AP rate as a function of Fuma tested
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at four SWex: (brown to light blue, see legend in E'). E' illustrates the results for the neuron shown above,
with larger circles showing the situations depicted in B-D. E? illustrates the sample median of 14
neurons. The analysis was restricted to onset neurons, and five neurons exhibiting multi firing behavior
have been excluded from the analysis, as this firing type was rarely observed (Fig.3.5 E). The rMTFs
of these neurons can be found in the supplement (Fig.5.7).

(F) Normalized rMTF of SWex 1 and 4 nS/input from E’ for the calculation of the bandwidth at a cutoff
of -3 dB. The values are indicated for both rMTFs. NB: log2(100) = 6.6 indicates the left dark blue line.

(G) The bandwidth as a function of SWex.. Diamonds show the sample mean + SD, and dots show single
cell data. The numbers above the x-axis indicate the number of neurons (out of 14) for which it was
possible to calculate a bandwidth. The effect of SWex on the bandwidth was tested by a one-way
ANOVA, p = 3.4e-7.

(H) Temporal modulation transfer functions (tMTFs) display the VS as a function of Fmed tested at four
SWexc. The panels follow the same structure as in E. In cases where fewer than six neurons showed a
VS (< 20 APs; see B-D), the analysis was omitted.

(I) Same as G but for the VS determined at Fnod of 200 Hz. The effect of SWex on the VS was tested by
a one-way ANOVA, p = 5.7¢e-4.

(J) Similar to E2 and H? but for the percentage of phase-locking neurons, according to the Rayleigh
statistics.

The temporal occurrence of APs represents another mode for information transfer. To
assess the temporal coding capabilities of LSO neurons, | utilized the VS, and constructed
tMTFs. The highest VS, exceeding values of 0.9 was observed for the smallest SW,,. tested
(0.1 nS/input), both in an example neuron and across the population (Figs.3.16 H'-H?).
Stimulations with SW, of 1 nS/input exhibited a minor decrease in VS, with values between
0.82 and 0.87 for the example neuron and between 0.84 and 0.88 for the ensemble. VS
measurements were feasible only for Fn.ss of 100-200 Hz with 0.1 nS/input and 50-500 Hz
with 1 nS/input stimulations, because of the low AP rates. At higher SW.. of 2 nS/input and
4 nS/input, the tMTFs exhibited low-pass filtering behavior (Figs.3.16 H'-H?). At a SW,,. of
2 nS/input, the VS values increased slightly from F..s of 5 Hz (0.71), to reach a peak at 500 Hz
(0.82), before abruptly decreasing towards zero at Fm.s of 1000 Hz and 2000 Hz
(Figs.3.16 H'-H?). For both, the example neuron, and the ensemble, the tMTF of SW,, of
2 nS/input is ~0.08 VS values higher, compared to VS reached by SW.. of 4 nS/input,
indicating higher temporal precision. Statistical influence of the SW.,. on the VS was tested for
Fmoa Of 200 Hz (Fig.3.16 |) and for 100 Hz (data not shown). At both F,.qs an increase in SWexc
resulted in a significant decrease in the VS. This indicates that temporal precision is increased
by stimulations with many neurons and small SWy..

In the final step, | determined the RS to quantify the number of neurons exhibiting significant
phase locking (Mardia & Jupp, 1999; Sayles et al., 2013). The RS becomes significant when
a sufficient number of APs occur in a temporal register within a phase. Therefore, it combines
both rate and temporal codes and weights to ensure that an adequate number of APs with
temporal precision are present. Across all Fn.ss, the highest number of neurons showing

significant RS were observed at SW.,. of 4 nS/input, and consistently decreased with smaller
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SWex (Fig.3.16 J). At SWe, of 4 nS/input, the function exhibited a low-pass filtering profile and
transitioned to a band-pass filtering profile with smaller SW.... At the SW.,. level of 1 nS/input,
most neurons are selective for F,.qs between 50-500 Hz, showing that LSO neurons are well
suited to extract amplitude modulations from natural sound.

Together, the above results demonstrate that LSO neurons act as strong band-pass filters
for sinusoidal excitatory inputs, with the bandwidth of this filter depending on the SWe.
Specifically, increasing SWe... broadens the filter bandwidth, while decreasing it enhances
frequency selectivity. This indicates that LSO neurons are particularly sensitive to temporally
synchronized inputs within a modulation range of 100 — 500 Hz. They effectively suppress
unsynchronized activity. At the physiological SWe. of 1 nS/input, LSO neurons exhibit sharp
frequency tuning, suggesting that this low SW.. may represent an adaptation to enhance
frequency selectivity. In parallel, the tMTFs show that AP precision increases with decreasing

SWex and thereby enhances the temporal fidelity of LSO neurons' output.

3.3.6 Stimulus transients are encoded by LSO neurons at Fmoas lower than 1000 Hz

| showed that LSO neurons are capable of following high-frequency sinusoidal activation of
50-500 Hz. However, both the rate coding and the temporal coding decrease at higher Fn.4s
(see section 3.3.5). The low-pass filtering behavior raises the question of whether this
limitation is imposed by the increasing repetition rate of the cycles (i.e., 1 ms at 1000 Hz).
Such fast modulations may exceed the neuron’s t..m, cOnsequently causing it to integrate
over multiple cycles of the stimulus. This is disentangled by a stimulation pattern that maintains
the repetition rate but increases the stimulus transience. Such input activity can be caused by
click trains, where the repetition rate (here modeled as F,us) is set by the inter-click intervals.
The inputs are activated highly synchronously (Muller et al., 2023), which can be modeled by
a high Fnoq (2500 Hz). Thereby, the transience in the stimulus increases while maintaining the
Fpulse.

To test if the stimulus transience limits the coding of LSO neurons, | presented four Fnoss of
100 Hz, 200 Hz, 500 Hz, and 1000 Hz at a Fpus. of 100 Hz (Fig. 3.17 A). For instance, a
stimulus with Fpoq of 500 Hz and Fpus. of 100 Hz repeats every 10 ms, resulting in an 8 ms
pause without stimulation between cycles. In this experiment, | tested a SW.,. of 1 nS/input for
the four Fmoas at fexe (100 — 500 APs/s, in increments of 100 APs/s). Higher Fnoss restrict the
APs to occurred in shorter temporal window, thereby increasing summation in the

conductance amplitudes. To test LSO neurons with similar conductance amplitudes across

Fmod g g., 20 APs/s + 2222 = 100 APs/s . | refer
Fpulse 100 Hz

FrmodaS, fexe Was scaled: scaled foyc = foxc *

to it as fex in the text body, while the figure indicates that it is “scaled”.
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At the lowest f... of 100 APs/s, neurons exhibited very low AP rates across all FnoiS
(1-3 APs/s; Figs.3.17 B'-E" & Figs.3.17 F'&F?). Due to the insufficient number of APs,
determining the VS was not feasible. When f... increased to 300 APs/s, the example neuron
responded with AP rates approaching 100 APs/s for all Fm.sS, except for 1000 Hz
(Figs.3.17 B%-E? & F'). At this highest F...s tested, it fired only 53 APs/s, which was consistent
with ensemble observations (Fig.3.17 F?). Temporal precision was remarkable at this level,
with VS values (based on Fpus.) exceeding 0.98 for Fin.qs of 200-500 Hz, and 0.92 at an Foq Of
100 Hz (Figs.3.17 G'&G?). The AP rate peaked at 100 APs/s at f... of 500 APs/s for F.s of
500 and 1000 Hz. For Fn.es of 100 and 200 Hz, there was an increase up to approximately
150 APs/s, indicating multiple APs per sinusoidal cycle (Figs.3.17 B3-E® & Figs.3.17 F'-F?).
This led to a slight decrease in VS to 0.88 for the example neuron. The ensemble showed
exceptional temporal precision for stimulations with Fin.es of 500 and 1000 Hz, resulting in VS
values > 0.99. At Fioqs of 200 Hz and 100 Hz, the VS values were still high, ranging from 0.85
to 0.88 for Fin.s of 100 Hz and from 0.90 to 0.96 for F,.q of 200 Hz (Fig.3.17 G?).

The excitatory rate-level functions of the ensemble (Fig.3.17 F?) demonstrated a
fex-dependent increase in the AP rate for all Fro4s, with the highest F,.« of 1000 Hz showing a
right-shifted rate-level function. Replotting the data as a function of Fp.4, at fee Of 200 and
300 APs/s, revealed a significant change in the AP rate depending on Fnoq (Figs.3.17 H&J).
To quantify the number of neurons responsive to a given stimulus level, | introduced a
threshold of 30 APs/s and quantified the number of neurons crossing this value. At a level of
fexe = 200 APs/s, more than 80% of the LSO neurons exceeded the value for Fno.ss of 100-
200 Hz (Fig.3.17 H&l). At Fnea of 500 Hz, half of the neurons remained responsive, while at
Fmoa of 1000 Hz only 2/12 (17%) were responsive. The number of neurons that crossed this
value increased at f.. = 300 APs/s, with > 90 % of neurons showing responsiveness at FroiS
of 100-500 Hz. At F..q of 1000 Hz, less than 50 % of the neurons were responsive to the
stimulus (Fig.3.17 J&K).
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Figure 3.17 Transient stimuli are reliably encoded up to Fn.« of 500 Hz.

(A) Sinusoidal functions used to simulate input timings with various Fmoss at constant Fpuise of 100 Hz.
This Fpuse corresponds to a peak difference of 10 ms. Four Fmos Were tested: 100 Hz; 200 Hz, 500 Hz
and 1000 Hz. A SWe.x of 1 nS/input was tested. The insets to the right display a single phase of the
stimulus to show increasing transientness with increasing Finoa.

(B-E) Excitatory rate-level coding tested at five different fox. (sShown are three, 100, 300 and 500 APs/s)
at four Fmoss (B1-B® 100 Hz, C'-C2® 200 Hz, D'-D? 500 Hz, and E'-E® 1000 Hz). The panels follow the
same structure as Fig. 3.16 (B-D), with the same criteria to analyze phase locking.

(F) Excitatory rate-level functions show the AP rate as a function of scaled fex: at four Fmoss. The scaling
of fexe was done to normalize the conductance stimulation to the same amplitude: scaled fo,. = foxc *

(:’”—‘l’d) F! depicts the results of the exemplary neuron shown above, and F? the sample median of
pulse

n = 12 neuron. Large circles depict the situations shown above.

(G) Same as F but for the VS.

(H) rMTF at a fex of 200 APs/s. Black diamonds show mean + SD and grey circles the single cell data.
The grey line highlights the AP rate of 30 APs/s, a value chosen for the analysis in I. (NB: at a rate of
30 APs/s ~every third phase was responded with an AP.) A one-way ANOVA was performed to assess
statistical influence of the Fmos On the AP rate (p = 1.5e-4).

() Black bars represent the percentage of neurons exceeding 30 APs/s at the four Fmoas, with the white
numbers indicating the neuron counts. The grey bars, along with the black numbers, show the
percentage of neurons not exceeding this value.

(J-K) Same as H-l but for a fexc of 300 APs/s. A one-way ANOVA was performed to assess statistical
influence of the Fmos on the AP rate in J (p = 6.5e-5).

The findings showed that stimulus transience can be consistently encoded in LSO
neurons, if the input neurons synchronize their AP to modulation frequencies < 500 Hz. This
implies that optimal encoding by LSO neurons does not occur when excitatory inputs are
perfectly synchronized, but rather, when there is a certain degree of temporal variability among
the different inputs. Importantly, the sensitivity of LSO neurons decreases for sinusoidal
activations with Fnos 2 1000 Hz. The temporal coding of LSO neurons to such stimulation is

superior, with a high degree of phase locking at all Fyo4S.

3.3.7 Transient stimuli enable ILD computation

In the preceding section (see section 3.3.6), | demonstrated that LSO neurons are capable
of coding transient amplitude-modulated input signals at high F,us of 100 Hz. However, this
does not imply that the neurons can extract meaningful information for ILD computation. Prior
observations showed that separability values were low when stimulated with a PL stimulation
pattern, even when AP rates triggered by excitation were high (see section 3.3.4). To
determine whether LSO neurons are more sensitive to level-difference cues when stimulated
with amplitude-modulated input signals, pulsed-sinusoidal innervation patterns of excitation

and inhibition were presented together.
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Figure 3.18 Level difference coding is enabled by transient stimuli with highest sensitivity at

Fnoq Of 200 Hz.
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(A) Excitation-inhibition integration was analyzed using SWex. = 1 nS and SWixn = 8 nS. The same Fnod
and Fpuise conditions as in Fig.3.17 were tested. Analysis of Frnos = 1000 Hz was omitted as explained in
the results.

(B-D) Excitation-inhibition integration at three different Fnoas of 100, 200 and 500 Hz. The panels
essentially follow the same structure as Fig.3.17 (B-E) but include the inhibitory conductances and
phase overlays of Vmem to show AP sparseness and increasing hyperpolarization. A fex. (300 APs/s)
was tested against six levels of inhibition (fi» = 0, 100, 200, 300, 400 and 500 APs/s; shown are 0, 300
and 500 APs/s). Inhibition advanced excitation by 0.2 ms, to be more effective.

(E) The impact of inhibition is shown by the AP rate as a function of fin for three Fmoss. The fexc was
constant at 300 APs/s. E' presents the results of the neuron depicted above, while E? presents the
sample median of 12 neurons.

(F) The Ml plotted as a function of fi.n at a fex of 300 APs/s. Only negative Ml values were observed. F!
displays the results for the exemplary neuron shown in B-D and includes the quantification of the MI.
0.75 (finn @t which a Ml of -0.75 is reached) value for the three Fmoas tested. The Ml.o.7s for the three Fmods
is indicated in the panel. F? illustrates the sample median (lower plot) of n = 12 neurons. The upper plot
shows the Ml.o.7s values for the three Fnoss tested. Diamonds show mean + SD. Black statistics show
the within-group comparison and brown to yellow statistics indicate comparison with a lower fex. of
200 APs/s (H?). A two-way ANOVA followed by paired t-tests was performed, and alpha levels were
corrected for three-way comparison using Bonferroni correction. Details on statistics can be found in
the supplements (Table S.13).

(G-H) Same as (E-F) but at an excitatory rate of fexe = 200 APs/s.

To evaluate the impact of inhibition on APs triggered by transient excitation, | tested the
transient stimulation paradigm in conjunction with physiological SWexs and SWins (1 nS/input
and 8 nS/input, respectively; Fig.3.18 A). Three levels of f... (100 APs/s, 200 APs/s, and
300 APs/s) were examined against six levels of fi.n (0-500 APs/s, in increments of 100 APs/s).
The amplitude modulation was presented at a F,us. of 100 Hz, and four Fn.ss were assessed:
100 Hz, 200 Hz, 500 Hz, and 1000 Hz. Combinations, in which neurons showed low
responsiveness to an isolated excitatory stimulus were excluded from the analysis. This
pertained to all conditions of f.x. of 100 APs/s and to the Fn.s was 1000 Hz (Fig.3.17).

Stimulating an exemplary neuron with excitation at f... of 300 APs/s, and no inhibition
(finn = 0 APs/s) recapitulated previous findings from Fig. 3.17, with minor differences.
Stimulation with F...q of 100 Hz yielded the lowest AP rate of 67 APs/s (Fig.3.18 B"). Both F.4s
of 200 Hz and 500 Hz produced rates of approximately 100 APs/s (Figs.3.18 C'&D"). The
ensemble data were consistent with the previous experiment, indicating that stimulation at all
three F,..qs resulted in rates near 100 APs/s (Figs.3.18 E'&E?). Introducing inhibition alongside
excitation at fi,, of 300 APs/s decreased the AP rate by ~80%, irrespective of Finoa (Fmoa 100 Hz:

14 APs/s . . 20APs/s . . 20 APs/s
67 APs/s 21 %; Fmoa 200 Hz: T01APS/s 20 %; Fmoa 500 Hz: 98 APS/s

= 20 %; Figs.3.18 B-D &
E"). At the highest fi.» (500 APs/s), AP occurrence was sparse, reducing the rates to 1-4 APs/s
(Figs.3.18 B3-D?). The decrease in AP rate with increasing fi.» occurred monotonically for both
the example neuron and the ensemble data, indicating that inhibition effectively suppressed

the AP rate (Figs.3.18 E'-E?). To assess inhibition efficiency statistically, | calculated the MI,
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followed by the calculation of the Ml.o.75 value. This value represents the fi.», at which the AP
rate was reduced by 75 %. For the example neuron, this occurred for Fn.« of 100 Hz at
278 APs/s, Fnoq Of 200 Hz at 272 APs/s, and F.q of 500 Hz at 279 APs/s (Fig.3.18 F'). At the
ensemble level, the value slightly increased with higher Fn.4s, resulting in values of
232 + 66 APs/s for Fm.q of 100 Hz, 247 + 72 APs/s for Fm.q of 200 Hz, and 280 + 82 APs/s for
Fmoa 0f 500 Hz, showing a significant increase between F,.qss of 100 Hz and 500 Hz (p = 0.001;
Fig.3.18 F2).

The experiment was also conducted at a lower f... of 200 APs/s. At this level, an Fnoq of
200 Hz triggered APs most effective (69 APs/s), while Fnoqs of 100 Hz and 500 Hz resulted in
lower values (41 APs/s and 30 APs/s, respectively; Fig.3.18 G?). This indicates that the highest
excitatory drive occurred at an Fp,.qs of 200 Hz, consistent with the results shown in Fig. 3.17.
The calculation of Ml.o 75 values revealed the lowest values for F..qs of 200 Hz (141 £ 63 APs/s),
which were significantly lower compared to F.q of 100 Hz (184 + 44 APs/s, p = 0.0006) and
Fmoa Of 500 Hz (202 £ 45 APs/s, p = 0.0007; Fig.3.18 H?). This demonstrated that inhibition
most effectively blocked APs at Frn.q of 200 Hz. All three values were significantly smaller for
fexe levels of 200 APs/s compared to 300 APs/s, indicating that increased excitation must be
countered by stronger inhibition (statistic in Table S.13, Figs.3.18 F2&H?).

Finally, | analyzed the separability to determine whether this stimulus paradigm offers level-
difference cues that can be employed by the LSO neurons. The separability was determined
for the six stimulation combinations mentioned above, two f... (200 and 300 APs/s) and for
three F,.«s (100, 200 and 500 Hz; Figs.3.19 A'-A%). A separability threshold of one was
reached at fi.x levels of < 150 APs/s in all situations. At Fy.« of 100 Hz, stimulations at f... of
200 APs/s showed a higher fi,, necessary to reach stimulus separability, compared to
fexe Of 300 APs/s (separability reached at fi,, = 133 and 115 APs/s for f... of 200 and 300 APs/s,
respectively; Fig.3.19 A'). Similar results were found at F..« of 500 Hz (separability reached
at fin = 147 and 77 APs/s for f.. of 200 and 300 APs/s, respectively; Fig.3.19 A%). At Fuea of
200 Hz, separability was reached at considerably lower f;,; values of 53 and 66 APs/s for the
two f..c of 200 and 300 APs/s, respectively (Fig.3.19 A?). This again highlights the enhanced
ILD computation capability at a F..q of 200 Hz.
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Figure 3.19 Stimulus separability is envelope dependent and showed lowest values for high
jtexc-

(A) Separability as a function of the inhibitory rate for two levels of excitation (fex: 200, and 300 APs/s).
The separability was analyzed on three envelope configurations of Fmea: 100 Hz (A'), 200 Hz (A?) and
500 Hz (A%). A threshold of one was set to achieve stimulus separability, as shown in the lower panels
for the different fex.

Collectively, these experiments (Fig.3.18 and Fig.3.19) demonstrate effective inhibition
when APs are triggered by transient stimulations within a temporally restricted time frame.
This indicates that LSO neurons exhibit increased sensitivity to ILD cues, when stimulated
with amplitude-modulated signals, potentially enhancing ILD-based sound source localization.
The system's adaptive nature requires stronger inhibition to counter higher excitation, ensuring
that APs are elicited in ipsilateral LSO neurons when a sound source is lateralized.
Conversely, the reduced excitatory drive in contralateral LSO neurons may render their

susceptibility to suppression of AP rates through inhibition.

3.3.8 Level differences can be extracted across a wide range of time differences

between excitation and inhibition.

ILDs as azimuthal sound source localization cues are inevitably connected with ITDs. A
change in the horizontal position leads to a change in the level difference, and at the same
time entails a change in the arrival times at both ears (Introduction 1.2). These external delays
are further increased by internal delays, as described by the “latency hypothesis” (e.g.: Grothe
& Park, 1995). Therefore, the rate-based level differences are inevitably connected to
differences in the arrival time of excitation and inhibition.

As of now, the experiments were designed to analyze the sensitivity of LSO neurons to
changes in rate-based level differences. To understand how level difference coding interacts
with time differences imposed on top, | varied both factors in the next experimental setting.

The stimulations were presented with a Fm.qs 0f 100 Hz, as temporally structured activation of
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the inputs is a necessity for temporal coding (Joris & Yin, 1995; Irvine et al., 2001). | tested an
excitatory level of 200 APs/s to drive APs in LSO neurons. This excitation was combined with
six levels of inhibition (fi.» = 0, 20, 50, 100, 200, and 500 APs/s), which | presented at seven
time differences (Ats). Inhibition preceding excitation at Ats of 0, 0.1, 0.2, 0.5, 1, 2, and 5 ms
was tested. According to conventions, positive Ats refer to inhibition preceding excitation. It
has been shown that LSO neurons possess exquisite mechanisms to extract Ats with
preceding inhibition (Beiderbeck et al., 2018). | only tested positive Ats, to minimize stimulation
combinations, reducing recording time and ensuring all combinations could be successfully
recorded.

Similar to results presented earlier in this thesis (Fig.3.16), excitation (fo. of 200 Hz)
presented without inhibition at F,.q of 100 Hz resulted in an AP rate of 24 APs/s for the example
neuron (Figs.3.20 B'&E"). Adding inhibition at levels of 100 APs/s reduced the AP rate by
33 %, to 16 APs/s (Fig.3.20 B?). Increasing inhibition to 200 and 500 APs/s further decreased
the AP rate to 9 APs/s and 1 AP/s, respectively (Figs.3.20 B3-B*). This monotonic level
decrease reflects the previous results of Fig.3.18. Figs.3.20 (C&D) extends this analysis by
adding temporal disparities. At a constant fi,» of 100 APs/s, the LSO neurons’ AP rate changed
minorly, when inhibition preceded excitation by up to 2 ms (16 APs/s at At = 0 ms; 14 APs/s
at At =0.2 ms; 13 APs/s at At = 1 ms; 17 APs/s at At = 2 ms; Figs.3.20 D'-D® & G"). Further
increasing the At to 5 ms resulted in a tremendous facilitation of the AP rate to 68 APs/s
(>400 % compared to At of 0 ms; Fig.3.20 D*).

These observations are corroborated by the rate-(inhibitory) level functions of the
exemplary neuron for the seven Ats. The rate-level functions of At = 0 ms up to At =2 ms
decreased nearly monotonically with increasing f.», and followed a highly similar course,
indicating similar inhibitory effectiveness (Figs.3.20 E'&F"). In strong contrast, the rate-level
function at At = 5 ms showed increased AP rates already at the smallest fi,, tested (20 APs/s).
The AP rate increased up to fi.» of 200 APs/s, before it decreased slightly at the highest fi:x
tested (Figs.3.20 E'&F"). Supporting findings were observed at the ensemble level (Figs.3.20
E2&F?). Swapping the fi.» on the x-axis against At further highlights the observed effects. Here
the functions for all fi,, showed nearly flat lines of AP rates for At = 0 to 2 ms and an increased
at At = 5 ms (Fig.3.20 G'). The sample median demonstrates a strong resemblance of these
results, showing a lot of overlap for the rate-level function of At = 0 to 2 ms and the facilitatory
effect at At = 5 ms (Figs.3.20 E*-G?).
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Figure 3.20 Level-difference coding is maintained across a wide range of time differences.
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(A) Schematics illustrating the stimulation paradigm. A sinusoidal stimulation at Fmee of 100 Hz was
employed to analyze level differences (A) in conjunction with time differences (At, (C)). Six levels of finn
were tested (0 ; 20; 50; 100; 200; 500 APs/s) at a fixed At of 0 ms. The SWexc & SWinn were used based
on physiological values (1 nS/input and 8 nS/input, respectively).

(B) Synaptic integration at a constant excitation with varying levels of inhibition (fi.-» = 0 APs/s (B?),
100 APs/s (B?), 200 APs/s (B®), 500 APs/s (B*)). The panels follow the same structure as in
Fig.3.18 (B-D). Phase overlays were omitted for space reasons. As mentioned above, the stimulation
combinations depicted in B had a At of 0 ms between the excitatory and inhibitory sinusoids. 10/20
repeats of an exemplary neuron are presented in the raster plots.

(C) Same as A but for various Ats at a fixed fin of 100 APs/s. Seven Ats were tested (0, 0.1, 0.2, 0.5,
1, 2, and 5 ms). The panels include 20 ms zoom-ins (bottom) to improve visibility of the time difference
between the sinusoidal functions. By convention leading inhibition is presented by positive At values.
(D) Same as B but for four Ats at a fixed fi-» of 100 APs/s. Four of seven Ats are displayed (0 ms (D7),
0.2 ms (D?), 1 ms (D?), 5 ms (D%)).

(E) The AP rate as function of fix for seven Ats (yellow to dark green; color scale on the right to the
plot). The results from the neuron shown in B & D are displayed in E' and the median of the sample
(n = 7) is displayed in E2. Note that most function follow a similar course, leading to overlap. Only
At = 5 ms stands out clearly (dark green curve).

(F) Same as E but for the MI.

(G) The AP rate as a function of At for six different fi.n (pink to dark red; color scale on the right to the
plot). The diagrams show the same data as in E, but essentially, the x-axis and the color axis are
swapped. G' displays the results from the exemplary neuron, while G2 displays the sample median
(n=7).

(H) The population separability displayed against fi:n for seven Ats. The threshold of one was used to
extract the finn leading to separability and the bottom plot displays these values for each At-function that
reached separability.

(G) Population separability was also calculated against At for six fixn. The At at which separability
occurred was computed using the same threshold of one. This was only true for three values (finn of
100, 200, and 500 APs/s).

Moreover, | calculated the population separability for both the rate-level functions and At
functions. The fi.»n and the At values crossing the separability threshold of one describe the
values necessary to observe a difference to the control situation of either fi,» = 0 APs/s or
At = 0 ms. Separable differences in rate-level functions were observable in a range of fi., of
100 to 250 APs/s (Fig.3.20 H). Although Ats had a minor influence on the fi,» required for
separability, the analysis revealed that inhibition was most effective in suppressing the AP rate
when preceding excitation by 1 ms in a 100 Hz modulated input signal (separability at
finn =131 APs/s; Fig.3.20 H). The separability function for At=5ms did not cross the
threshold, suggesting that this At cannot be used for reliable ILD coding.

The result that At barely influenced the AP rate was reflected in a At-separability analysis.
An fi.,n, of 2100 APs/s was necessary to detect separable Ats (fi.» = 100, 200, and 500 APs/s;
Fig.3.20 I). In all three cases, these At amounted to > 2 ms (Fig.3.20 I). This suggests that
Ats > 2 ms are necessary to have an impactful influence on the rate-level coding of LSO

neurons.
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Together, these results demonstrate that LSO neurons can maintain rate-level sensitivity
across a wide range of temporal disparities between the activity of excitatory and inhibitory

inputs.

3.3.9 Time difference coding is enabled by stimulus transience of the envelope

The preceding experimental series (section 3.3.8) analyzed the level-difference coding
capability across a range of time differences for a 100 Hz sinusoidal stimulation. The results
suggest that temporal disparities do not increase the coding capabilities of level-difference
extraction for a wide range of Ats. This contrasts with the extensive literature, demonstrating
high ITD sensitivity of LSO neurons (Park et al., 1996; Irvine et al., 2001; Beiderbeck et al.,
2018; Franken et al., 2018; Franken et al., 2021). It must be reflected that the 100 Hz
sinusoidal stimulation reflects a temporal input activation pattern, which correlates across a
10 ms cycle. The ITD sensitivity is often tested by transient stimulation with clicks, which elicit
a high degree of synchronization in the innervating pathway (Muller et al., 2023). Therefore, |
tested the effect of increased temporal precision (increased transience) in the innervating
pathway on the time difference coding in the following experimental series.

To analyze the influence of increasing transience on the temporal coding in LSO neurons,
| used similar sinusoidal patterns as in Fig.3.17 & Fig.3.18 to simulate excitatory and inhibitory
input activations (fexc and finn were 200 APs/s for Fr.as of 100 and 200 Hz, and 100 APs/s for
Fmoas of 500 and 1000 Hz). A constant pulse rate of Fyuse = 100 Hz was combined with four
Fmoas (100, 200, 500, and 1000 Hz). Temporal disparities between excitation and inhibition
were tested across a full cycle of F,us., specifically £ 5 ms (every 0.5 ms between 5 and 2 ms
and 0.25 ms between 2 and 0 ms, resulting in 29 Ats). Fig.3.21 presents the results of an
exemplary neuron at Fn.s = 200 Hz and lists all Ats (Fig.3.21 C). Seven stimulation conditions
are highlighted, including stimulations from At = 3 to -3 ms (Figs.3.21 A&B). At positive Ats
(preceding inhibition), inhibition was not effective in reducing the AP rate much below
100 APs/s for Ats of 5 to 3 ms. Across the next Ats tested, the AP rate decreased, and only
6 APs/s were observed at At = 1.5 ms (Figs.3.21 B'-B® & C). This low AP rate was maintained
up to a At of -0.5 ms (15 APs/s), before increasing again, reaching levels of 2100 APs/s at a
At of -2 ms.
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Figure 3.21 Reliable time difference coding by transient stimulations.
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(A) Schematic of the stimulation protocol analyzing time difference coding. The stimulation duration
was 200 ms, but only 20 ms is shown for clarity. Four Fmees (100, 200, 500 and 1000 Hz) were tested
at a fixed Fpuise of 100 Hz, with the synaptic integration of Fmee of 200 Hz depicted here. 29 At values
were tested between excitation an inhibition (seven shown) combined with physiological SWex and
SWinn. A total of 4 x 29 = 116 combinations were assessed.

(B) Time course of Vmem during the 200 ms of stimulation for the seven At values tested (B'-B7). APs
elicited by the neuron are marked by dots.

(C) Spike raster plots of ten repetitions for the 16 At values tested at a Fios 0f 200 Hz. The numbers on
the left assign the situations shown in B. At is shown right of the raster plots with resulting AP rates next
to it.

When plotting the AP rate as a function of At, the results demonstrated characteristic trough-
like functions (Figs.3.22 A&B, Galambos et al., 1959; Joris & Yin, 1995; Franken et al., 2021).
In the example neuron, these can be appreciated for F...« of 200, and 500 Hz (Fig.3.22 A"),
and after normalization at F..« of 100 Hz (due to low rate, Fig.3.22 B"). At Fines = 1000 Hz,
inhibition was not effective in reducing the AP rate of the exemplary neuron below 88 APs/s.
In the sample median, inhibition was effective to reduce the trough to 31 APs/s at F.q of
1000 Hz, and to values close to 0 APs/s for all remaining Fnoas (Fig.3.22 A?&B?). | analyzed
two metrics to characterize the ITD coding of the trough-like functions: the trough half-width
and the trough center (center value of the half-width). The trough half-width served as a
measure of the effective temporal window of inhibition, while the trough center estimated the
At of maximal inhibitory effectiveness. Both are indicated for the example neuron in
Fig.3.22 B'. The neuron demonstrated a decreasing half-width, and trough center, with
increasing Fn.a. The ensemble showed the highest half-width at Fn.s of 100 Hz with
6.6 £ 0.7 ms (mean % SD; Fig.3.22 C). This value decreased exponentially with increasing Fnoa
to values of 3.8 £ 0.8 ms (Fnmoa = 200 Hz), 2.1 £ 1.1 ms (Fmn« = 500 Hz) and to 1.3+ 1.3 ms
(Fmoa = 1000 Hz; Fig.3.22 C). This illustrates that the increase in Fn.4, and therefore the
increasing transience in the stimulus envelope, can reliably be used by the neurons to sharpen
the ITD trough function. The trough center also decreased with increasing Fn.q (Fig.3.22 D).
These results revealed that inhibition is very effective in reducing the AP rate, when in
temporal register with excitation and the window of effective inhibition is strongly influenced
by the temporal synchronization in the inputs. In other words, when excitation and inhibition
are highly synchronized, there is a very sharp dependency on the input timings to modulate
the AP rate of LSO neurons. When the inputs are less synchronized (as for example in the

Fmoa = 100 Hz situation), the dependency of the temporal occurrence decreases.
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Figure 3.22 Increasing stimulus transience leads to shorter half-width and shifts the trough
center.

(A) AP rates based on relative time difference (At) between excitatory and inhibitory inputs for four
different Fmoss (100, 200, 500, 1000 Hz) at a Fpuse of 100 Hz. At Fmoas of 100 and 200 Hz, fexc and finn
were 200 APs/s, while At Fmoss of 500 and 1000 Hz, fexc and fi.n were 100 APs/s. A' displays the results
of an example neuron, whereas A? shows the median of seven neurons. Positive At values indicate
leading inhibition in relation to excitation, and negative values indicate lagging inhibition.

(B) Similar as A but for normalized AP rates. In B', the dotted line marks the 50 % value, which was
used to determine the suppression window’s half-width (trough). The bars above indicate this half-
width, and triangles mark the trough center. B2 shows the normalized AP rates of the median of seven
neurons.

(C) Suppression window half-width (mean + SD; black diamonds) as a function of Fm.. Grey dots
represent individual neurons. Statistics were evaluated by a one-way ANOVA, p = 5.4e-9.

(D) Same as C but for the trough center. Statistics were evaluated by a one-way ANOVA, p = 0.02.

The data was then tested using a hemispheric ITD coding model (Klug et al., 2020; Pecka
& Encke, 2020; Muller et al., 2023). This model assumes that the ITD trough function of an
LSO neuron is mirrored by an LSO neuron in the other hemisphere (Fig.3.23 A"). The model
calculates a separability index based on the differences in AP rates between hemispheres
(Figs.3.23 A?). Results showed peak separability at an F,.; of 500 Hz, and 200 Hz, while
1000 Hz also yielded high values (Figs.3.23 B'&B?). The Fm.a of 100 Hz crossed the
separability threshold, but reached smaller values compared to the other Fy..ss. Importantly,
the normalized rate difference in the model is very low for F,.ss of 100 and 1000 Hz, which
might reduce the impact of the high separability values (Fig.3.23 A?). A second metric,
extractable of the hemispheric rate difference model, is the At coding range, i.e., the range of

Ats that can be used to extract meaningful rate differences from the two populations of LSO
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neurons. This was assessed as the At values, where the separability functions crossed a
threshold of one. The At coding range, was highest for F.« of 200 Hz and decreased in both
directions (Fig.3.23 C). Importantly at 200 Hz, the At coding range exceeded 1.0 ms, which is
a very high value compared to the ITDs naturally occurring for mice (up to 100 ps, see

Introduction 1.2).
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Figure 3.23 Stimulus transience increases temporal separability and limits the temporal coding
range.

(A) Hemispheric rate-At functions for four Fmess, simulating increasing stimulus transience. Hemispheric
rate-At functions are created by mirroring the rate-At functions (A') and subtracting them (A2). The
example in A" displays the median normalized rate-At function from Fig.3.22 (A?) of Fmea = 200 Hz and
A? the hemispheric rate-At functions for all Fiods.

(B) Separability as a function of At for four Fmess across a full cycle of Fpuse = 100 Hz (10 ms; (B')) and
a zoom-in of + 2 ms (B2). A separability of one was again chosen as coding threshold. The lines on top
of the separability functions in B2 indicate the At coding range for each Fuo.

(C) The At coding range as a function of Fmoa.

These results demonstrate LSO neurons' capability of time difference coding. They suggest
that the synchronization in the innervating pathway is a major determinant of temporal coding.
Sound transients that elicit a high synchronization in the inputs to LSO neurons can be used
reliably for time difference coding, with the best coding capabilities if the inputs are not

perfectly coincident but follow a F,.q of 200 - 500 Hz.
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3.4 In vivo characterization reveals adaptive temporal and spatial coding
strategies in LSO neurons

The in vitro findings are highly suggestive of LSO neurons performing a combined sound
source localization strategy, employing time differences and rate-based level differences
coding. The results highlight that synchronized activity of the innervating neurons majorly
influences the temporal coding. However, such activity also supports level coding. To test if
these results are observable in the functional intact LSO circuit, a set of in vivo experiments
was conducted. The response of LSO neurons to different sound stimuli were tested in
cooperation with the group of Dr. Conny Kopp-Scheinpflug (Ludwig-Maximilians-Universitat

Munich) and the recordings were performed by Luna Studer.

3.4.1 In vivo recordings reveal onset-dominated firing behavior of LSO neurons to
pure tone acoustic stimulations

LSO neurons were stimulated in vivo with several stimulation protocols. The first protocol
involved pure-tone stimulation at characteristic frequency (CF) to identify the firing type of the
neuron. LSO neurons are reported to cover all firing types stereotypical for auditory neurons
found in the CN. These include PL, PL with notch, chopper and onset firing behavior
(Tsuchitani, 1977; Caird & Klinke, 1983; Tsuchitani, 1988; Joris, 1996). However, others have
only observed onset firing neurons (Garcia-Pino et al., 2017). Another group has identified
different firing types but concluded that onset firing is typical for principal LSO neurons
(Franken et al., 2018). Therefore, the firing behavior in response to pure-tone stimulation at
CF is an important variable for interpreting results.

Mice are high-frequency hearing animals and cover a hearing range of ~1-80 kHz (see
Introduction). Here, mice were stimulated with pure tones through hollow ear bars, while the
activity of isolated neurons was recorded extracellularly. Neurons in the lateral part of the
superior olivary complex that were excited by ipsilateral stimulation and inhibited by
contralateral stimulation were classified as LSO neurons (Fig.3.24 A).

In an initial step, | analyzed the CF of LSO neurons. The lowest CF recorded was 1.8 kHz
and the highest 17.9 kHz (9.2 £10.7 kHz; mean + SD; Fig.3.24 B). The threshold varied from
5 dB to 84 dB with a mean of 46 £ 22 dB. | used PSTHSs, constructed from ten repetitions of
CF stimulation at 20 dB above threshold, to describe the firing behavior of the neurons
(Fig.3.24 C). The exemplary neuron shown in Fig.3.24 (C'"), exhibited a prominent onset
response, which involved two highly precise APs, and was followed by a sustained firing
phase, with a ~10 times lower firing frequency. A very similar picture is drawn by the sample
mean (Fig.3.24 C?). The onset of stimulation was reliably encoded by a maximal rate of

767 £ 158 APs/s and was followed by notch of ~1 ms. Thereafter, the AP rate decreased to a
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sustained level of 160 + 142 APs/s. This illustrates that the population of LSO neurons has an
onset-dominated firing behavior. This was further subcategorized to onset firing behavior or
sustained firing behavior, by employing an arbitrary threshold of 100 APs/s of the sustained
rate. Plotting the onset rate versus the sustained rate highlighted three neurons with sustained
rates < 100 APs/s, amounting to 20 % (3/15 neurons; Fig.3.24 D). The remaining 80 % (12/15
neurons) were further classified as sustained firing LSO neurons. Fig.S.8 shows the average
PSTHs of the two groups.

Together, the in vivo recorded LSO neurons present onset dominated firing behavior, with

20 % of the neurons being classified as onset firing neurons and 80 % as sustained firing

neurons.
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Figure 3.24 LSO neurons display onset-dominated firing behaviors in vivo.

(A) Cartoon depicting the in vivo recording setup. Sound stimulations were presented through hollow
ear bars and extracellular recordings of putative LSO neurons were performed.

(B) The threshold and characteristic frequency (CF) plotted alongside a psychophysically measured
mouse audiogram (§ redrawn from Markl & Ehret, 1973).

(C) Peri-stimulus time histograms (PSTHSs) showing the firing behavior of LSO neurons. C' Top: spike
raster plot of ten repeats, stimulated at CF and 20 dB above threshold (65 dB, contra stimulus = 0 dB)
of an exemplary LSO neuron. The stimulus duration is indicated by the black ramped box. Bottom:
PSTH of ten repeats, with a bin size of 1 ms. C2 Mean, first peak aligned PSTH for n = 15 neurons.
(D) Onset rate plotted against the sustained rate. The onset rate is defined as the maximal rate within
the first 10 ms of stimulation, while the sustained rate is the average of the last 50 ms of stimulation. A
value of 100 APs/s in the sustained rate was chosen as the cut-off to classify neurons as onset (On) or
sustained firing (Sust.). The inset displays the relative abundance of each type, with numbers in the
bars capturing the counts.
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3.4.2 Enhanced ILD coding precision in stimulus onset

We used a classical ILD protocol to characterize the ILD coding capabilities of the neurons.
The mice were stimulated ipsilaterally with a tone at CF and 20 dB above threshold, and the
contralateral intensity varied between 0 and 90 dB. Similar to the in vitro experiments (e.g.,
Fig.3.13), the analysis focused on an onset phase and differentiated this from the total
stimulation time (TST; for comparison with other studies, the onset was not excluded in the
TST). Analyzing the AP rate as a function of ILD, revealed a monotonic rate decrease with
decreasing ILD (Fig.3.25 A, and blue lines in Fig.3.25 B'&B?). In the next step, | determined
two ILD measures, the dynamic range and the ILDso (Figs.3.25 C&D). The dynamic range was
significantly smaller for the onset compared to the TST (TST: 40.4 £ 16.6; Onset 17.5 £ 0.9;
p = 0.013), arguing for an increased precision in the ILD coding (Fig.3.25 C). The ILDso
describes the ILD that decreased the AP rate by half. This was significantly lower for the onset
period compared to the TST (TST: 10.9 £ 15.2; Onset 1.6 £ 0.9; p = 0.034; Fig.3.25 D). Thus,
the onset APs encoded ILDs with a bias towards the midline compared to the TST. This
decrease in ILDsp was accompanied by a higher correlation with the ipsilateral stimulation
intensity as quantified by p (TST: 0.15; On: 0.49; Fig.3.25 E). However p missed significance
in both cases (TST: p = 0.64; On: p = 0.07; but see Tsai et al., 2010; Karcz et al., 2011).
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Figure 3.25 Increased ILD coding precision in onset compared to total stimulation time.

(A) Spike raster plot across the tested ILD range. The ipsilateral stimulation was fixed at 20 dB above
threshold and the contralateral intensity ranged from 0-90 dB. Each ILD was tested ten times. The
exemplary neuron was stimulated with an ipsilateral stimulation of 70 dB, resulting in ILD of 70 to -20 dB
(tested in 5 dB steps). The blue box indicates the onset analysis period and was adjusted for each
neuron. The total stimulation time (TST) started at the same point but continued until the end of
stimulation.

(B) The normalized rate as function of ILD for the TST (B') and for the onset rate (B2). The blue lines
indicate the respective curves of the neuron in A, whereas the red lines show the average across n = 13
neurons. Two ILD measures were extracted by sigmoid fitting from the ILD functions and are displayed
for the average curve: ILDso (vertical black line) and the dynamic range (pink area). Inset in B':
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lllustration depicting the ILDso and dynamic range computation.

(D) The dynamic range compared between the TST and the onset (On). Black diamond illustrates
mean + SD and grey circles data of individual neurons. Statistics were evaluated by paired t-test,
p =0.013.

(D) Same as D, but for the ILDso. Statistics were evaluated by paired t-test, p = 0.034.

(E) The ipsilateral stimulus intensity plotted against the ILDso for the onset (blue) and the TST (black).
Circles depict single neuron data and lines linear fits. Pearson correlation coefficients and the
accompanying p-value are indicated in the plot.

These results demonstrate that LSO neurons compute ILDs more steeply at stimulus onset
compared to TST. Combined with the higher firing rate at the onset, this supports an

emphasize of ILD encoding at the beginning of stimulations.

3.4.3 LSO neurons encode the increase of stimulus transience with increased
temporal precision

The in vitro experiments had shown a dominant role of stimulus envelope to initiate AP firing
in LSO neurons, and transient stimulations were a necessity to allow LSO neurons to perform
rate-based level-difference computations (section 3.3.6 & section 3.3.7). Neurons in the
afferent pathway (BCs and MNTB neurons) can phase-lock their APs to SAM tones, providing
temporally structured inputs to LSO neurons (Joris & Yin, 1998). The influence of increasing
transience in the amplitude modulation on LSO neurons’ coding is not known. To this end, |
analyzed experiments where LSO neurons were stimulated with increasing transience in the
sound envelope.

To analyze the capability of LSO neurons to follow envelope structure, tonal stimulations
with a broadband noise carrier and different envelope modulations were presented to the
ipsilateral ear. The stimulation protocol included three Fpuis.s in combination with different FnaS.
The stimulation combinations are highlighted in Fig.3.26 (A). The Fm.a was always = Fpu and
increasing Fnoq led to increasing transience in the stimulus waveform (Fig.3.26 B). The
stimulus conditions are denoted as, e.g., pulse20| mod100, corresponding to Fpuse of 20 Hz
and Fpn.q of 100 Hz. Stimulations lasted 400 ms and thus included eight cycles (Fpuse = 20 Hz),
20 cycles (Fpuse = 50 Hz) or 40 cycles (Fpuse = 100 Hz) of the amplitude modulation.
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Figure 3.26 Stimulus transience increases temporal precision but decreases firing of LSO

neurons in vivo.
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(A) Overview of the tested sinusoidal stimulus conditions. The table lists 15 combinations of Fpuise and
Fmoa that were presented in an ipsilateral stimulation. The sinusoidal stimulations used a broadband
noise carrier.

(B) Example waveforms for two representative conditions (top: Fpuse = 100 Hz and Fnoa = 100 Hz,
hereafter referred to as pulse100| mod100; bottom: pulse100| mod500), illustrating differences in pulse
and modulation structure.

(C) Effect of increasing Fmoa on LSO neuron spiking. (C') The top panel presents the stimulus conditions
and illustrates the stimulus envelope. The middle panel shows a spike raster plot for stimulation with
pulse20| mod20 of ten repeats. The bottom panel displays a SAC of the AP trains depicted above. The
y-axis is scaled logarithmically to enhance the illustration of the sub-correlating space (correlation < 1),
given that correlation can increase infinitely. The number of repeats (10/10), the AP rate, the
reproducibility (repr.) and the modulation depth (MD) are presented in the top right corner. C? follows
the structure of C* but for a stimulation with 5-fold increased Fnod (pulse20| mod100 ). C3 displays the
phase histogram regarding Fmod, of the APs displayed in C'&C2. The vector strength (VS) is indicated.
(D-E) Same as C but for stimulations of pulse50| mod50 (D), pulse50| mod200 (D?) and
puIse100| mod100 (E"), pulse100| mod500 (E2) and the respective phase histograms in D3&E3.

(F) Quantifications of AP rates for 11 neurons under various stimulus conditions. F! illustrates rate
modulation transfer function at Fmod = Fpuse. F2 illustrates the effect of increasing Fmos on the AP rate.
Diamonds represent median + MAD. The x-axis is scaled in x-fold Fpuse, which allows a comparison
between stimulus conditions. Statistics were applied at overlapping stimulus conditions (1-fold Fpuise and
10-fold Fpuise), using a Friedman test followed by a Wilcoxon signed rank test, due to non-normally
distribution. Alpha levels were corrected for three-way comparison using Bonferroni correction. Details
on statistics can be found in the supplement (Table S.14).

(G-l) Same as F but for the reproducibility (G; details on statistics in Table S.15), modulation depth (H;
details on statistics in Table S.16), and vector strength (I). The data of the VS was normally distributed
and thus display mean + SD. No statistical test was applied to the data in| as it is not analyzed as
multiple of the Fpuise.

First, the AP rate was analyzed. For the exemplary neuron increased with increasing Fpuise
from 72 APs/s at pulse20| mod20 to 87 APs/s at pulse50| mod50. The highest rate of
115 APs/s occurred at pulse1 00| mod100 (Figs.3.26 C'-E"). This increase was evident on the
ensemble level, with significant increases observed when comparing both pulse20| mod20
and pulse50| mod50 to pulse100| mod100 (Fig.3.26 F'&F?). Increasing the transience of the
stimulus by raising Fnos to 10X Fpuse resulted in a decrease of the AP rate at each Fyuse
(Figs.3.26 C>-E? & F?). At these higher F..;s the highest AP rate was again induced by
Fpuse = 100 Hz. The spike raster plots indicate that neuronal activity aligns with the stimulus
envelope (Figs. 3.26 C'-E"), necessitating a temporal analysis. Temporal correlation was
evaluated using three metrics: 1.) reproducibility (peak at delay 0 of the SAC), which analyzed
consistency of AP patterns across trials, 2.) modulation depth (MD) to quantify distinctness in
sound envelope cycles, and 3.) VS to measure phase-locking ability of neurons to the sound
envelope.

The exemplary neuron reached high reproducibility for each stimulus condition across Fpuis.S
with values of 4.2for pulse20|mod20, and 4.0for both pulse50|mod50 and
pulse100| mod100 (Fig.3.26 C'-E"). Increasing transience by 4x or 5x boosted reproducibility
by about 2-fold across Fpus (Fig.3.26 C?-E?). At the ensemble level, a 10x higher Foq
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significantly increased the reproducibility (Fig.3.26 G'-G?). The high reproducibility was
accompanied in all stimulus conditions by high MDs, which sealed at values >0.9 for all
conditions at Finea > 2 X Fyuise (Fig.3.26 H'-H?). The last metric (VS) requires a brief clarification:
the VS is determined in relation to the phase of stimulation and can either be calculated on
Fpuise OF Froa. TO evaluate the neurons’ ability to handle the transience of stimulation, the VS
was calculated in relation to Fnos. For each F,us, the highest VS was reached at the lowest
Fnoa, i-€., at pulse20| mod20, pulse50 | mod50 and pulse100 | mod100. A slight reduction in VS
was noted across all Fpus.S up to a Feq 0f 500 Hz. Thereafter the VS dropped more pronounced
(Fig.3.26 C3*E® and Fig.3.26 1'-1?). This aligns with results from in vitro experiments
(Fig.3.16 H).

The results of these experiments demonstrated an exceptional ability of LSO neurons to
follow the stimulus envelope. An increase in the Fyus led to a higher AP rate, while still
conveying the temporal structure of the stimulus (at Fuse = 100 Hz). This highlights a
remarkable capability to code temporal structure, such as for example in transient stimulation.
This ability may be of functional importance to influence the impact of temporal disparities
between excitation and inhibition. The subsequent experimental series aimed to determine,

whether neurons remain capable of extracting ILDs reliably from transient stimulations.

3.4.4 ILD coding is maintained with increasing stimulus transience

LSO neurons showed a lower dynamic range in ILD coding at the onset compared to the
TST (Fig.3.25). The onset of pure-tone stimulation represents a transient signal, and LSO
neurons follow transient stimulation even at a high repetition rate of 100 Hz (Fig.3.26). This
raises the question of whether an increase in transience can still be used to employ ILD
computation at such high repetition rates. To test this, we combined the pulse stimulation
protocol with binaural stimulation. F,us was fixed to 100 Hz and three Fn.ss of 100, 200 and
500 Hz were tested. The phases of the bilateral presented sounds were temporally aligned,
such that no external delay existed.

The raster plots of an exemplary neuron are presented in Figs. 3.27 (A'-C") for three Fyas.
The AP rate decreased with increasing Finod: pulse100| mod100: 107 APs/s,
pulse100| mod200: 79 APs/s, pulse100| mod500: 42 APs/s (at ILD +45 dB, contralateral level
= 0dB; Fig.3.27 A'-C"). This recaptures the effects from the last experimental series
(Fig.3.26). Furthermore, the raster plots suggest a similar decrease in the AP rate with
increasing contralateral sound intensity (Figs.3.27 A®>-C?), which was corroborated by an
overlay of the sigmoidal ILD functions (Figs.3.27 A>-C? & D).
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Figure 3.27 ILD coding is maintained with increasing stimulus transience.

(A) ILD coding in a sinusoidal stimulation paradigm of P100_E100. A' displays raster plots at 19
different ILDs, each condition presented ten times. Ipsilateral stimulation was fixed to 20 dB > threshold
and contralateral intensity ranged from 0-90 dB. A? displays ILD functions for n = 6 neurons (grey) and
the mean ILD function (red). The blue curve depicts the data from the neurons presented in (A").
(B-C) Similar as A but for stimulus condition of pulse100| mod200 (B) and pulse100| mod500 (C).

(D) Overlay of the three ILD function from A-C (brown to yellow) and the ILD function from the
unmodulated stimulation as presented in Fig.3.25 (B") (black).

(E) Quantification of the dynamic range for the three stimulation conditions. Black diamond display
mean * SD. Statistics were evaluated by a one-way ANOVA (not significant).

(F) Same as E, but for the ILDso. There was again no significant effect found.
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Analyzing the ILDsg and the dynamic range confirmed this trend by showing virtually identical
values for both metrics. The dynamic range was at 40+ 15 dB (pulse100| mod100),
37£15dB (pulse100| mod200), and 40+ 13 dB (pulse100| mod500; Fig.3.27 E). These
values are also virtually identical to the dynamic range of the TST from ILD functions at CF
(40 £ 17 dB, Fig.3.25 C). The ILDso displayed values of -10 + 7 dB, -8 £+ 6 dB, and -7 + 9 dB
(pulse100 | mod100, pulse100| mod200, and pulse100 | mod500, respectively). Again, these
values are similar to the ILDs value at CF stimulations of -11 + 15 dB (Fig.3.25 D).
Collectively, the experiments revealed that LSO neurons maintain a stable dynamic range
and consistent ILDso values across varying Fn.«s during high-frequency pulse stimulation of
100 Hz. Although an increase in Fp.q resulted in a decrease in the overall AP rate, the neurons
demonstrated similar ILD tuning, as evidenced by the comparable dynamic range and ILDsg
values under all conditions. These results indicate that increased stimulus transience does not

negatively affect ILD coding at high repetition rates and robust ILD extraction is ensured.
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4 Discussion

In this thesis, | studied synaptic integration mechanisms of LSO neurons in four aspects. First,

| studied the synaptic innervation patterns of LSO neurons. Second, | determined the intrinsic

biophysical membrane properties of LSO neurons, and studied AP initiation. Third, | used a

semi-naturalistic synaptic integration protocol to stimulate LSO neurons in order to study

synaptic integration of rate-based level differences and the integration of amplitude-modulated

signals and its importance for temporal coding in the LSO. Fourth, | established a cooperation

with the group of Dr. Conny Kopp-Scheinpflug, where Luna Studer recorded LSO neurons in

vivo. | analyzed this data to elucidate the behavioral importance of the in vitro findings. The

results can be summarized as follows:

Excitatory inputs onto LSO neurons have small SW,,. of 1 nS/input, and about 40 inputs
converge. These are opposed by four inhibitory inputs, which have large SWi., as

shown in the literature (Gjoni, Zenke, et al., 2018; Muller, Sonntag, et al., 2019).

LSO neurons demonstrated subthreshold membrane properties that are suited for fast
signal integration along the tonotopic axis. The neurons showed predominantly onset
firing behavior and exhibited biphasic APs, which are initiated in a slope-dependent

manner.

| presented an excitatory coincidence detection mechanism in the neurons. The SWeyxc
played a key role in shaping the excitatory integration, robustly transforming PL input
patterns into an onset pattern for physiological SW.... This contrasted with in vivo
findings, where only 20 % of the neurons were onset firing neurons. Moreover, the
coincidence detection mechanism led to band-pass filtering behavior in sinusoidal
activity. The mechanism underpinned a high sensitivity to stimulus transience, a finding

that was corroborated by in vivo data.

To extract rate-based level difference, input activity required temporal correlation. The
PL stimulations provided such transience in the onset, whereas the sustained phase
was unsuitable for level-difference computation. Level-difference computation was
possible with stimulus transience modeled in sinusoidal signal at a high repetition rate
of 100 Hz. This finding was confirmed by in vivo data. Additionally, the stimulus

transience shaped the coding of temporal disparities between excitation and inhibition.
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4.1 Excitatory synaptic convergence in the LSO: integration of many
weak inputs

The strength of excitatory inputs to a neuron are major determinants, whether APs are
driven by individual inputs or require summation. Excitatory inputs of LSO neurons have been
reported with considerable variability, in terms of input strength and number. Therefore, |
conducted a detailed reevaluation of the excitatory innervations to LSO neurons, and
constructed a characteristic EPSG template for DC experiments. The estimations of synaptic
parameters are crucial as they form the basis for interpreting the DC experiments, where |
systematically varied the input strength and input number.

My data indicated small SW.. (median: 1 nS/input, Fig.3.1), consistent with optogenetic
observations by Gjoni, Zenke, et al. (2018). However, 50 % of my recordings displayed a
single, large stepwise increases in eEPSC amplitudes, while the other 50 % exhibited a linear
increase eEPSC amplitudes with increasing stimulation intensity (Fig.3.1). A limitation of the
optogenetic approach is that focal stimulation of synaptic terminals may activate individual
boutons, potentially underestimating the full strength of unitary inputs (Gjoni, Aguet, et al.
(2018); their Fig.5). Distal electrical fiber stimulations are less susceptible to this but carry their
own limitation. Large stepwise increases in the eEPSC amplitudes may reflect the
simultaneous activation of multiple converging inputs, possibly leading to an overestimation of
unitary input strength. Small incremental increases are thus important to differentiate single
inputs. This might explain the higher unitary eEPSC amplitudes reported by some studies
(~200 pA by Felix and Magnusson, 2016, and Case et al., 2011) compared to 120 pA (mean)
observed here. However, my results are in line with observations of Xiao et al. (2013) and
Garcia-Pino et al. (2017), who estimated ~100 pA. A very recent study by Haragopal et al.
(2025) estimated four converging excitatory inputs using electrical fiber stimulation. Yet, their
functions of eEPSC amplitude versus stimulation intensity displayed a linear profile without
distinct steps (their Fig.3). Collectively, these results support the interpretation that individual
excitatory inputs to LSO neurons have a weak strength of ~100 pA or ~1 nS.

Reported maximal eEPSC values are similar across the studies (~1 nA, Felix &
Magnusson, 2016; Garcia-Pino et al., 2017; Gjoni, Zenke, et al., 2018; Haragopal et al., 2025).
This value is slightly higher than the maximal eEPSC values presented here (~750 pA) under
improved recording conditions (including QX-314 in the internal solution, Fig.3.1 L). Estimates
of convergence vary depending on the unitary strength and analysis method (e.g., simple

L max eEPSC
division of ———,
mineEPSC

mixture model). The upper end estimation for convergence, which | found here, is 30 inputs.

or cluster analysis such as k-means based cluster analysis or a Gaussian

The excitatory axonal innervations in the LSO show a fanlike arborization in transverse
sections (Scheibel & Scheibel, 1974; Friauf & Ostwald, 1988), which makes it likely that some
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inputs have been severed in the coronal sectioning procedure. Therefore, 30 inputs may still
be a conservative estimate. To this end, | followed the suggestions by Gjoni, Zenke, and
colleagues (2018) and used a number of 40 converging excitatory inputs, each contributing
with a small SWe, of 1 nS/input as a proxy for the physiological innervation pattern of BC inputs
to LSO neurons (Fig.3.2).

The literature on inhibitory inputs from the MNTB to the LSO is more consistent. The SWin,
can vary largely between individual inputs and have a median SW;,» of about 8 nS (Mller,
Sonntag, et al., 2019). The number of converging inputs is about 2-10 (mean ~4, Gjoni, Zenke,
et al., 2018; Muller, Sonntag et al., 2019; Haragopal et al., 2025). Accordingly, | used four
converging inhibitory inputs with a SWi,, of 8 nS/input as proxy for the physiological innervation
pattern to LSO neurons (Fig.3.2).

The estimates of input strength and number yield a compound SWey (cSWeyx) of 40 nS and
a cSWin of 32 nS. Although they are similar in magnitude, their strength is distributed differently
across inputs. The implication of this asymmetry for the integration of rate-based ILD cues and
temporal disparities between excitatory and inhibitory inputs will be addressed in the following

sections.

4.2 Passive and active membrane conductances tune LSO neurons for
fast signal integration

Passive and active membrane properties shape the integration of synaptic signals, and
determine the computational role of a neuron, whether it operates primarily as a differentiator
or an integrator. | used a set of protocols at the beginning of each recording, which allowed
me to analyze the membrane properties of LSO neurons. Such active and passive membrane
properties vary along the LSO tonotopic axis in various animals, and | investigated this in mice.

The low R, reported here (46 MQ; Fig.3.3) is a value that is highly comparable to data of
others (30-60 MQ, Walcher et al., 2011; Garcia-Pino et al., 2017; Fischer et al., 2018;
Haragopal & Winters, 2023; one study reports drastically lower values: 18 MQ, Choudhury et
al., 2020). The Rin of LSO neurons aligns at the lower end, compared to other auditory
neurons, such as BCs or MNTB neurons (BC: ~65 MQ, Zhuang et al., 2017; Yildirim & Bal,
2018; MNTB neurons: 80 MQ Choudhury et al., 2020). Mice have limited low-frequency
hearing and they possess a small MSO. The neurons are reported to have very low Ri, of
about 25 MQ (Fischl et al., 2016). Like the Rin, the Tmem values reported here (1.5 ms) are
comparable to values reported by others (~1-2 ms, see references for Rin). A very recent
review supports these values and provides comparative insights across auditory brainstem
neurons (Keine & Englitz, 2025).
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The dataset presented here allowed me to perform a correlation analysis of the membrane
properties with the neurons position along the LSO tonotopic axis. Such a correlation has been
described in other small mammals, like rats (Barnes-Davies et al., 2004), and guinea pigs
(Remme et al., 2014), but were not found here (Fig.3.3). Rats and guinea pigs are low-
frequency hearing, while mice are high-frequency hearing animals (>1 kHz; Markl & Ehret,
1973; Lauer et al., 2011). If the found effects are caused by low-frequency sensitive LSO
neurons (<1 kHz), these mechanisms would be obsolete in mice. The authors of both studies
concluded that a lower Ri,, in combination with the faster tmem indicate an adaption for
enhanced temporal processing of low-frequency tones in the LSO. The temporal processing
of the envelope of high-frequency tones may be a reason for mice to exhibit fast membrane
kinetics across the whole tonotopic axis.

| found that both, the R, and the Tmem are significantly influenced by the Vmem (Fig.3.3).
This indicates that the Ri, is partly regulated by low-threshold active conductances. The
interaction of two groups of low-threshold volage-gated channels influence the Ri» of auditory
neurons: low-threshold Kv channels and HCN channels. The relative conductance of either
channel at a given Vmem contributes to the Rin (Golding & Oertel, 2012, their Fig.3C shows an
overlay of activation curves of such channels). Low threshold Kv channels, such as Kv1.1,
Kv7.2/7.2, Kv11.3 have been shown in the LSO by immunohistochemical experiments (Kv1.1:
Karcz et al., 2011) and by single cell patch-sequencing experiments (Kv1.1, Kv7.2/7.3, Kv11.3:
Maraslioglu-Sperber et al., 2024). Among the second group, HCN channels, the HCN1 is the
dominant subunit in LSO neurons (Leao et al., 2006; Kopp-Scheinpflug et al., 2015). | found
a significant correlation between the sag amplitude and Ri,, as well as an interaction between
the sag amplitude and Vest (Fig.3.3), which further indicates the contribution of HCN channels.
Differences in the presence of such channels along the LSO tonotopic axis are absent in mice
for Kv1.1 channels (Karcz et al., 2011). In contrast, a gradient of Kv1.1 channels is reported
in rats, with higher abundance in the lateral (low-frequency) part of the LSO (Barnes-Davies
et al., 2004). For HCN channels, the interaction of sag amplitude with the location, can be
used as a proxy for tonotopic differences. | found an absence of such correlation, indicating
that HCN channels have a consistent contribution along the putative tonotopic axis in the
mouse LSO (Fig.3.3). Conversely, such an interaction is present in the gerbil MSO (Baumann
et al., 2013), but direct evidence for the mouse LSO and MSO are lacking. A comparative
study on the contribution of low voltage-gated channels in sound processing in the LSO can
provide insights into these species’ differences (see Outlook for further details).

The steady-state membrane kinetics are major determinants of the sub-threshold
resonance properties of the neuronal membrane (Richardson et al., 2003; Fischer et al., 2018)

and are influenced by low threshold voltage gated conductances (Wang et al., 2024). The
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resonance characteristics (Zinst, Zres, fres and the Q factor) align well with earlier reports of
membrane resonance properties in LSO neurons of mice (Fischer et al., 2018). Prior studies
observed a tonotopic arrangement of LSO neurons exhibiting resonance properties (guinea
pig: Remme et al., 2014). | did not find such an alignment here (Fig.3.4). From a functional
perspective, the species difference, and the accompanying difference in sensitivity to low-
frequency sound might be a reasonable explanation. The dataset presented here on
resonance properties includes only ten neurons. Nonetheless, the conclusion is further
supported by the absence of tonotopic effects of Rin and Tmem.

Differences in LSO neurons based on their transmitter phenotype suggest that excitatory
neurons have a higher Vm, accompanied by a higher Ri,, smaller tmem, and smaller sag
amplitude (Haragopal et al., 2023). Here | showed that the Rin, Tmem, and the sag amplitude
negatively correlate with Vi, (Fig.3.3). This may indicate that the differences between putative
excitatory and inhibitory LSO neurons, observed by Haragopal et al. (2023), are based on
cellular mechanisms regulating Vm, rather than differences in the expression of low-threshold
channels (e.g., Kv1.1, HCN1). This can be tackled by pharmacological isolation of the currents
of low-threshold channels and determine their current density as well as the activation and
inactivation kinetics. Single cell patch-sequencing experiments would allow to quantify
differences in the expression profiles of such proteins, but also to identify target candidates
that might play a role in regulating the Vmem.

Conclusively, sub-threshold membrane properties of LSO neurons are tuned for fast signal
processing, involving low R, fast tmem and membrane resonance properties. An absence of
tonotopic arrangement of these properties, suggests similar tuning for ILD and ITD coding

across the sound frequencies.

4.3 Regulation of excitability of LSO neurons
4.3.1 Extrinsic and intrinsic regulation of excitability in LSO neuron

Beyond their subthreshold membrane properties, | examined LSO neurons for their
suprathreshold firing behaviour. A typical protocol to examine neuronal excitability is the step
current protocol. LSO neurons responded predominantly with a phasic firing patter, i.e., onset
(single AP) or onset burst firing, characteristic of ‘class three excitability’ (Hodgkin, 1948;
Izhikevich, 2006). A developmental regulation of the firing behavior is suggested by comparing
the 93 % of onset firing neurons reported here at > P27 (Fig.3.5), to 60-80 % at P11
(recordings from the same lab; Ebbers et al., 2015, and Hirtz et al., 2011). Recent findings
show variations in onset firing depending on neurotransmitter phenotype. In adult mice,
excitatory LSO neurons exhibit onset firing in 50 % of cases, while inhibitory neurons do so in

76 % (Haragopal et al., 2023). Combining these values for comparison with my study yields
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an average of 60 % (55/89 neurons), a value considerably lower compared to here. However,
the extracellular Ca?* concentration used here (2 mM) exceeded that used by Haragopal et al.
(2025) (1.5 mM), and elevated extracellular Ca?* concentration reduces neuronal excitability
in MNTB neurons via an unresolved mechanism (Wang & Lu, 2023). Moreover, | used the
rheobase from this protocol, to examine differences along the tonotopic axis (Fig.3.5). Like the
passive membrane properties, the rheobase showed no such effects, suggesting similar
excitability across the frequency range. Together, these findings warrant a systematic
investigation of neuronal excitability and how extrinsic factors, like external Ca%* concentration,

modulate the excitability of LSO neurons.

4.3.2 Rate-dependent AP threshold and spike initiation site in LSO neurons

‘Class three excitability’ often features a slope-dependent AP threshold, as demonstrated
using ramped current protocols (McGinley & Oertel, 2006; review: Prescott et al., 2008). |
showed that LSO neurons exhibit a slope-dependent AP threshold, with the lowest threshold
between 200-500 Hz, just above rheobase (Fig.3.6). A conductance-based stimulation
increased this frequency sensitivity towards 500 Hz, suggesting that non-linear current
properties due to the conductance stimulation modulate dynamics of the slope-dependent
threshold (Fig.3.8).

A phase-plane analysis revealed biphasic APs (Fig.3.7). These are described to be
activations of Nav channels in the somatodendritic compartment and the AIS (Bean, 2007).
The slope dependency of the Vi suggests that slow input currents cause an inactivation of
Nav channels in the somatodendritic compartment but can be employed by the AIS to initiate
APs. Conversely, fast rising input signals can trigger somatodendritic spikes. Such a
mechanism can be attributed to fast Nav channel inactivation in combination with the activation
of low threshold Kv channels (Platkiewicz & Brette, 2011). The two-phasic, overshooting APs
distinguish LSO neurons from BCs, octopus neurons, MNTB neurons (Yang et al., 2016, but
see also Oertel, 1983 for BCs and Golding et al., 1995 for octopus cells), and MSO neurons
(Scott et al., 2005), which show non-overshooting APs with a single phase. Single phasic APs
are attributed to a low availability of somatic Nav conductances, which is described as a
mechanism optimized for coincidence detection and temporally precise APs (Yang et al.,
2016). T-stellate cells and fusiform neurons in the CN, as well as LOC neurons show two-
phasic APs (Yang et al., 2016), like the LSO neurons reported here.

In the MSO, all-or-none APs are initiated in the AIS (Scott et al., 2007). During high-
frequency activation, increasing Nav channel inactivation shifts the site of AP initiation to
nodes of Ranvier, which is supported by thin, myelinated axons (Lehnert et al., 2014). This
mechanism extends the dynamic range of rate coded ITDs. Furthermore, in MSO neurons, a

negatively shifted inactivation of somatodendritic Nav channels enhances coincidence
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detection of synaptic excitation (Scott et al., 2010). Similarly, in the avian analog of MSO
neurons, the nucleus laminaris neurons, APs are initiated in the axon, distally from the soma
(20-50 um), which enhances coincidence detection (Kuba et al., 2006). The AlS enhances the
transmission at high (modulation) frequencies, making it an important regulator for high-
bandwidth, temporally precise information transfer (Lazarov et al., 2018). The impact of the
AIS for AP initiation makes it a susceptible site for structural and functional plasticity. Such
plasticity mechanisms regulate the excitability of avian nucleus magnocellularis neurons and
support APs with high temporal precision (Kuba et al., 2010; review: Yamada & Kuba, 2016).
A computational analysis of AIS plasticity demonstrated the AIS’ role in the onset firing
behavior of MSO neurons, thereby contributing to the coincidence detection mechanism (Jing
et al., 2025). Plasticity mechanisms at the AlS, as well as its regulatory role for high-frequency
information transfer, remain to be investigated in LSO neurons (see Outlook). Furthermore,
how the soma-axon coupling influences synaptic integration in LSO neurons has not been
studied in detail. One investigation points to a critical role for inhibitory synapses targeting the
AIS in sharpening ITD functions, particularly for click stimulations (Franken et al., 2021).
However, their two-compartment model only included AP initiation in the AIS and did not

account for somatodendritic AP initiation.

4.3.3 Molecular determinants of the AP waveform

Molecular determinants of the AP waveform further complicate the picture. Nav channel
subtypes differ in activation and inactivation kinetics, shaping excitability (de Lera Ruiz &
Kraus, 2015; Bennett et al., 2019). At P11, LSO neurons express Scn1a and Scn8a genes at
high levels, encoding NaV1.1 and NaV1.6 proteins, respectively (Maraslioglu-Sperber et al.,
2024). The Nav channel subtypes of mature LSO neurons are not known so far. This gap in
knowledge limits our understanding of how these subtypes contribute to ILD and ITD
processing in mature LSO neurons.

Rapid AP repolarization in auditory neurons is essential for high-frequency firing, which is
mediated by high threshold Kv channels (Johnston et al., 2010; Kaczmarek & Zhang, 2017).
In the LSO Kv3.3 channels are functionally important for this performance (Choudhury et al.,
2020). However, its specific contribution to ILD and ITD processing in the LSO remains

unexplored.

4.3.4 Excitability of LSO neurons in vitro and in vivo

Importantly, the in vitro results of AP firing patterns (Fig.3.5) are not entirely reflected by
the in vivo results reported here (Fig.3.24). In response to pure tone stimulations only 20 % of
neurons showed onset responses, while the majority of 80 % showed sustained firing. Further

differentiation into PL or chopper classes were not performed, although chopper firing is often
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attributed to LSO neurons (Guinan, Guinan, et al., 1972; Tsuchitani, 1988). A study reporting
in vivo whole-cell patch-clamp experiments of gerbil LSO neurons recently suggested that
LSO principal neurons exhibit onset responses, while they attributed sustained firing to non-
principal LSO neurons (Franken et al., 2018). Interestingly, both functional groups exhibited a
voltage-sag in response to hyperpolarizing current pulses. Therefore, both groups would
probably be considered principal neurons in in vitro studies. These functional classifications
do not distinguish between the pre- and postsynaptic elements. Therefore, it is possibly that
the postsynaptic neurons belong to a molecularly population but differ in their sensitivity to the
synaptic inputs. The sustained response of LSO neurons is reduced by anesthesia depth,
which further complicates functional allocation (Jing et al., 2021). The authors further report
that the afferent auditory pathway is affected by the anesthesia depth, suggesting that the
activity of LSO neurons is modulated two-fold: by the activity profile of its presynaptic partners

and by intrinsic modulation due to the anesthetic depth.

4.3.5 Concluding remarks on LSO neuron excitability

In conclusion, this section highlights multiple biophysical and molecular mechanisms that
regulate LSO neuron excitability. These include developmentally regulated firing behaviors,
compartment-specific Nav channel function, and slope-dependent threshold adaptations.
Several key mechanisms, particularly those involving Nav channel subtype composition and
AIS plasticity remain insufficiently understood. Furthermore, the interpretation of in vitro with
in vivo results is challenging, as an onset firing response in vitro cannot simply be translated

to onset firing in vivo.

4.4 Excitatory synaptic integration in LSO neurons

4.4.1 Temporal differentiation by LSO neurons via excitatory coincidence detection
Coincidence detection of excitatory synaptic inputs is a well-established feature of several
auditory neurons, such as BC (McGinley & Oertel, 2006), MSO neurons, and octopus cells
(Golding & Oertel, 2012). In contrast LSO neurons have classically been seen as integrators,
a feature seemingly inconsistent with coincidence detection. However, in vivo findings
suggested that LSO neurons act as differentiators rather than integrators (Franken et al.,
2018). So far, the role of excitatory coincidence detection for AP generation by LSO neurons
has only been explored computationally (Ashida et al., 2016). As LSO neurons receive their
canonical excitatory inputs from the ipsilateral CN, a coincidence detection mechanism is
driven monaurally. In the following, | will discuss results that suffice the role of excitatory
coincidence detection by LSO neurons and provide insights into how this coincidence

detection might contribute to sound localization via temporal sensitivity.

Discussion 106



A coincidence detection mechanism requires that asynchronous inputs fail to elicit APs,
whereas synchronized inputs succeed in doing so. The degree of temporal dispersion between
converging inputs therefore defines the temporal window within which coincidence detection
can occur. Such temporal dispersion has been studied here, by modelling input activity that
follows a sinusoidal activation and was compared to an idealized sinusoidal stimulation
(Fig.3.8). The minimal Fp. required to elicit APs by LSO neurons was 50 Hz, corresponding
to an input correlation within a 20 ms cycle. This was not different between the synaptic model
and an idealized sinusoidal conductance, indicating that the intrinsic limitation by the slope-
threshold restricts the AP generation. Noise added to sinusoidal stimuli has previously been
described to elicit stochastic resonance in MSO neurons (Longtin, 1993; Gai et al., 2009). In
such a situation, noise on top of sinusoidal stimulations elicits APs at preferential phases of
the sinusoid. However, this phenomenon was not observed in the current study. As was

detailed in the results (section 3.2.5), the 50 Hz sinusoid translates to a temporal jitter of

20ms . . .
3.3ms ( S ) However, not all neurons were responsive to this value. Therefore, | will use a

jitter of 1.6 ms (corresponding to a 100 Hz sinusoid) as the maximal temporal jitter that LSO
neurons can reliably encode. The highest sensitivity of LSO neurons was reached at temporal
jitter of 0.8 — 0.3 ms, resulting from sinusoids of 200 - 500 Hz (Fig.3.8). These findings suggest
that the coincidence window of LSO neurons is relatively broad compared to MSO neurons.
In the latter nucleus, the AP probability drops to zero if inputs from the two hemispheres are
activated with a temporal delay of 0.5 ms. (Jercog et al., 2010; Pecka et al., 2010). This value
calculates to a jitter of 0.17 ms (assuming a £0.5 ms window, or 1 ms full range), 10x shorter
compared to LSO neuron reported here. In comparison, McGinley and Oertel (2006) report
values for the temporal window of integration of 5.3 ms for BCs and 1.4 ms for octopus cells,
which allow for temporal jitter values of 0.88 ms and 0.23 ms, respectively. These windows for
coincidence detection are about 2-times and 8-times shorter compared to LSO neurons.
Notably, first spike latency jitter upon pure-tone stimulation of BCs is about 0.58 ms, placing
the highest sensitivity of LSO neurons in a similar range (Rhode & Smith, 1986).

Another finding from this experiment is that LSO neurons became less sensitive to stimuli
following 1000 Hz modulations, with sensitivity declining further at 2000 Hz (Fig.3.8). This
likely reflects the limited temporal integration capacity of the membrane, where the highly
synchronized inputs (Fn.« > 500 Hz) are less effective at transferring charge compared to less
synchronized ones, despite having the same conductance amplitude. This is similar in other
auditory neurons like, ventral nucleus of the lateral lemniscus, DNLL and MNTB neurons, while
the exceptional short tmem of MSO neurons allows them to effectively convert synaptic inputs

into rapid voltage changes (Kladisios et al., 2020), thereby minimizing temporal summation.
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High F0qes of 1000 Hz and 2000 Hz correspond to very small temporal jitter of 0.16 ms and
0.08 ms, respectively. Such small jitter in spike latency can be triggered in BCs by click
stimulation (0.18 ms; Muller et al., 2023). Nevertheless, click stimulations trigger highly reliable
APs in the neurons. The decrease in sensitivity to these highly synchronous inputs might
therefore be compensated by recruiting a larger number of input neurons to successfully
trigger APs in LSO neurons.

Together, these findings highlight that LSO neurons perform an excitatory coincidence
detection, enabling them to selectively respond to correlated synaptic inputs while filtering out
uncorrelated activity. This mechanism allows LSO neurons to act as temporal differentiators,
responding preferentially to input patterns with precise timings. The SBCs, which provide
these inputs, synchronize their activity to the sound envelope (Joris, Carney, et al., 1994,
Mdller, Jovanovic, et al., 2019) and exhibit the highest temporal correlation during rapidly
changing sound events, such as click stimulations. Together, the excitatory coincidence
detection mechanism enhances the sensitivity of LSO neurons to transient sound events. This
feature permits the initiation of APs in response to rapidly changing input signals, and

effectively suppresses slowly changing input signal.

4.4.2 Onset response patterns are support by physiological SWex,, which prevents
temporally random APs in the sustained part

4.4.2.1 SW. shape AP firing patterns of LSO neurons

A key objective of my study was to isolate the influence of synaptic parameter, such as
input timings and SW, from that of the postsynaptic neuron. Using a synaptic input model,
simulating the PL firing of excitatory SBC, | analyzed how the SW.. influences synaptic
integration in LSO neurons.

Under physiological conditions (1 nS/input), LSO neurons reliably generate APs at the
stimulus onset, independent of stimulus level as modeled by f... (Fig.3.9). At the onset, multiple
excitatory inputs are recruited at once, which triggers APs. In contrast, in the sustained part of
stimulation, the small physiological SW.,. cause a dispersed conductance profile, which does
not lead to APs in the sustained part, due to a depolarization block. This is evident by the
adaptation of Vi during this part of the stimulation (Fig.3.12). A release from this block is
necessary to allow the neuron to trigger APs, which occurs when the synaptic noise is
increased due to larger SW... Similar effects were observed in a Hodgkin-Huxley model of
BCs that were stimulated with PL stimuli (Rothman et al., 1993). The authors attribute the
depolarization block to a combination of Nav channel inactivation together with low-threshold
Kv channel activation. This is supported by findings of Svirskis et al. (2004), who show that

Nav channel inactivation together with low threshold Kv channel activation synergistically
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enhance coincidence detection in MSO neurons. The observation that stimulations with
physiological SW... were not able to elicit sustained firing, was independent of f... In other
words, the increase in the excitatory level cannot be translated to an increased output of the
neuron (Fig.3.9). A sustained firing threshold of 50 APs/s was only reached with SWes
exceeding 2.5 nS/input, and a threshold of 100 APs/s was reached with SW..s exceeding
4.7 nS/input. This suggests that low SW,, effectively enforce onset firing pattern in LSO
neurons, reliably transforming PL inputs into precisely timed onset spikes (Fig.5.1).

Gradually increasing the SW.. increased the sustained rate, transitioning the onset
response into a firing pattern that resembles a PL firing (Fig.3.9 and Fig.S.1). Furthermore,
increasing synaptic noise, either by increasing the SWe. or introducing heterogeneity
(uniformly-distributed versus gamma-distributed SW..; Fig.3.10) enhances sustained output.
For larger SWe. (>2 nS/input), the increased noise might cause the effect (Silver, 2010). For
gamma-distributed SW-.,s, single inputs might trigger APs, instead of relying on the overall
noise level. A similar observation was made in a biophysical model of BCs Spirou et al. (2023).
Uniformly-distributed SWe..s are arguably a simplified scenario, and there is most likely
variation in the SW... between excitatory inputs. Only, in 50 % of the neurons, the gamma-
distributed SWes increased the dynamic range of the LSO neurons. This might partially
contribute to the differences in AP pattern observed in in vivo and in vitro experiments. Spirou
et al. (2023) furthermore showed that the bandwidth of information transfer is increased by
few strong inputs, which explain their functional role. A scenario further discussed below
(section 4.4.4)

4.4.2.2 Pre- and postsynaptic gain modulation as mechanisms to regulate excitability
Notably, the onset spiking probability remained high and was invariant across SWex
conditions. However, the sustained rate was modulated by the amplitude of noise in the
excitatory conductance. A similar effect has been described in cortical pyramidal neurons,
which increase their gain (minimal to maximal firing rate) in dependence of noise in the
stimulus (Chance et al., 2002; Higgs et al., 2006). Gain modulation is an important feature in
the auditory system, allowing to adapt to different auditory environments (Auerbach & Gritton,
2022). LSO neurons have been described to adapt their coding range to differences in the
input statistics (Gleiss et al., 2019), suggesting that they exhibit mechanisms of gain
modulation. An activity-dependent gain control mechanism in the LSO operates through
postsynaptically released GABA, binding on presynaptic GABAg receptors, which differently
reduces the release of synaptic vesicles for excitation and inhibition (Magnusson et al., 2008).
This mechanism permits LSO neurons to rapidly adapt excitation-inhibition balance and
possibly modify ILD sensitivity. How these changes affect the synaptic integration in an

ongoing stimulation has not been tested by the authors. However, given that both SW.,. and
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SWinn are reduced, this argues for a shift in neuronal computation from integration to temporal
differentiation of transient signals. Co-released GABA from MTNB terminals activates
presynaptic GABAA. receptors, leading to a depolarization and increased the excitability of the
terminals (Weisz et al., 2016). This enhanced excitability may facilitate the recruitment of
additional synaptic inputs during ongoing activity, thereby enhancing inhibitory synaptic
transmission. Furthermore, homeostatic increases of SWi,, are able to compensate for the loss
of inhibitory inputs in a computational study (Ashida et al., 2021).

Postsynaptic mechanisms of gain control may involve mechanisms that regulate intrinsic
properties, such as the Ri, by the regulation of subthreshold active conductances (Wu &
Kaczmarek, 2021; Kaczmarek, 2023). In animals exposed to prolonged noise, long-term
changes are reported in MSO neurons and include a decreased Ri,, probably due to
upregulated HCN channels (Siveke et al., 2021). Moreover, HCN1 channels in the LSO, known
to regulate Rin, are suppressed by nitric oxide, which hyperpolarizes the activation voltage and
slows the kinetics (Kopp-Scheinpflug et al., 2015). This suppression reduces the contribution
to the resting conductances, thereby increasing Ri» and neuronal excitability. A modulation of
HCN channels has furthermore been suggested to underly a cAMP-mediated increase in
excitability (Shaikh & Finlayson, 2005). Further mechanisms of gain modulation could include
modulation of Kv1 conductances, as Kv1 together with HCN conductances dynamically
regulate synaptic integration (Khurana et al., 2011) and Kv1 conductances are suggested to
adjust the sensitivity to noisy input signals (Kuznetsova et al., 2008). The channels are not
directly regulated by cyclic monoamines, but can be modulated through second messenger
cascades, including a cAMP/PKA pathway (Winklhofer et al., 2003). Kv1 channel dynamics
were also shown to influence Vi adaptations in cortical neurons (Higgs & Spain, 2011). An
adaptive threshold has been reported in a computational study to ‘diversify neuronal operating
modes’ (temporal differentiation versus integration, Lubejko et al., 2019). Thereby Kv1
conductances may contribute to regulations of the AP rate in the sustained part, such as
proposed in a model of auditory processing (Kaczmarek, 2023).

Together, pre- and postsynaptic gain modulation are mechanisms that allow LSO neurons
to adapt different sound environments. By modulating their sensitivity to temporally varying
inputs, these mechanisms could help LSO neurons to maintain reliable signal processing even
in noisy environments. The fact, that changes in the SW.,. can be translated to increasing AP
rates shows that presynaptic gain modulation carry the potential to influence the neuronal
computation. Postsynaptic mechanisms of gain modulation are described for HCN channels.
Kv channels are further candidates for gain modulation, but the molecular mechanism of such

modulation remains to be studied in the auditory system (see Outlook).

Discussion 110



4.4.2.3 Temporal correlation of onset APs but random AP firing in the sustained part

My temporal analysis of APs showed that onset precision was highest for small SW.,. and
lowest for large SWe., due to input latency jitter rather than intrinsic mechanisms (Fig.3.11).
This enhances AP precision at transients in the input activity of LSO neurons and their inputs
to CNIC and DNLL, and would suggests that LSO neurons deliver temporally coded inputs to
these neurons (Greenberg et al., 2017; Ono et al., 2020). Furthermore, the APs triggered by
large SWex. were temporally uncorrelated, but could convey rate-coded input to the upstream

neurons.

4.4.2.4 Functional classification of primary-like DC experiments based on comparison with
in vivo findings

The comparison between in vitro and in vivo results have already been subject of
discussion (section 4.3.4). However, the input model, in combination with the DC stimulations,
build a bridge between these observations. The predominant firing pattern elicited by
stimulations with physiological SW... was onset firing behavior. In contrast, our in vivo results
showed onset firing only in 20 % of neurons (Fig. 3.24). Another study reports onset firing
responses in 100 % of neurons (Garcia-Pino et al., 2017). Adding to the previous discussion,
| here showed that the SW.. plays a critical role in adjusting the firing pattern (Fig.3.9 and
Fig.S.1). Moreover, small SW... would also explain the low spontaneous firing rate of LSO
neurons in vivo, compared to their presynaptic partner, the BCs (LSO neurons: 2.5 APs/s,
Karcz et al., 2011; BC: 60 APs/s, Postolache et al., 2024). Considering the 60 APs/s as f.x. of
the sustained part, SWe < 2 nS/input would explain the ~30-fold reduction in the spontaneous
rate in LSO neurons.

| showed that the SW., contributes majorly to the firing pattern of LSO neurons, effectively
shifting an onset response, triggered by small SW.. to a PL, triggered by large SWe.. This
shows that different SW-... distributions can contribute to the different firing pattern observed in
in vivo preparations (onset vs sustained firing). The gain modulated state of the neuron could
further contribute to this. An investigation of dynamic gain control in LSO neurons would
address this possibility and could help to explain differences in occurrence of onset and

sustained firing neurons.

4.4.3 Rate-modulation coding and band-pass filtering in LSO neurons in response to
sinusoidal input activity and transients
Temporal coding abilities of auditory neurons are often assessed using SAM tones. In high
CF neurons, phase locking to the stimulus fine structure is restricted, but these neurons can
still convey temporal information via phase locking to the envelope of SAM tones (Joris, 2019).

In this section, | will first discuss the encoding of sinusoidal envelopes in the LSO by excitatory
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stimulations, before discussing excitation-inhibition interaction of temporally correlated inputs
in a later section.

To analyze the rate and temporal coding of ongoing sinusoidal activity, | used stimuli with
a 200-ms duration, in contrast to earlier experiments, which tested a single cycle. When
stimulated with physiological SWe. (1 nS/input), LSO neurons exhibited strong band-pass
filtering. The AP rate was minimal at low Fn.qs (5-20 Hz), peaked around 100 - 200 Hz, and
declined rapidly at higher Fn.as (Fig.3.16). This stands in contrast to results from the in vivo
experiments, in which low Fn.qs are reliably encoded, albeit at a lower rate (Fig. 3.26; Joris &
Yin, 1998). As previously discussed, the low-frequency filtering might be attributed to an
excitatory coincidence detection mechanism as proposed in a modelling study (Ashida et al.,
2016). Notably, Joris and Yin (1998) reports that LSO neurons exhibit a high-frequency limit
between 500 and 1000 Hz in the rMTF, a phenomenon not observed in BCs and MNTB
neurons. This should not be confused with tMTFs, for which all neurons show a low-pass
filtering with a cutoff between 500-2000 Hz (Joris & Yin, 1998). A modeling study assigned the
majority of rMTFs of LSO neurons as “peak & decrease” functions and attributed this effect to
a coincidence detection mechanism (Ashida et al., 2016). The rMTFs of ANFs are flat (Joris &
Yin, 1992). BCs and MNTB neurons exhibit rMTFs that often show a small peak at
200 — 500 Hz, but aside from this, they are also flat (Joris & Yin, 1998; Tolnai et al., 2008).
The small peak has been attributed to a coincidence detection mechanism (Spirou et al.,
2023). However, the SW.. in BCs are substantially larger compared to the SWe. in LSO
neurons, which may lead to less pronounced bandpass filtering in BCs.

An important factor shaping the upper limit of synaptic filtering functions is the synaptic

Tdecay Of the inputs. The corner frequency, beyond which the sinus modulation is attenuated

can be approximated by f.orner = !

(e.g.: Linaro et al., 2018). This results in a corner
2MTdecay

frequency of about 530 Hz for a fast 74ecay Of 0.3 ms. At higher frequencies, the EPSG profile
progressively changes to a disperse profile. Therefore, stimulations at higher Fn.ss are more
comparable to the sustained part of the PL stimulation in which the LSO neurons did not fire
APs. This high-frequency limitation can be overcome when stimulated with larger SW., of
4 nS/input, which elicited a AP rate of about 40 APs/s (Fig.3.16). This resembles the sustained
rate seen in response to PL inputs at this SW... (58 APs/s at f... = 200 Hz; Fig. 3.9) and may
reflect a transition from temporal integration of multiple inputs to single-input-driven APs. A
similar effect would explain the rather flat rIMTFs of BCs (and accordingly of MNTB neurons),
given their larger synaptic inputs (commonly >1 nA/input, or ~15 nS; Cao and Oertel, 2010).
Together, these findings suggest that band-pass filtering in LSO neurons arises from a
combination of coincidence detection, limiting APs in low-frequency sinusoidal signals, and

high-frequency synaptic filtering, and both factors are shaped by the small SWe. in LSO
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neurons. This dual mechanism creates a narrow tuning window that favors F.ss around
200 Hz. The adaptive threshold mechanism mentioned earlier plays a crucial role in shaping
the band-pass filtering of bird auditory neurons (Fontaine et al., 2014). Considering that the
temporal coding of LSO neurons relies on this band-pass filter, it would be valuable to
investigate its impact on ILD and ITD coding within LSO neurons.

To further assess the effect of stimulus transients, | systematically increased the F;,.q4, while
maintaining a fixed Fpuise of 100 Hz (Fig. 3.17). LSO neurons showed maximal responsiveness
at 200 Hz, with reduced firing rates at both lower (100 Hz) and higher (500 and 1000 Hz) F04S.
This again highlights the intrinsic high sensitivity of LSO neurons to stimulations at a Fy.a Of
200 Hz. At a Foqe Of 1000 Hz, the rate-level function is shifted towards higher input frequencies,
and the responsiveness is substantially decreased, which may be explained by the temporal
integration limitations imposed by tmem as discussed earlier (section 4.4.1). The in vivo
experiments showed a decreasing AP rate with increasing stimulus transience, which was
observed at all F,us tested (Fig.3.26). The mechanism behind this reduction might be the
temporally limited time of effective auditory stimulation, for example, at a stimulation of
50 Hz fouse and 200 Hz Fnoa the neuron is effectively only stimulated 2 of the time (5 ms
stimulation which repeats every 20 ms). The experiment does not allow interference with the
limited integration of excitation by F,..s of 1000 Hz, which reduces sensitivity.

The finding that LSO neurons exhibit the lowest threshold when input signals are not
perfectly synchronized but have some degree of temporal jitter suggests that these neurons
may be adapted to detect fluctuations in sound envelopes, present in natural auditory
environments (Joris, 2022). Even clicks, the most transient auditory signals, elicit some degree
of temporal jitter in BCs and MNTB neurons (Miller et al., 2023), which indicates that natural
input to the LSO is rarely perfectly synchronized. Together, these results highlight the
sensitivity of LSO neurons to temporally synchronized inputs, suggesting an adaptation for

extracting temporal information from sound envelopes.

4.4.4 Temporally precise coding of the frequency modulation and the phase-locking
limit of LSO neurons

In the previous section, | discussed how the SW., influences the rate coding in response
to sinusoidal activation of LSO neurons, which leads to the emergence of a band-pass filter.
In this section, | will discuss the data in terms of its temporal precision and the accompanying
tMTFs.

In response to sinusoidal conductance stimulations, LSO neurons exhibited a high degree
of phase locking (Fig.3.16). Generally, the tMTFs showed low-pass filtering behavior, which
was appreciable for SWe, of 2 and 4 nS/input. The VS increased with F,..qs up to 500 Hz, which

was followed by an abrupt decline. Therefore, the cutoff frequency of the filter can be
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approximated to values between 500 and 1000 Hz. In vivo experiments indicated a very similar
cutoff value of 800 Hz when presenting SAM tones (Joris, 1996). The cutoff value in vivo is
bound by two major factors. The synaptic filtering has previously been discussed, which
imposes a high-frequency limitation set by the t4ecay Of the synaptic currents. This is further
restricted by membrane resonance properties of the postsynaptic neurons, and the
suprathreshold resonance properties, which refer to the AP initiation limitations in following
high frequencies (Hutcheon & Yarom, 2000; Fourcaud-Trocme et al., 2003). On the other
hand, the high-frequency phase-locking limitations of the presynaptic neuron are essential.
Their cutoff values will determine the highest Fn.« at which synaptic inputs can follow the
modulation. Low-pass filtering is a feature commonly seen in the tMTFs of auditory neurons
in the afferent pathway to the LSO. At the level of ANFs, the cutoff frequency is at about
1 - 1.5 kHz, a value higher compared to the limits approximated here for LSO neurons (Rose
et al., 1967; Joris & Yin, 1992). Similar high values are reached by BCs as well as MNTB
neurons that project onto LSO neurons (Joris & Yin, 1998; Tolnai et al., 2008; Mduller,
Jovanovic, et al., 2019). Therefore, these neurons deliver phase-locked input to LSO neurons,
and if the Fi.q is high enough, the LSO neurons can reliably transform this into similarly precise
APs.

Neurons in the afferent pathway can enhance phase locking with increased stimulus
transience. Dreyer and Delgutte (2006) showed that ANFs respond with higher temporal
precision to transposed tones than to SAM tones. The in vitro experiments with pulsed-sine
stimulations at f,uie 0f 100 Hz showed high VS values at Fin.¢ 0f 100 Hz, which increased further
with increasing transience at F..4s of 200 and 500 Hz (Fig.3.17). The in vivo experiments with
pulsed-sine tones also showed that LSO neurons exhibited increasing reproducibility (another
measure of temporal precision; Kessler et al., 2021) with higher Fnoqs (Fig.3.26). VS calculated
on the Fn.4, demonstrated that LSO neurons were able to track Fn.qss of up to 500 Hz, with a
decline at higher rates. This strong phase locking indicated that AP timings are confined to
narrow temporal windows. This implies that the temporal window for excitation-inhibition
interactions becomes narrower with increasing Fm.« during transient stimulations, a hypothesis
tested in vitro and discussed in a later section (section 4.5).

Furthermore, | observed that phase locking of LSO neurons depended on the SWe,, with
larger SW.x. decreasing temporal precision. Conversely, APs are triggered more reliably at
preferential phases of the stimulus with smaller SW,,. (Fig.3.16). Similarly, BCs reduce the
temporal jitter of APs (equivalent to the VS) when multiple subthreshold inputs converge
(Xu-Friedman & Regehr, 2005a). In an accompanying paper (Xu-Friedman & Regehr, 2005b),
the authors show that jitter increases when fewer, stronger inputs converge, aligning well with

my data presented in Fig.3.16. Using a multi-compartment model, Spirou et al. (2023) showed
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that small inputs onto BCs significantly increase phase locking of Fn.ss up to 200 Hz, a
phenomenon also observed here. Furthermore, they showed that large synapses (equivalent
to large SW.) in combination with small ones, increase phase locking at higher Fn.s (not
specified). Although this seems to contrast with my data, it may be explained by small inputs
enabling better sinusoidal tracking of Vmem, While large inputs could induce stochastic
resonance, thereby enhancing phase locking (Gai et al., 2010). However, in the LSO, strong
individual inputs can bypass the excitatory coincidence mechanism (section 4.3.1 and
Fig.3.10), which would influence the coincidence detection mechanism.

Together, this section highlighted that LSO neurons have the intrinsic capability to increase
phase locking from their excitatory inputs. The neurons are able to track fast envelope
fluctuations, thereby shaping the temporal window for excitation-inhibition interactions. The
enhancement in phase locking by small SWe., argues for an adaptation for temporally precise
AP initiation, potentially optimized for the processing of fast envelope fluctuations of sounds.

The interactions with inhibition will further be discussed in section 4.5.

4.4.5 Concluding remarks on excitatory synaptic integration

The experiments on excitatory synaptic integration show several key mechanisms that
enable LSO neurons to perform a temporal differentiation of excitatory input signals. A
coincidence detection mechanism restricts APs to transiently increasing input activity, such as
for fast sinusoidal activations or at the onset of PL stimulations. Physiologically small SWex.
contribute to transforming PL input activity to an onset response, effectively suppressing APs
in the sustained rate. Dynamic gain modulation was discussed as an appealing mechanism
for altering sensitivity to synaptic noise, which would enable adaptation to changing auditory
environments. Furthermore, the coincidence detection mechanism sets the low-frequency limit
of signal transmission in rMTFs of sinusoidal activation. In combination with a high-frequency
limit at 500-1000 Hz, the rMTFs resemble band-pass filtering characteristics. The APs of LSO
neurons exhibited very high temporal precision, which is further supported by small SW..
These temporally precise APs set the temporal window for excitation-inhibition interactions.

Together, these experiments highlight the role of LSO neurons as temporal differentiators,
which makes them sensitive to sound signals that elicit a high degree of synchronization in
the excitatory input neurons, such as transient sound signals. This supports the temporal

encoding of sound envelope structure by LSO neurons.

Discussion 115



4.5 Excitation-inhibition integration in LSO neurons
4.5.1 Precise ILD coding of transients in vitro and in vivo but contrasting results in the
sustained part of integration

The encoding of binaural information by LSO neurons is classically attributed to the
integration of excitatory and inhibitory inputs, with ILDs encoded via differences in their
respective firing rate (Owrutsky et al., 2021). In this thesis, | directly tested this coding
paradigm at the cellular level using PL stimulation patterns with varying fi.» to evaluate rate-
based level-difference coding in LSO neurons.

In my study, | demonstrated that LSO neurons reliably encoded level differences at the
onset of PL stimulations (Fig.3.13-Fig.3.15). This is consistent with rate-based models of ILD
coding. However, in the sustained part, AP rates varied bidirectionally, depending on the input
configuration. This contrasts with in vivo findings, where both onset and sustained responses
reliably reflect ILD coding (Fig.3.25; see e.g., Tollin & Yin, 2002a). Notably, level-difference
sensitivity was consistently higher at the stimulus onset than across the full stimulus duration,
both in vitro and in vivo.

The onset of PL DC stimulation provides a transient cue for integration that allows LSO
neurons to reliably initiate APs (Fig.3.9). The onset reliability decreases with an increasing
inhibitory rate. However, the effectiveness of the reduction varied with the SW configurations
(Fig.3.14). Specifically, onset reliability was most effectively suppressed when small SW,,.
were paired with small SW.,.. Increasing the SW;., increased the f., to reach the separability
threshold for any combination with SW.... The SWe. had a stronger effect, with the AP rate
being less reliable reduced with larger SWe, values (Fig.3.13 - Fig.3.15). This likely reflects
reduced temporal overlap between excitation and inhibition when fewer, stronger synapses
converge, allowing excitation to occasionally evade inhibition and trigger APs. Conversely,
with increasing convergence, temporal summation improves synchronization between
excitation and inhibition, enhancing the suppressive effect. Therefore, optimal ILD encoding
at the onset appears to occur with small SW.x. and SWi.», with many converging inputs. Thus,
the physiological assumption of convergence of a few strong inhibitory inputs conflicts with
this functional reasoning. However, when the onset APs were triggered by the physiological
assumed weak SW.. (1 nS/input), this effect was smallest, allowing the reliable encoding of
onset level differences. These findings align with in vivo observations of LSO onset firing
patterns, demonstrating that onset responses can be utilized for a rate-based ILD extraction
(Fig.3.25; Garcia-Pino et al., 2017; Franken et al., 2021).

In contrast, the sustained part of stimulation revealed a complex and paradoxical interplay
between excitation and inhibition. Crucially, my separability analysis revealed that there was

virtually no useful information for level-difference computation in the sustained part (Fig.3.15).
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These results indicate that cellular mechanisms of LSO neurons hinder the encoding of ILD
information when temporally uncorrelated excitation interacts with inhibition. These
paradoxical results conflict with in vivo literature (e.g.: Tsuchitani & Boudreau, 1969; Park et
al., 1997; Tollin & Yin, 2002a; Tsai et al., 2010; Karcz et al., 2011; review: Friauf et al., 2019)
and with our in vivo results (Fig.3.25). | will continue the discussion on a mechanistic basis to
allow a functional interpretation.

Inhibition has been described to be able to enhance excitation in a narrow-timed window
after inhibition (Dodla & Rinzel, 2006; Dodla et al., 2006). This effect is known as post-
inhibitory facilitation (PIF), and was also observed in the LSO (Beiderbeck et al., 2018). |
showed that LSO neurons undergo depolarization block during the sustained phase of
excitatory stimulation with small SW.. (Fig.3.12). This makes the neurons especially
susceptible to PIF: the neurons are already in a depolarized state, which allows
hyperpolarizing inhibition to release the depolarization block, and the neurons can then fire an
AP. STAs of the inhibitory conductance (Fig.5.4) show that APs are often preceded by a
transient decrease in Ginn, supporting this two-step PIF mechanism: hyperpolarization relieves
depolarization block, followed by sufficient release from inhibition to allow AP initiation. These
results support the hypothesis by Beiderbeck et al. (2018) that hyperpolarization decreases
the Vi for AP initiation and thereby induces PIF in LSO neurons.

The PIF mechanism is in line with the greatest facilitatory effect caused by large SWi.». A
single inhibitory input causes large hyperpolarization, supporting the PIF, and fewer inhibitory
inputs reduce the likelihood of another input being active simultaneously. At intermediate
levels of SW. (4 nS/input), transients in Gexc contribute to AP initiation, which can be blocked
if inhibition is simultaneously active. The PIF effect and the inhibitory effect start to interact on
the AP rate. When excitation induces high AP rates by stimulations with SW.,. of 10 nS/input,
the inhibition becomes increasingly likely to interact temporally with AP initiation, and
therefore, the inhibitory effect outweighs the PIF.

Decreasing the SWi.x (16 inputs with 2 nS/input) generally decreased the facilitatory effect
and increased the inhibitory effect, which is in line with the argumentation above. This
inhibition creates a more dispersed conductance profile, which generates a basin of
hyperpolarization rather than transient inhibition. A key consideration is that the physiologically
assumed SWmight be overestimated. Both synapses, the CN-LSO, as well as the MNTB-LSO,
undergo short-term depression when tonically stimulated (Brill et al., 2019; review: Friauf et
al., 2015). The SWs have been determined by stimulation protocols with inter-stimulus intervals
of 2 s, which avoids any short-term plasticity at theses synapses (Muller, Sonntag, et al.,
2019). This is different in in vivo situation, where synapses can be in a constant state of

reduced synaptic transmission (Hermann et al., 2007). Therefore, the SWi,» with which LSO
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neurons are bombarded during sustained stimulation might be overestimated here, possibly
reducing the facilitatory effect, and thereby shifting the neurons to an onset-only coding
regime. On the other hand, inhibitory MNTB-LSO inputs show a broad variability in their
individual strength (Gjoni, Zenke, et al., 2018; Muller, Sonntag, et al., 2019). For a given LSO
neuron, this indicates that some powerful inhibitory inputs can contribute highly to the PIF
effect, while other weak ones contribute to the suppressive hyperpolarizing effect. Such
heterogeneity in input strength is similar to findings in other systems, such as the cerebellum.
Wu et al. (2024) demonstrated that variable-sized Pukinje cell inputs to the cerebellar nuclei
influence both rate and timing of AP firing. These findings suggest that SW;,, heterogeneity
may be a functional mechanism for regulating temporal coding and rate coding across different
circuits.

Together, the above-discussed results present a paradoxical interaction of excitation and
inhibition in the sustained part of synaptic integration, which raises the question: is this a bug
or a feature for sound source localization? The cellular mechanisms that lead to the facilitatory
effect might be less pronounced in vivo but argue that the neurons are onset firing neurons
in vivo. These mechanisms allow for an ILD computation at the onset of the stimulus, such as
observed by Franken et al. (2018) and Garcia-Pino et al. (2017). The facilitatory effect
observed here has previously been described to increase ITD sensitivity in gerbils (Beiderbeck
et al., 2018). Therefore, these mechanisms would allow a combined ILD and ITD integration
of transient signals, such as at the onset of stimulation, and is also in line with time intensity
trading by LSO neurons (Pollak, 1988; Grothe & Park, 1995; Park et al., 1996). However,
these cellular mechanisms would hinder the extraction of ILD information present in the
sustained part. Given the large dataset presented here, where 99 out of 106 neurons exhibited
onset firing in response to step current stimulation, it seems unlikely that the sustained firing
and onset firing LSO neurons observed in vivo belong to multiple cell classes, as proposed by
Franken et al. (2018). Instead, the results suggest that they may belong to a single group,
which might be in different states of excitability, and have a different sensitivity to the synaptic
inputs, leading to an apparent switch between temporal differentiation and rate-based

integration.

4.5.2 Level-difference coding by transient stimulation

My results demonstrate that LSO neurons are tuned to fire APs in response to transient
stimulations, like at the onset of PL stimulation patterns or by pulsed-sinusoidal stimulations
(Fig.3.9 and Fig.3.17). These transient encoded APs can be employed for rate-based level
differences between excitation and inhibition (Fig.3.13 and Fig.3.18).

The level-difference coding was tested at a Fyus for three different Fnoss, remodeling

increasing transience of the stimulus (Fig.3.18). At all three F..qs, the AP rate of the neurons
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gradually declined with increasing fi.n, reflecting classical rate-level coding. Therefore, ongoing
rate-level coding is enabled when excitatory and inhibitory inputs show temporally correlated
activity, such as in the pulsed-sinusoidal stimulations. The in vivo results do not entirely
recapitulate these in vitro results. The extraction of ILD information was higher at the onset of
pure-tone stimulations compared to the sustained part, however, ILD information was still
conveyed in the sustained part (Fig.3.25). Furthermore, pulsed-sinusoidal stimulation with a
broadband noise carrier confirmed that ILD information can be extracted from transient stimuli,
with envelopes as short as 2 ms, reflecting a Fin.q of 500 Hz (Fig.3.27).

The in vitro experiments suggest that temporal correlation is necessary in both excitatory
inputs and inhibitory inputs to enable rate-level coding. Therefore, in this part, | will focus on
the source of such correlated activity and the limitation on conveying a rate-based code by
transient stimulation for level-difference computation. The in vivo experiments demonstrated
that the correlation of LSO neurons’ APs can be increased by increasing the transience of the
stimulus, and the neurons were able to lock their APs to the transient stimulation, even at high
Fmoas Of up to 500 Hz (Fig.3.26). In other words, the APs were restricted to the temporal window
set up by the envelope modulation. This implies that the innervating SBCs convey this high
temporal precision, which depends on the stimulus structure. With increasing transience, the
APs are restricted to a shorter temporal window. The temporal precision used for the pulsed

level-difference experiments in vitro had a minimal temporal jitter of 0.33 ms (500 Hz envelope;

2ms phase duration)

A , which is still three times higher compared to the jitter in BCs and MNTB

neurons evoked by click stimulations (Muller et al., 2023). Therefore, the innervating pathway
is capable of transmitting transient input signals to LSO neurons, and the temporal precision
depends on the envelope structure of the auditory stimulus. In the in vitro experiments,
inhibition was most effective when the F..s was at 200 Hz (at an excitatory rate of 200 APs/s;
Fig.3.18). At the same Fn.4, the neurons were most sensitive to excitation, which argues for
an intrinsic adaptation to this stimulus structure. Functionally, this implies that the degree of
temporal jitter in the innervating neurons contributes to the ILD sensitivity of LSO neurons.
This raises the question of whether the transience of the auditory signal may have a limiting
effect on ILD coding. Irvine et al. (2001) systematically investigated the contribution of ITDs
and ILDs on the binaural coding of LSO neurons. When stimulating with clicks in vivo, they
found that the relative amplitude at either ear dominated the ILD computation of most neurons.
For the remaining neurons, the ILD information is primarily extracted through temporal
disparities between the excitatory and inhibitory inputs (“latency hypothesis”, further described
below). Their experiments suggest that a relative amplitude- (or input rate-) based computation
is feasible. An attractive hypothesis is that differences in synchronization among input neurons

may contribute to a functional gradient in LSO neurons, ranging from relative amplitude coding
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to relative time coding sensitivity. Joris and Yin (1995) used click stimuli and tested varying
ITDs and ILDs. They showed that a 5 dB increase in ILD decreased the probability of spiking
by ~90 %. Further increasing the ILD resulted in a widening of the effective temporal window
of inhibition. Franken et al. (2021) presents intracellular responses of an LSO neuron when
stimulated with clicks with increasing sound level at either ear (their Fig.8 D). The successive
increase in the IPSP amplitude with increasing contralateral level and the shift in onset latency
of the IPSP suggest that an increased sound level shortens the latency (latency hypothesis)
and increases the number of inhibitory inputs recruited to contribute to the compound IPSP.
Collectively, LSO neurons are highly sensitive to level-difference cues in vitro and in vivo
of transient stimulations. Therefore, the synchronization of inputs to LSO neurons majorly
contributes to the ILD extraction performance of LSO neurons. At the same time, increasingly
transient signals enhance the neurons sensitive to the relative time differences between
excitation and inhibition. | will discuss the coding of such temporal disparities in the next

section.

4.5.3 Stimulus structure defines the temporal window of effective inhibition

The importance of the relative timing of the excitatory and inhibitory inputs to ILD detectors
has been proposed by many researchers (Galambos et al., 1959; Pollak, 1988; Tsuchitani,
1988, review: Tollin, 2003). The time differences in the envelopes reflect the adequate feature
that creates temporal disparities in the inputs to LSO neurons (see Introduction). Moreover,
the inputs to LSO neurons phase lock to the envelope structure of the inputs, thereby
transmitting the temporal information of the envelope (Joris & Yin, 1998; Tolnai et al., 2008;
Joris & van der Heijden, 2019; Mdiller, Jovanovic, et al., 2019).

Two major findings were observed in this study. First, amplitude-modulated input activity
that followed a 100 Hz sinusoid elicited remarkably stable rate-level coding across a temporal
range of up to 2 ms preceding inhibition (Fig.3.20). Second, the window of effective inhibition
is majorly shaped by the amplitude modulation of the inputs (Fig.3.21, Fig.3.22, and Fig.3.23).
These results reveal that the temporal correlation of the inputs is a major determinant for
coding of temporal disparities in LSO neurons. This is the first report of the ITD coding
capabilities of LSO neurons, with input activity correlating to different Frn.qs tested directly on
LSO neurons.

Several reports show that LSO neurons can perform a time-intensity trading (Pollak, 1988;
Grothe & Park, 1995; Park et al., 1997), and the latency shifts depend on the envelope
structure (Siveke et al., 2010). In my experiments, increasing the transience of the envelope
(by increasing Fnmo) led to narrower trough width and steeper slopes of the trough functions
(Fig.3.22), while level-difference coding remained remarkably stable across temporal

disparities (Fig.3.20). These findings suggest that, although ILD sensitivity is robust, LSO
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neurons become increasingly sensitive to the timing of inputs as transience increases. The
steepening of the trough functions implies greater responsiveness to temporal shifts
(Fig.3.23), thereby enhancing time-intensity trading under transient conditions. Moreover, this
synchronization-based mechanism provides a concrete neuronal implementation of a key
aspect of time-intensity trading models: when the contralateral sound level increases, it results
in earlier and more synchronized inhibitory inputs, which produce both a latency shift and a
rise in the inhibitory amplitude. Together, these results indicate that input synchronization plays
a dual role in time-intensity trading by sharpening temporal resolution and amplifying the level-
difference representation.

LSO neurons exhibit temporal coding sensitivity across a range of stimuli. In vivo
recordings show strong ITD sensitivity to SAM tones (Joris & Yin, 1995; Batra et al., 1997),
which can be remodeled using a coincidence counting model (Ashida et al., 2016). The
modulation frequency imposes a high-frequency limitation for ITD coding at about 500 Hz.
However, ITDs can reliably be extracted from click stimulations at this frequency (Beiderbeck
et al., 2018). This underscores the role of stimulus transience in ITD coding of LSO neurons.
For SAM tones, the repetition rate is 2 ms for 500 Hz with continuous stimulation, whereas
clicks are transient stimulations of <100 ps with no effective stimulation in the remaining time.
My experiments bridge this gap by systematically increasing stimulus transience, linking SAM-
like and click-like stimulation. While a 500 Hz SAM tone repeats every 2 ms with a continuous
profile, a click is a highly transient signal (<100 us) followed by silence.

The ITD-coding capability of LSO neurons was highest when the inputs were not perfectly

synchronized but showed some temporal jitter (~0.8 ms; Fy.q = 200 Hz; %). This jitter level
is about eight times higher than that observed in presynaptic neurons under click stimulation
(Mller et al., 2023). However, in the experiments presented in Fig.3.21-Fig.3.23, the average
conductance amplitudes were held constant across Fn.q, Which is realized by a smaller number
of active inputs per cycle. As previously discussed, transient sound stimulation may recruit
more inputs within a single stimulus phase, thereby increasing the conductance amplitudes of
excitation and inhibition. Coupled with the observed narrowing of the ITD trough curves and
the corresponding steepening of their flanks, these findings suggest that LSO neurons perform
highly sensitive ITD coding under transient stimulation. In other word, for transient sounds,
LSO neurons may depend more strongly on ITD coding, while for less transient sounds, the

ILD information increases in importance.
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4.5.3.1 Limitations of the dynamic-clamp method in analyzing temporal coding of LSO
neurons

Cellular mechanisms like PIF play a key role in shaping ITD sensitivity (Beiderbeck et al.,
2018). Here, | will discuss two cellular mechanisms of temporal coding in LSO neurons, which
are not captured by the DC method.

Inhibitory synapses are reported to target the AlS of LSO neurons, and a computational
model showed the power in decreasing the AP probability of LSO neurons (Franken et al.,
2021). As all currents are injected into the neuron’s soma by the DC stimulations, such
compartmentalized computations are probably overseen by the method used here. Another
mechanism is dendritic integration, which shapes excitatory synaptic integration. Dendritic
HCN-channels are described to locally decrease the Ri, and thereby increase the importance
for synchronized excitatory input activity (Leao et al., 2011). In the MSO, dendritic EPSPs are
amplified by Nav channels, which are localized at the soma and proximal dendrites. However,
their availability is low, caused by a negative shift in their inactivation voltage, but sufficient to
amplify the dendritic EPSPs (Scott et al., 2010). Here, | presented results that argue for a high
availability of somatodendritic Nav channels in LSO neurons (Fig.3.7). These may have
profound effects on synaptic integration by boosting synchronous dendritic EPSPs, which
could summate supralinearly at the soma. Such mechanisms have not been tested in LSO
neurons but might be a further adaptation to enhance temporal coding of transient

synchronous input activity.

4.5.3.2 Functional implications of transient ITD coding by LSO neurons

Psychophysical studies showed lower “just noticeable differences’ for more transient
sounds (Bernstein & Trahiotis, 2002, 2009). They tested this by using high-frequency
envelope-modulated tones with increasing transience, either by using transposed tones or
raised-sine tones (similar to the pulsed tone used in my study). Furthermore, ITD sensitivity in
the CNIC is thought to be inherited from LSO processing. CNIC neurons show ITD sensitivity
to the envelope structure of both SAM and transposed tones (Griffin et al., 2005; Ono et al.,
2020), and show highest ITD sensitivity for steep rising envelopes (Greenberg et al., 2017;
Kim et al., 2020). This is in line with psychoacoustic findings (Klein-Hennig et al., 2011) and
further supports the conclusion that synchronized, transient input activity to LSO neurons plays

a key role in shaping envelope-based ITD coding.

4.5.4 Concluding remarks on excitation-inhibition integration in LSO neurons
In conclusion, LSO neurons are highly tuned to the temporal structure of binaural inputs. A
rate-based level difference computation can be performed on transient input activity.

Randomly active inputs cannot be used for a rate difference analysis in the in vitro preparation,

Discussion 122



while such coding is feasible in the sustained part of in vivo preparations. Furthermore,
increasing stimulus transience enhances the sensitivity of the neuron to relative time
difference cues. These mechanisms support a dual encoding strategy of transient input
activity, enabling LSO neurons to integrate ILD and ITD information depending on the temporal
dynamics of the stimulus. Such sensitivity may underlie the high perceptual acuity for spatial

cues observed with transient sounds.

4.6 Implications for binaural coding with cochlear implants

Profound hearing impairment affects about 1 milion people in Germany
(www.schwerhoerigen-netz.de/statistiken, retrieved June 3, 2025). Hearing can be partially
restored through the use of cochlear implants (Cochimpls). Since Cochlmpls are inserted at
the base of the cochlea, they activate high-frequency regions, due to the tonotopic
organization of the sensory epithelium. This implies that the LSO circuitry is the primary
pathway for binaural processing of Cochlmpl patients. Typically, Cochlmpl patients rely on
amplitude differences for azimuthal sound source localization. These can also be used by rats
as an animal model to study the neural processing of ILDs provided by Cochimpl stimulations
(Buchholz et al., 2024). However, Cochlmpl patients show very poor ITD sensitivity (Laback
et al., 2015). ITD information from Cochimpls exists in two ways: 1) envelope ITDs, which are
similar to acoustic envelope ITDs, and 2) ITDs in the electrical pulses that stimulate the ANFs.
As | have discussed at multiple sites in my thesis, Miller et al. (2023) demonstrated that BCs
and MNTB neurons respond to acoustic click trains with high temporal precision. This
precision is further enhanced (hyper-precision) under electrical stimulation via Cochlmpls. The
pulse ITDs, rather than envelope ITDs, from Cochimpl stimulation have recently been shown
to govern the binaural processing of azimuthal sound source localization of Cochlmpl-
implanted rats (Schnupp et al., 2025). Muller et al. (2023) further shows that this hyper-
precision paradoxically degrades ITD coding in LSO neurons by narrowing the dynamic ITD
range, and the ITD coding can be restored by reintroducing temporal jitter in a model of
binaural processing. Together, these findings strongly argue for the LSO as the site of pulse
ITD coding of Cochlmpl stimulations. My experiments empirically show that the processing of
ITDs in the LSO depends on the synchronization of inputs. The neurons are most sensitive
when the inputs follow jitter in the range of several hundred ps. Thereby, | demonstrated that
temporal jitter is an important information for LSO neurons to extract envelope ITD information,
and input synchronization plays a key role in time-intensity trading. My results thereby provide
empirical validation of the findings of Muller et al. (2023) and offer a mechanistic explanation.
Together, my results strongly support the recent suggestions of Schnupp et al. (2025) to adjust

bilateral Cochlmpils to transmit pulse ITD information.
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4.7 Outlook

This work is the first to analyze synaptic integration of in vivo-like activation patterns related
to sound source localization directly in LSO neurons. | discussed multiple aspects of how
synaptic integration in LSO neurons is shaped and proposed several approaches for
investigating the mechanistic and functional consequences in future studies. These are

summarized below.

l. How do subthreshold conductances, such as those mediated by Kv1 and HCN
channels, contribute to species-specific differences in subthreshold membrane
properties?

i.  Are such differences species-specific adaptations for low-frequency and high-
frequency coding LSO neurons?

i. How do subthreshold active conductances influence differences observed
between excitatory and inhibitory LSO neurons (Haragopal & Winters, 2023).
Do these differences support different coding regimes in the two populations?

Il.  Molecular and structural mechanisms influencing LSO neuron excitability are poorly
studied, and their contribution to ILD coding is insufficiently understood. These
questions can be specified as follows.

i.  Biphasic APs suggest compartment-specific activation of Nav channels in LSO
neurons (Fig.3.7). This raises the question of how these contribute to the
coding of level differences? Does the soma-axon coupling influence the LSO
neurons’ preferential role as temporal differentiator or integrator? How do
molecular determinants (Nav channel subtype) contribute to this phenomenon?

i. How does AlS plasticity contribute to coding regime in LSO neurons, and what
is its functional importance for sound source localization?

lll. I discussed several mechanisms of gain control in the auditory system. How such gain
control influences synaptic integration in LSO neurons is poorly understood.

i.  Are Kv1 channels mediators of postsynaptic gain modulation in LSO neurons?

ii. Does the synergistic modulation of HCN and Kv1 channels alter the excitability
of LSO neurons?

ii.  How does the gain-modulated state influence the transformation of a PL to an
onset firing pattern?
IV.  The coincidence detection mechanism had a major influence on rMTFs. This raises

the question of how such a mechanism alters sensitivity to ILDs and ITDs.
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i. Does coincidence detection enhance ILD and ITD processing in the LSO in
noisy environments? This could be tested by prolonged noise stimulations and
a subsequent analysis of the ability of LSO neurons to extract signal in noise.

V. A major result from excitation-inhibition integration is that transient activity can reliably
be used for level-difference coding in LSO neurons. The functional consequences of
this could be tested by disrupting the transient onset activity by using an animal model
lacking synaptic ribbons (Bassoon knock-out mice; Buran et al., 2010). These animals
show a decreased onset encoding in the PL response of ANFs. This allows for
interaction with temporal coding in the innervating pathway.

i. How much do ftransients in input activity contribute to level-difference
computation in Bassoon knock-out mice?

ii. Can these mice utilize ITDen for sound source localization? And do these mice
exhibit limited coding of ILDs and ITDs in the LSO? This could be tested using
the pulsed-sine modulation protocol of the in vivo experiments.

VI. My findings strongly suggest that stimulus transience influences time-intensity trading
in LSO neurons and may underlie the high spatial acuity of ITDs in envelope-
modulated high-frequency sounds. This raises the following questions.

i. Does the Fnos contribute to time-intensity trading in LSO neurons?

ii. How does the Fpoq in in vivo pulsed-sine stimulation influence the ITDeny

sensitivity of LSO neurons?

Addressing these questions will deepen our understanding of synaptic integration of LSO
neurons and clarify how their intrinsic properties and circuit-level properties shape binaural
processing. In particular, such investigations could offer insights into the ongoing debate of

the relative importance of temporal versus rate-based coding strategies in LSO neurons.
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4.8 Conclusion

In this thesis, | provided a mechanistic framework for understanding how LSO neurons
integrate excitation and inhibition to support sound source localization. | demonstrated that
LSO neurons are tuned for fast, temporally precise synaptic integration, shaped by both
passive and active membrane properties. The level-difference coding critically depended on
the synchrony of converging inputs. While transient excitatory inputs reliably drive temporally
precise APs and support ILD computation, sustained inputs fail to do so in the absence of
temporal correlation. This highlights coincidence detection as a key mechanism in LSO
neurons, enabling them to extract level-difference cues and temporal disparities of excitation
and inhibition from rapid changes in signal envelopes. Thereby, my work provides a

mechanistic reasoning for the high perceptual acuity of high-frequency transient sounds.
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5 Index of Abbreviations

ACSF
AMPA
ANF
AP
AVCN
BC
CcC
CF

Cl
Cmem
CN
CNIC
cSW
DC
DNLL
(e)EPSC
EPSG
EPSP
Jexe
FFT
Sfinn
Fimod
Fpref
Fpuise

ﬁes
GBC

Gexc
Ginn
Gsyn
HCN
ILD
INLL
IPSC
IPSP
ITD
lthr

Kv channel
LOC
LSO

Artificial cerebro spinal fluid
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
Auditory nerve fiber

Action potential

Anteroventral cochlear nucleus

Bushy cell

Current-clamp

Characteristic frequency

Correlation index

Membrane capacitance

Cochlear nucleus

Central nucleus of the inferior colliculus
Compound synaptic weight
Dynamic-clamp

Dorsal nucleus of the lateral lemniscus
(evoked) excitatory postsynaptic current
Excitatory postsynaptic conductance
Excitatory postsynaptic potential
Excitatory activation rate

Fast Fourier transformation

Inhibitory activation rate

Modulation rate

Preferred frequency

Pulse rate

Resonance frequency

Globular bushy cell

Excitatory conductance

Inhibitory conductance

Synaptic conductance
Hyperpolarization-activated cyclic nucleotide-gated
Interaural level difference

Intermediate nucleus of the lateral lemniscus
Inhibitory postsynaptic current

Inhibitory postsynaptic potential
Interaural time difference

Current threshold

Voltage-gated potassium channel
Lateral olivocochlear

Lateral superior olive
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MD
MNTB
MSO
Nav channel
NMDA
PIF
PSTH
rMTF
RS
SAC
SAM
SBC
SGN
STA
Sw
SWexe
SWinn
tMTF
TST

Tdecay

Tmem

VAS
VC
Vimem
Viest
VS
Vinr
Z
Zinst
Zres

Modulation depth

Medial nucleus of the trapezoid body
Medial superior olive
Voltage-gated sodium channel
N-methyl-D-aspartate
Post-inhibitory facilitation
Peri-stimulus time histogram
Rate modulation transfer function
Rayleigh statistics

Shuffled auto correlogram

Sinus amplitude modulation
Spherical bushy cell

Spiral ganglion neuron
Spike-triggered average
Synaptic weight

Excitatory synaptic weight
Inhibitory synaptic weight
Temporal modulation transfer function
Total stimulus time

Decay time constant

Membrane time constant

Ventral acoustic stria
Voltage-clamp

Membrane potential

Resting membrane potential
Vector strength

Voltage threshold

Impedance

Instantaneous impedance
Resonant impedance
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7 Supplementary Information

Table S.1 Stimulus parameters used for primary-like-like activation shown in Fig.3.9.
The steady-state amplitude of the stimulus function (Rss) was varied to increase the activation rate

(fexc).

Rss target fexc resulting fexc
38 50 51.3
95 100 101.5
160 150 155.3
223 200 202.4
298 250 253.3
380 300 305.1
465 350 353.0
560 400 401.1
672 450 452.6
800 500 505.6

Table S.2 Stimulus parameters used for primary-like activation shown in Fig.3.13.
The steady-state amplitude of the stimulus function (Rss) was varied to increase the activation rate (fexc
& finh).

Rss target fexc resulting fexc
380 300 305.0
Rss target finh resulting finh
50 50 51.0
100 100 102.0
150 150 155.7
200 200 202.8
250 250 253.7
300 300 304.5
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Table S.3 Stimulus parameters used for sinusoidal activation shown in Fig.3.16.
The amplitude of the stimulus function (Asin) was varied to increase the activation rate (fexc).

Fmod Asin targed fexc resulting fexc
5 512 200 199.7
10 512 200 199.2
20 512 200 199.5
50 512 200 200.0
100 512 200 199.7
200 506 200 1994
500 486 200 199.6
1000 468 200 201.4
2000 466 200 198.3

Table S.4 Stimulus parameters used for sinusoidal activation shown in Fig.3.17.
The amplitude of the stimulus function (Asin) was varied to increase the activation rate (fexc).

Fmod Fpulse Asin target fexc resulting fexc
100 100 226 100 99.3
100 100 512 200 201.0
100 100 876 300 300.0
100 100 1360 400 399.5
100 100 2000 500 499.1
200 100 234 50 52.8
200 100 515 100 100.2
200 100 866 150 149.6
200 100 1380 200 202.1
200 100 2002 250 253.3
500 100 222 20 19.7
500 100 480 40 41.0
500 100 812 60 58.3
500 100 1240 80 79.3
500 100 1860 100 102.0
1000 100 210 10 10.0
1000 100 456 20 20.6
1000 100 720 30 29.7
1000 100 1020 40 39.5
1000 100 1380 50 49.1
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Table S.5 Stimulus parameters used for sinusoidal activation shown in Fig.3.18.

The amplitude of the stimulus function (Asin) was varied to increase the activation rate (fexc & finh).

Fmod Fpulse Asin target fexc resulting fexc
100 100 226 100 99.6
100 100 512 200 199.7
100 100 876 300 299.9
200 100 234 50 51.8
200 100 515 100 100.9
200 100 866 150 150.2
500 100 222 20 20.1
500 100 480 40 40.0
500 100 812 60 59.0
1000 100 210 10 10.0
1000 100 456 20 20.3
1000 100 720 30 29.8
Fmod Fpulse Asin target finh resulting finh
100 100 226 100 99.3
100 100 512 200 201.0
100 100 876 300 300.0
100 100 1360 400 399.5
100 100 2000 500 499.1
200 100 234 50 52.8
200 100 515 100 100.2
200 100 866 150 149.6
200 100 1380 200 202.1
200 100 2002 250 253.3
500 100 222 20 19.7
500 100 480 40 41.0
500 100 812 60 58.3
500 100 1240 80 79.3
500 100 1860 100 102.0
1000 100 210 10 10.0
1000 100 456 20 20.6
1000 100 720 30 29.7
1000 100 1020 40 39.5
1000 100 1380 50 49.1
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Table S.6 Statistical summary tables of Fig.3.8 (E)

The number of APs per stimulus (median + MAD) for the sinusoidal conductance stimulation and the
synaptic model stimulation at nine different Fmods. Statistics were evaluated by Wilcoxon-signed-rank
test, due to non-normal distributed data. Significances are indicated as: n.s. (p = 0.05), * (p < 0.05),
**(p < 0.01), *** (p < 0.001). Numbers in brackets provide p values.

Fmod [HZ]
(fexc = 200 5 10 20 50 100 200 500 1000 2000
APs/s)
Sinusoidal 011+ 0.49 + 0.18 +
conductance 00  0*¥0  0x0 020 00 0.11 0.49 0.18 0£0
Synaptic 0.1+ 0.13 019+ 0.09 +
model 00 0£0  0£0  0x0 0.1 0.13 0.19 0.09 00
Significance n.s. n.s. n.s. n.s. n.s. n.s. *(0.016) **(0.008) n.s.
Fmod [HZ]
(fexc = 500 5 10 20 50 100 200 500 1000 2000
APs/s)
Sinusoidal 0.15 % 0.95+
conductance 0+0 0+0 0+0 00 0.15 0.94 1+0 120 120
Synaptic 0.45 + 0.24 +
model 00 00 00 00 0.45 1+05 1+0 1+0 0.24
*k%k
Significance n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. (0.0001)

Table S.7 Statistical summary tables of Fig.3.8 (F)

The entrainment threshold (median £ MAD) for the sinusoidal conductance stimulation and the synaptic
model stimulation at nine different Fnoss. Statistics were evaluated by Wilcoxon-signed-rank test.
Significances are indicated as: n.s. (p =2 0.05), * (p < 0.05), ** (p < 0.01), *** (p < 0.001). Numbers in
brackets provide p values.

Fmod [Hz] 100 200 500 1000 2000
Sinusoidal
conductance 50 25+0 1+0 050 025+ 0
Synaptic model 510 250 110 050 050
Significance n.s. n.s. n.s. *(0.028) **(0.003)
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Table S.8 Statistical summary table of Fig.3.10 (D)
The sustained rate for uniformly distributed SWex (uSWexc) and gamma-distributed SWexc (jSWexc) (mean
+ SD) at ten different fex.. Statistics were evaluated by paired t-test. Significances are indicated as: n.s.
(p 2 0.05), * (p <0.05), ** (p <0.01), ™ (p < 0.001). Numbers in brackets provide p values.

fexc [APs/s] 50 100 150 200 250 300 350 400 450 500
08+ 12z 1.7+ 46+ 54+ 87+ 73+ 89+ 8.8+
USWexe 00 2.1 2.1 3.9 6.5 10.3 11.6 11.2 14.8 15.2
SW 08+ 29+ 91z 94+ 159+ 184% 196 22+ 248+ 142%
JoWexe 1.6 4.6 12.9 115 19.7 24.8 26.1 26.9 34.9 23.2
Significance n.s. n.s. n.s. (0.026) (0.035) (0.031) n.s. (0.022) (0.043) n.s.
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Table S.9 Statistical summary table of Fig.3.12 (E)
The Athr for five SWex. (median £ MAD) at ten different f.... Statistics were evaluated by one sample
Wilcoxon signed-rank test. Significances are indicated as: n.s. (p = 0.05), * (p < 0.05), ** (p < 0.01),
*** (p <0.001). Numbers in brackets provide p values.

fexc [APs/s] 50 100 150 200 250 300 350 400 450 500
SWexc: 10
nS/input
Ath 16+ -14+ -09 -6+ -06% -06+ -05% 01+ 04z 03z
r 1 1 1.1 1.3 1.7 1.9 2 2.8 34 4.1
Significance (0.027) (0.004) n.s. (0.049) n.s. n.s. n.s. n.s. n.s. n.s.
SWexc: 4
nS/input
Athr 01+t 0.2+ 0.6+ 11+ 1.7+ 24+ 37+ 29+ 36%
14 1.2 0.3+1 1.1 1.2 1.8 2.3 2.1 3.7 28
Significance n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
SWexc: 2
nS/input
Athr 26+ 25%+ 39+ 34+ 52+ 53+ 59%
0+£09 14+1 1.6 1.7 1.6 1.9 4+21 2.1 2.3 2.6
. o * * * * *
Significance o (0.031) (0.039) ns.  (0.039) (0.039) ns. ns. ns.  (0.047)
SWexc: 1
nS/input
Athr 26+ 25%+ 39+% 34+ 52+ 53+ 59%
00 141 1.6 1.7 1.6 1.9 4+21 2.1 23 2.6
Significance n.s. n.s. n.s. n.s. n.s. n.s. (0.016) (0.031) n.s. (0.031)
SWexc: 0.1
nS/input
Athr N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
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Table S.10 Statistical summary table of Fig.3.14 (C")

The MI for three SWinn and SWexe of 10 nS/input (mean £ SD) at seven fin. Statistics were evaluated by
one sample two-tailed t-test. Significances are indicated as: n.s. (p = 0.05), * (p < 0.05), ** (p < 0.01),
*** (p <0.001). Numbers in brackets provide p values.

finh [APs/s] 0 50 100 150 200 250 300
SWexc: 10 SWinh: 8
nS/input nS/input
Mi 00 0+0.1 0+0.2 0+0.2 -01+0.2 -02+02 -03+02
Significance n.s. n.s. n.s. n.s. n.s. *(0.0156)
SWexc: 10 SWinh: 4
nS/input nS/input
Athr 00 0+01 -0.1+01 -01%+02 -02%+03 -03+02 -03+0.2
Significance .
n.s. n.s. n.s. n.s. (0.0054) (0.0146)
SWexc: 10 SWinh: 2
nS/input nS/input
Athr 00 -02+01 -01%+01 -02+02 -03+02 -03+x02 -04+02
Significance

(0.0001)  *(0.0243) *(0.0283)  (0.0039)  *(0.0124)  (0.0006)
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Table S.11 Statistical summary table of Fig.3.14 (C?)

The MI for three SWinn and SWex: of 4 nS/input (mean + SD) at seven finn. Statistics were evaluated by
one sample two-tailed t-test. Significances are indicated as: n.s. (p = 0.05), * (p < 0.05), ** (p < 0.01),
*** (p <0.001). Numbers in brackets provide p values.

finh [APs/s] 0 50 100 150 200 250 300
SWexc: 4 SWinh: 8
nS/input nS/input
Mi 00 -01+£0.2 0.1+03 0.1+04 02+04 01+04 -01x04
Significance n.s. n.s. n.s. n.s. n.s. n.s.
SWexc: 10 SWinh: 4
nS/input nS/input
Athr 00 01+02 -0.1+03 0+0.5 -01+04 -01+05 -03+04
Significance n.s. n.s. n.s. n.s. n.s. n.s.
SWexc: 10 SWinh: 2
nS/input nS/input
Athr 00 0+0.1 0.1+04 004 -0.1+05 -02+05 -04+04
Significance n.s. n.s. n.s. n.s. n.s. *(0.0309)
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Table S.12 Statistical summary table of Fig.3.14 (C?)

The MI for three SWinn and SWexc of 1 nS/input (mean + SD) at seven finn. Statistics were evaluated by
one sample two-tailed t-test. Significances are indicated as: n.s. (p = 0.05), * (p < 0.05), ** (p < 0.01),
*** (p <0.001). Numbers in brackets provide p values.

finh [APs/s] 0 50 100 150 200 250 300
SWexc: 1 SWinh: 8
nS/input nS/input
Ml 00 0.2+0.2 04+0.2 0.7+03 06+0.3 0.6+0.3 0.3+0.3
Significance *(0.0136)  (0.0016)  (0.0003)  (0.0016)  (0.0004) *(0.0171)
SWexc: 1 SWinh: 4
nS/input nS/input
Athr 00 0.3+0.3 0.1+0.3 0.1+0.6 0204 02+05 -01+05
Significance *(0.0105) n.s. n.s. n.s. n.s. n.s.
SWexc: 1 SWinh: 2
nS/input nS/input
Athr 00 0+04 0.1+05 0+0.6 0307 -02+04 -021+05
Significance n.s. n.s. n.s. n.s. n.s. n.s.

Table S.13 Statistical summary table of Fig.3.18 (F&H)

The MI-0.75 values for the combinations of three Frnoss and two fexe (mean + SD). A two-way ANOVA
followed by paired t-tests was performed, and alpha levels were corrected for three-way comparison
using Bonferroni correction. Significances are indicated as: n.s. (p 20.017), * (p < 0.017), ** (p < 0.003),
*** (p < 0.0003). Numbers in brackets provide p values.

fexc [APsls] 200 300
Fmod [Hz] 100 200 300 100 200 300
AP rate [APs/s] 184 £44 141 +£63 202 +45 232+ 66 247+ 72 280 £ 82
[ | | L | I
| ** (Be-4) ** (Te-4) | : n.s. n.s.
|
.S, **(0.001
Significance L ns | ( )
| *** (2e-4)
KHK (56'8) I
ke (69-4)
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Table S.14 Statistical summary table of Fig.3.26 (F?)

The AP rate for the combinations of three Fpuises and three Fnoss (median £ MAD). A Friedman test was
followed by a Wilcoxon signed rank test, and alpha levels were corrected for three-way comparison
using Bonferroni correction. Significances are indicated as: n.s. (p 20.017), * (p < 0.017), ** (p < 0.003),
*** (p < 0.0003). Numbers in brackets provide p values.

Fpulise 20 50 100 20 50 100
Fmod 20 50 100 200 500 1000
Rate [APs/s] 80 +39.5 88.3£32 148+355 26.3+16.3 51.3+30.8 72.5+38.5
L 1 I L I |
n.s. **(9.8e-4) **(9.8e-4) ** (2.0e-3)
| | L |
**(9.8e-4 **(9.8e-4
Significance L ( ) J ( )
**(9.7e-4) |
**(9.8e-4) |
*(0.014)

Table S.15 Statistical summary table of Fig.3.26 (G?)

The reproducibility for the combinations of three Fpuies and three Fmoss (median = MAD). A Friedman
test was followed by a Wilcoxon signed rank test, and alpha levels were corrected for three-way
comparison using Bonferroni correction. Significances are indicated as: n.s. (p =2 0.017), * (p < 0.017),
** (p <0.003), *** (p < 0.0003). Numbers in brackets provide p values.

Fpulse 20 50 100 20 50 100
Fmod 20 50 100 200 500 1000
Reproducibility 42+1.1 3.6+0.8 3909 125+6.1 11.3+47 8.7+t45
L i I L I |
n.s. n.s. **(2.0e-3) *(9.8e-3)
L I L |
.S. **(9.8e-4
Significance L ns | (9.8e-4)
**(9.8e-4) |
** (9.8e-4) |
**(9.8e-4)
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Table S.16 Statistical summary table of Fig.3.26 (H?)

The modulation depth rate for the combinations of three Fpuses and three Fmoss (median £ MAD). A
Friedman test was followed by a Wilcoxon signed rank test, and alpha levels were corrected for three-
way comparison using Bonferroni correction. Significances are indicated as: n.s. (p = 0.017),
*(p <0.017), ** (p < 0.003), *** (p < 0.0003). Numbers in brackets provide p values.

Fpuise 20 50 100 20 50 100
Fmod 20 50 100 200 500 1000
Modulation depth 0.9+0.1 0.9+0.1 0.9+0.1 140 1+0 1+0
L I | L I |
n.s. n.s. n.s. *(0.016)
L I L I
S. *(0.016
Significance 1 n-s I ( )
**(2.0e-3) |
*(3.9e-3) |
n.s.
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Figure 7.1 Firing behavior of a single neuron at different SWex.

(A) Raster plots of AP occurrence for five SWex configurations (0.1 nS/input (A'), 1 nS/input (A2),
2 nS/input (A3), 4 nS/input (A*), 10 nS/input (A%)). The raster plots are depicted for five fo. for each
SWexc configuration and the number on the right depict the onset reliability and the sustained rate.

(B) Post-stimulus time histograms show the probability of AP occurrence throughout the stimulus time.
Three PSTHs at different fex are drawn for each SWex (fexe = 100 APs/s (B'-®), fexe = 300 APs/s (C'-5),
fexe = 500 APs/s (D'-%)). The bin size was 1 ms.
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Figure 7.2 Integration of excitation and inhibition during primary-like activation with SW;,, of

4 nS/input.

(A-D) Same as Fig.3.13 (A-D) but for a SWinn of 4 nS/input and three SWex of 1, 4 and 10 nS/input.
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Figure 7.3 Integration of excitation and inhibition during primary-like activation with SW;,, of

4 nS/input.

(A-D) Same as Fig.3.13 (A-D) but for a SWinn of 4 nS/input and three SWex of 1, 4 and 10 nS/input.ms.
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Figure 7.4 Spike triggered averages of primary-like excitation and inhibition.
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(A) Spike triggered average curves of the Vmem (top panel), Gexc and Ginn (bottom panel, black and red,
respectively) for seven levels of inhibition. The SWex was 1 nS/input, and SWix» 8 nS/input. The curves
are aligned at the time of the AP threshold (i) and the x-axis scaled accordingly.

(B) Same as A, but for a SWex of 4 nS/input.

(C) Same as A, but for a SWex of 10 nS/input.
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Figure 7.5 Synaptic integration of sinusoidal activation patterns with four SWey..
(A-D) Extension of Fig.3.16 but for 12 further stimulations configurations. The panels follow the same

structure as Fig.3.16 (A-D).
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Figure 7.6 Rate modulation transfer functions at four SWe.

(A-D) The AP rate as a function of Fmod for four SWex: (0.1 nS/input (A), 1 nS/input (B), 2 nS/input (C),
and 4 nS/input (D)). The grey lines show the rMTFs for 14 neurons. Black dots and lines show the
median of the 14 neurons.
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Figure 7.7 Rate modulation transfer functions at four SW-... of multi firing neurons.

(A-D) The AP rate as a function of Fmoa for four SWex: (0.1 nS/input (A), 1 nS/input (B), 2 nS/input (C),
and 4 nS/input (D)). The grey lines show the rMTFs for 14 neurons. Black dots and lines show the
median of the 5 neurons.
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Figure 7.8 PSTHs of onset firing neurons and sustained firing neurons.

(A) The mean, peak aligned PSTH of three onset neurons. The classification of onset and sustained
firing neurons is defined in Fig.3.24.

(B) Same as A but for sustained firing neurons.
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