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Summary

Summary

The chicken is a diurnal and gregarious bird with a well-developed visual and auditory system. It
uses these senses to react to stimuli in its environment, e.g., predators. The neuronal pathways
that relay these sensory signals are well defined, and much information is available on the
processing throughout the brain. An essential area for the processing of both sensory signals is
the optic tectum, a part of the midbrain. Optic tectum homologues exist in all vertebrates and are

similar in structure, retinotopic map formation and function.

The cellular integration of information from different sensory modalities in this area was the
major focus of this study. Particularly, | studied a cellular candidate for multimodal integration in
the optic tectum, the so-called Shepherd’s crook neuron (SCN). The morphology and the
physiological properties of downstream target areas suggest that this cell type may integrate
both auditory and visual sensory input. The Shepherd crook cell has two dendritic arborization
fields: an apical dendrite terminating in retinorecipient layers of the optic tectum, and a basal
dendrite terminating in deeper layers where auditory information is available. The axon of the
Shepherd’s crook neuron originates from the apical dendrite with direct axodendritic signal
propagation of the visual information without passing the soma. Immunohistological experiments
were performed to determine the expression patterns of different ion channels and structural
proteins. A multi-compartment model based on the expression patterns was created which

explained the signal propagation recorded in physiological experiments.

The results show that SCN hold all the attributes to integrate different sensory information
precisely timed and at high frequencies. The morphology and the expression patterns of
structural proteins indicate the location of the axon initial segment at the axon just after
branching off from the apical dendrite. Data from the multi-compartment model showed a higher
activity on the axon compared to the soma. This axodendritic generation of action potentials was
also seen in the direction of signal propagation in slice experiments, where the signal always
spread from this axodendritic region to the soma (independent of stimulation site (visual,
auditory, audiovisual)). In summary, this study revealed that Shepherd’s crook neurons are

involved in the integration of visual and auditory signals in the optic tectum. As a result of the
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audiovisual processing, SCN may contribute to the formation of a multimodal map of space in

the optic tectum.



Zusammenfassung

Zusammenfassung

Das Huhn ist ein tagaktiver und in Gruppen lebender Vogel mit einem gut entwickelten visuellen
und auditorischen System. Diese Sinne benutzt es unter anderem, um auf wichtige Reize in der
Umgebung wie z.B. Fressfeinde zu reagieren. Die verschiedenen Projektionsbahnen dieser
sensorischen Informationen im Gehirn wurden im Detail studiert. Wahrend der Weiterleitung
passieren beide sensorische Signale eine gemeinsame Hirnregion: das optische Tektum, einem
Teil des Mittelhirns. Diese Region findet sich bei allen Wirbeltieren und weist grundlegende

Ahnlichkeiten in der Struktur, der Bildung einer retinotopischen Karte und der Funktion auf.

Die hier vorliegende Arbeit beschaftigt sich mit der zellularen Integration verschiedener
sensorischer Informationen in diesem Gehirnareal. Speziell wurde ein charakteristischer Zelltyp,
das Shepherd’s Crook Neuron (SCN) untersucht, dass auf Grund seiner Morphologie sowie
physiologischer Daten seines Zielgebietes einen guten Kandidaten fur die Integration beider
sensorischer Modalitéaten darstellt. Diese Zelle besitzt zwei grof3e dendritische Areale: apikale
Dendriten in retinorezipienten Schichten des Tektums und basale Dendriten in Schichten, die
auditorische Eingéange erhalten. Das Axon zweigt dabei charakteristischerweise vom apikalen
Dendriten ab, was eine direkte Weitergabe der Erregung ohne Involvierung des Somas
vermuten lasst. Es wurden immunhistochemische Experimente durchgefiihrt, um die Expression
verschiedener lonenkandle und Strukturproteine zu lokalisieren. Auf dieser Basis wurde ein
Multi-Kompartiment Modell entworfen und mit physiologischen Experimenten zur

Signalausbreitung untermauert.

Die Experimente zeigen, dass SCN alle Voraussetzungen besitzen, um verschiedene
sensorische Informationen zeitlich prazise und mit hoher Frequenz zu integrieren. Die
Morphologie und die Expressionsmuster der Strukturproteine weisen auf die Lokalisation des
Axoninitiationssegments am Axonabgang vom apikalen Dendriten hin. Experimente mit einem
Multi-Kompartiment Modell zeigen eine erhdhte Aktivitat durch simultane Stimulation an beiden
dendritischen Eingangsregionen, die vor allem am Axon sichtbar ist. Diese axodendritische

Generierung eines Aktionspotentials spiegelte sich auch in der Signalausbreitung wieder.



Zusammenfassung

Unabhangig von der Stimulation (visuell, auditorisch, audiovisuell) breitete sich das Signal

immer von der axodendritischen Region hin zum Soma aus.

Zusammenfassend konnte diese Arbeit belegen, dass Shepherd’s Crook Neurone prinzipiell die
Fahigkeit besitzen visuelle und akustische Signhale zu integrieren und so zum Aufbau einer
multimodalen, rAumlichen Karte im optischen Tektum beitragen kénnen.



Introduction

Introduction

The introduction is modified from the Introduction sections that correspond to the following

publications:

1) “Expression patterns of ion channels and structural proteins in a multimodal cell type of the
avian optic tectum” (Lischka, Ladel, Luksch, & Weigel, 2018)

This article is published in The Journal of Comparative Neurology, which permits authors the

reproduction of published articles for dissertations without charge or further license.

2) “Effects of early eye removal on the morphology of a multisensory neuron in the chicken optic
tectum” (Lischka, Yan, Weigel, & Luksch, 2018)

This article is published in Brain Research, which permits authors the reproduction of published
articles for dissertations without charge or further license.

Multisensory integration

Multisensory integration is defined as a process where two or more sensory information streams
are combined to form a product which is distinct from the input and cannot be easily
deconstructed to reconstitute the input components (Stein, Stanford, Ramachandran, Perrault, &
Rowland, 2009). These differences result either in response enhancement or response

depression.

Multisensory enhancement is the most reliable index of multisensory integration (Stein, Stanford,
& Rowland, 2014). It describes the non-linear integration of input activity which leads to
increased responses compared to the linear summation of inputs (Stein et al., 2009). In
mammals, Meredith and Stein (1986) showed that multisensory integration does not only occur
on network or brain level, but also in single neurons. For instance, single cells in the cat superior
colliculus were stimulated by the simultaneous presence of visual and auditory input with a

response that was higher than the sum of each individual response, called a multisensory
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enhancement (Stein & Stanford, 2008). Regarding the integration of primary sensory inputs, the
optic tectum (TeO) of birds is also a suitable model to study cellular mechanisms. In in vivo
studies in the barn owl, Knudsen (1982) revealed the highly correlated receptive fields of tectal
neuronal units responding to visual or auditory input. This correlation allows the owl to assign
each environmental cue to a specific location in the optic tectum (defined by azimuth and
elevation). Hence, the optic tectum constitutes a sensory map of space for its visual and auditory
field. Maczko, Knudsen, and Knudsen (2006) provided the first indirect evidence that individual
neuron types in the barn owl optic tectum are capable of integrating different sensory modalities.
In their experiments, neuronal cells in the isthmic nuclei responded to both visual and auditory
input. This was an interesting result as these nuclei only receive input from the optic tectum in
chicken. Thus, it is likely that neurons in the optic tectum exhibit similar integration of audiovisual

signals similar to the cat superior colliculus.

The avian midbrain

“The avian midbrain is subdivided in a part dominated by visual input, the optic tectum (TeO,
counterpart to the superior colliculus in mammals) and a part dominated by auditory input, the
nucleus mesencephalicus lateralis pars dorsalis (MLd, counterpart to the inferior colliculus (IC) in
mammals). The midbrain is involved in many functions such as integrating different sensory
modalities, movement initiation, bottom-up attention caused by the isthmic system and top-down
attention mediated by projections from the hyperpallium (Karten, Cox, & Mpodozis, 1997;
Knudsen, 2007; Knudsen, Cohen, & Masino, 1995; Luksch, 2003; Luksch & Golz, 2003; Miceli,
Repérant, Bavikati, Rio, & Volle, 1997; Sridharan & Knudsen, 2015; Wylie, Gutierrez-lbanez,
Pakan, & Iwaniuk, 2009).”

This thesis set out to investigate cellular mechanisms related to visual and auditory processing
in the visually dominated part, the optic tectum. “The TeO is composed of 15 layers, each of
which can be characterized by its cell-type specificity, connectivity, density and layer thickness
(Luksch, 2003).” However, the knowledge about the cell types forming the curved structure of
the TeO is sparse. The most superficial layer (layer 1), called the stratum opticum, contains all
the afferent axonal projections of more than 20 different types of retinal ganglion cells from the

contralateral retina (Yamagata, Weiner, Dulac, Roth, & Sanes, 2006), as well as tectofugal fibers

! Lischka, Ladel, Luksch, & Weigel, 2018
2 Lischka, Ladel, Luksch, & Weigel, 2018
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from a projection neuron located in layer 10 (Vega-Zuniga, Trost, Schicker, Bogner, & Luksch,
2018). The terminals of retinal ganglion cells spread at least to four different superficial layers of
the chicken optic tectum. There is a discrepancy of identified retinorecipient layers. Mey and
Thanos (2000b) defined the layers 2 to 5 and 7 as retinorecipient, while Yamagata et al. (2006)
showed that layer 3 to 5 and 7 are retinorecipient. In layer 5, horizontal multipolar cells are
located that arborize locally and have no axonal structures. They might form a local inhibitory
circuit with retinotectal synapses (Luksch & Golz, 2003). Layer 7 is surrounded by two densely
packed cell bands (layer 6 and 8, Sebesteny, Davies, C., D., Zayatis, Németh, & Témbdl, 2002).
However, layer 7 does not contain cell somata, but consists of dendritic arborizations of tectal
cells from layer 10 and 11 that receive synaptic input from the terminations of retinal fibers
(Sebesteny et al., 2002; Vega-Zuniga et al., 2014). In layer 10, two prominent projection neurons
are described, the Shepherd’s crook neuron (SCN) and the vine neuron. The SCN form a tecto-
isthmic circuit with the three isthmic nuclei located close to the tectum (Garrido-Charad et al.,
2018; Y. Wang, Major, & Karten, 2004), while the vine neurons contribute to the ventrothalamic
circuit (Vega-Zuniga et al., 2018). In layer 13, SGC cells with large somata are located. These
cells project to the nucleus rotundus and receive input via bottlebrush endings from the retinal
ganglion cells (Luksch, Cox, & Karten, 1998; Luksch, Karten, Kleinfeld, & Wessel, 2001). In
summary, the optic tectum is a densely packed area of cells receiving different sensory input
and processing this input to other areas (reviewed in Luksch (2003) and Wylie et al. (2009)).
Despite the large body of data on input and output connections, the intratectal networks of the

optic tectum and its interaction with other neuronal structures are less well described.

“An advantage of the layered tectal structure is the strict distinction into input and output layers,
which facilitate the study of physiological properties and signal propagation in layer-specific
neurons.” The TeO receives input from different primary senses. “As mentioned above, the
visual signal is processed by retinal ganglion cells (RGCs) and relayed from the retina to the
contralateral stratum opticum via the optic tract (SO, layer 1 of the optic tectum) and terminate in
retinorecipient laminae (layer 2 to 5 and 7, (Mey & Thanos, 2000a; Yamagata et al., 2006).
Incoming visual information is integrated by tectal cells to generate responses to luminance,
motion and direction (Jassik-Gerschenfeld & Guichard, 1972; Luksch, Khanbabaie, & Wessel,
2004; Verhaal & Luksch, 2016b), and passed on towards higher brain regions (Luksch, 2003). In
addition to visual information, auditory information also reaches the TeO (Knudsen, 1982;

Niederleitner & Luksch, 2012). In chicken, the auditory signal is processed from the brainstem to

8 Lischka, Ladel, Luksch, & Weigel, 2018
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two interconnected structures in the midbrain: the MLd and the TeO. The central part of the
inferior colliculus (ICc) relays the auditory information either via the external part of the inferior
colliculus (ICx) directly to the deeper layers of the optic tectum (Pena & Gutfreund, 2014) or
across an external portion of the formatio reticularis lateralis (FRLx; (Niederleitner, Gutierrez-
Ibanez, Krabichler, Weigel, & Luksch, 2016; Niederleitner & Luksch, 2012).” The primary
somatosensory information pathway in birds is similar to the pathway in mammals. It
predominantly projects through the medial lemniscus distinct thalamic nuclei and terminates in
separate somatosensory fields in the telencephalon (Wild, 1985, 1995). The midbrain receives
also primary somatosensory information from the dorsal column and external cuneate nuclei
(DCN). These projections terminate primary in intercollicular regions adjacent to and partly
surrounding the MLd (Wild, 1985, 1995). “In general, the avian optic tectum integrates
topographic, visual and auditory information into a multisensory map of space, which is
dominated by the visual modality (Knudsen, 1982; Meredith & Stein, 1986; Witten & Knudsen,
2005).”

Vision and hearing in birds

Vision and hearing in birds is essential for prey capture, escape behavior, and communication.
Vision provides information about speed, resolution and range necessary to guide flight and
other behaviors (Davies & Green, 1994; Gill, 2007; Perrins, 1990), while hearing mainly provides
information about enemies, and other kinds of danger, social relations, and communications
(Dooling, Fay, & Popper, 2000). The combination of both sensory cues facilitates the location of

potential danger or social interactants.

The visual pathway is subdivided in three major projection systems, the tectofugal and the
thalamofugal pathway, and a third one including the accessory optic system and the pretectum
(Figure 1, Salva, Mayer, & Vallortigara, 2015; Wylie et al., 2009). All of the three visual pathways
begin in the retina and innervate the contralateral hemisphere. The tectofugal pathway is the
most prominent one as it contains the majority of fibers. Retinal ganglion cells project from the
retina to the contralateral optic tectum, where they innervate the superficial layers. Visual input is
forwarded from neurons in the deep layers (output layers) to the thalamic nucleus rotundus,

which mainly receives its input from tectal cells located in the stratum griseum centrale (SGC)

* Lischka, Ladel, Luksch, & Weigel, 2018
® Lischka, Ladel, Luksch, & Weigel, 2018
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(Benowitz & Karten, 1967, Luksch, Cox, & Karten, 1998). From the nucleus rotundus, the visual
signal is propagated to the telencephalic entopallium. Tectal neurons also send descending
projections to the ION and back to the retina (Crossland & Hughes, 1978; Gutiérrez-Ibafiez et
al.,, 2012; Uchiyama, Ohno, & Kodama, 2012). The tectofugal pathway generates an orienting
response to a stimulus of interest, especially when moving stimuli are presented (Frost &
Nakayama, 1983; Frost, Wylie, & Wang, 1990). But there is also evidence that the tectofugal
pathway is involved in discrimination of color, brightness and pattern (Engelage & Bischof, 1993;
Hodos & Karten, 1970; Jarvis, 1974).

The thalamofugal pathway starts at the retina, where retinal ganglion cells project contralaterally
to the nucleus geniculatus lateralis pars dorsalis (GLd) (in the literature also named as nucleus
opticus principalis thalami (OPT)) in the thalamus which further conveys the information on to
the dorsal pole of its telencephalic target, the visual Wulst (Karten, Hodos, Nauta, & Revzin,
1973; Medina & Reiner, 2000). The main functions of the thalamofugal pathway in chicken is fine
pattern discrimination (Rogers, Lesley, J., 1995; Deng & Rogers, 2002). The third pathway
involves two nuclei in the mesencephalon: nucleus lentiformis mesencephalic (LM), and nucleus
of the basal optic root (nBOR). These nuclei receive visual information from the retina and
processes the information to cerebellar regions. The main functions are the displacement of the
visual field by self-movement, the analysis of the optic flow and the generation of optokinetic
responses (Pakan & Wylie, 2006; Wylie, Pakan, Elliott, Graham, & Iwaniuk, 2007 Giolli, Blanks,
& Lui, 2006; Simpson, 1984; Simpson, Leonard, & Soodak, 1988).

12
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Figure 1. The visual and auditory system. The visual system is divided in three main pathways: the
tectofugal pathway, the thalamofugal pathway and the accessory optic system. The auditory system only
separates in different nuclei in the brainstem for the processing of time and intensity. TeO: optic tectum,
LM: nucleus lentiformis mesencephali, nBOR: nucleus of the basal optic root, nRT: nucleus rotundus,
GLd: nucleus geniculatus lateralis pars dorsalis, NM: nucleus magnocellularis, NA: nucleus angularis, RI:
regio intermedius, NL: nucleus laminaris, MLd, mesencephalicus lateralis pars dorsalis.

The auditory pathway (Figure 1) starts at the inner ear and projects to the cochlear nuclei
nucleus angularis (NA), nucleus magnocellularis (NM), and regio intermedius (RI). Before
innervating the midbrain, the auditory projections of the NM project to an additional brainstem
nucleus, the nucleus laminaris (NL) (Wang & Karten, 2010; Wang, Zorio & Karten, 2017). From

these brainstem nuclei, the pathway continues to the nucleus mesencephalicus lateralis pars

13
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dorsalis (MLd, counterpart of the inferior colliculus (IC) in mammals) in the midbrain, where it
also innervates the deeper layers of the optic tectum (TeO; Niederleitner et al., 2016). In
chicken, the MLd consists of three subdivisions that receive auditory input from the different
brainstem nuclei (Wang & Karten, 2010). The nuclei compute distinct aspects of the auditory
signal. NA processes interaural level differences (ILD) and NM processes interaural time
differences (ITD, e.g. Knudsen & Konishi, 1978; MacLeod & Carr, 2005; Sullivan & Konishi,
1984). For instance, the dorsal NA responds to high frequencies and projects to the ventral MLd,
while the ventral NA responds to low frequencies and projects to the dorsal MLd (Koéppl & Carr,
2003; Wang & Karten, 2010). The external part of the MLd/IC (ICx) projects topographically to
the optic tectum and relays information on sound localization (Knudsen & Knudsen, 1983; Pérez
& Pefa, 2006). As this projection was shown only in barn owls that are auditory specialists,
Niederleitner et al. (2016) re-analysed this connection in the chicken and found a very sparse
direct ICx-OT projection. However, these authors described an additional relay nucleus
interconnected between the external portion of the inferior colliculus and the optic tectum which
sends ascending input to the deep and middle layers of the optic tectum, as well as descending
projections through the tectopontine-tectoreticular pathway. The axonal termination field of
individual neurons covered large areas of the tectal extent, which indicated a rather coarse
topography. From the midbrain the primary auditory information is passed on to nucleus
ovoidalis (Ov) in the thalamus and ends in the auditory telencephalon (Y. Wang et al., 2017).
This region comprises Field L (L1, L2a, and L3) in the caudal nidopallium (CM), the dorsal
nidopallium (Nd) and the ventromedial portion of the intermediate arcopallium (Aivm). The Field
L/CM complex is a laminar structure. L2a cells receive primary auditory input from cells in the
Ov. The axons of L2a cells innervate the two laminas CM and L1. From these two laminas
axonal projections are described back to L2a and other auditory regions in the telencephalon
(Muller & Scheich, 1985; Wang, Brzozowska-Prechtl, & Karten, 2010). Hence, this primary
auditory pathway relays time and intensity information, which are important for sound localization
(Klump, 2013; Knudsen, 1987) and a wide range of complex sounds (Woolley & Casseday,
2004; Woolley, Gill, & Theunissen, 2006).

As described above, both the visual pathway as well as the auditory pathway are processed in
the dorsal midbrain, the optic tectum. Here, distinct layers in the optic tectum are involved in the
processing of different sensory signals. Likely, neuronal cells in the tectal layers integrate this

signal either unimodal or bimodal.

14
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A candidate for multisensory integration in the chicken optic

tectum

“Despite the findings of visual and auditory sensory maps of space in the optic tectum of birds
(Knudsen, 1982), little is known about the multimodal integration on the cellular level. A
candidate cell type for multimodal integration in the optic tectum is the Shepherd’s crook neuron

(SCN), the soma of which is located in layer 10 (Figure 2).

SCNs have dendrites in retinorecipient layers and deep layers, respectively. The axon of this
neuron has a unique organization as it originates at the apical dendrite and immediately turns
downwards in a characteristic curve crossing the deep layers to terminate in the isthmic nuclei
(Garrido-Charad et al., 2018; Luksch, 2003; Ramén y Cajal, 1909). SCNs are the only tectal
input neurons to the isthmic nuclei by forming a reciprocal network which is involved in bottom-
up control of attention (Garrido-Charad et al., 2018; Goddard, Mysore, Bryant, Huguenard, &
Knudsen, 2014; Lai, Brandt, Luksch, & Wessel, 2011; Meyer et al., 2008; Wang, Luksch,
Brecha, & Karten, 2006). As units in the isthmic nuclei respond to both visual and auditory
stimuli, and the isthmic nuclei receive no other input, it is likely that integration of visual and

auditory input occurs upstream of the isthmic nuclei (Maczko et al., 2006).

These findings strengthen the hypothesis that SCNs are cellular
candidates for the integration of visual and auditory input. The Shepherd’s
crook neuron had first been described by Ramén y Cajal (1909) who
suggested direct information flow from visual input onto the axon, without
prior integration in the neuronal soma. Axon-carrying dendrites suggest an
axopetal information flow, as the soma does not participate in the initiation
of nerve impulses (Triarhou, 2014). For example, in GABAergic substantia
nigra neurons of rats, which contain an axon emerging from the dendrite,
an action potential can be recorded first at the dendrite before activity in

the soma occurs (Hausser, Stuart, Racca, & Sakmann, 1995).

Figure 2. Signal propagation in Shepherd's crook neurons.

Ramoén y Cajal already suggested in 1909 that an incoming visual signal in cells
with axon-carrying dendrites in the optic tectum directly jumps on the axon without
previous passing the soma (indicated by several arrows). Moreover, these cells
integrate signal from deeper layers. A: soma. B: retinal ganglion cells. C: output
region. c. axon. Reproduced with permission from Raman y Cajal, 1909.
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The authors claimed that this activity pattern was the consequence of the morphological
characteristic found in these neurons. Because of the unique morphology and its putative role in
multisensory integration, it is of interest to understand the information flow in SCN cells, as only
the visual input at the apical dendrite might reach the axonal initiation zone directly; auditory
input to the lower and intermediate tectal layers would necessarily be integrated in the soma.
The computation of bimodal input in tectal SCN cells could thus shed light on multimodal

integration in neurons in general.”®

Development and differentiation

“The development of the nervous system in vertebrates is characterized by a complex ensemble

of cellular and molecular mechanisms (Nakamura & Sugiyama, 2004).”’

Based on their genetic
program, neurons need the appropriate molecular signals and contacts during precisely
specified time windows to develop correctly (Watanabe, Sakuma, & Yaginuma, 2018). For
instance, intermediate laminar organization is dependent on the expression of a guidance factor
(e.g. Sema3A) and the receptor specific for this guidance factor (NRP1). When Sema3A was
mis-expressed, the tangential migration of cells in the intermediate laminas was repelled
(Watanabe, Sakuma, & Yaginuma, 2014). In addition, neuronal activity patterns are required in
specific phases of development to, e.g., generate the fine-tuning of spatial maps and the
morphological differentiation (Constantine-Paton, 1990; Eric Knudsen, 2004; Zhang & Poo,
2001). “Interrupting this precisely timed interplay leads to malformation or death of the embryo
during its development (Barkovich, Millen, & Dobyns, 2009). In the precocial chicken, the
sensory pathways have to be established precisely during development (Mey & Thanos, 2000g;
Rubel & Fritzsch, 2002). The tectum is involved in integrating sensory information, interfacing
these to both premotor networks and higher brain regions (Luksch, 2003; Wylie et al., 2009).”
The effect of missing sensory input on the morphology of identified neurons can be analyzed in
the tectum as the individual layers contain identified neuronal cell types that can be approached
with great accuracy (Heidmann & Luksch, 2001). In addition, at least for the visual input the
course and trajectory of retinal fibers is clearly separated from the cells, and synaptic contact

occurs at distal dendrites.

6 Lischka, Ladel, Luksch, & Weigel, 2018
’ Lischka, Yan, Weigel, & Luksch, 2018
8 Lischka, Yan, Weigel, & Luksch, 2018
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Introduction

In general, the formation of the tectal layers during embryogenesis occurs in three spatially
distinct, but chronologically overlapping, phases of cell proliferation and migration. Remarkably,
tectal development progresses with a temporal delay along the rostro-ventro-lateral to caudo-
dorso-medial axis in all three developmental zones. In addition, the cells also proliferate in a

characteristic sequence (‘outside-in’ and ‘inside-out’ gradient) (LaVail & Cowan, 1971).

The development of the optic tectum starts at embryonic day 4 with the first wave of cell
proliferation. In this first developmental step (E4 to E6) the inner zone (layer 12 and 13: stratum
griseum centrale (SGC), layer 14: stratum album centrale (SAC), layer 15: stratum griseum
periventriculare (SGP) and stratum fibrosum periventriculare (SFP)) is generated, followed by
the development of the outer zone (layer 1 to 8 in the stratum griseum and fibrosum superficiale
(SGFS)) between E4 and ES8. At last, the middle zone (layer 9 to 11 in SGFS) develops between
E5 and E9 (Gray, Leber, & Sanes, 1990; Gray & Sanes, 1991; Watanabe & Yaginuma, 2015).
The development of the visual system is described by an interaction between the development
of the eye and the development of the optic tectum. Between E6 and E14 the TeO differentiates
histologically. By that time, retinal ganglion cells from the contralateral retina arrive at the
anterior-ventral pole of the tectum and start to build the stratum opticum. Only a small number of
retinal afferents innervate the ipsilateral hemisphere (Mey & Thanos, 2000a), and that projection
appears to be lost during the first days after hatching. At E17, first visually evoked potentials can
be recorded in the tectum, suggesting that retinotectal synapses have matured sufficiently to
generate postsynaptic responses. In respect to the innervation of the tectum by fibers from the
auditory midbrain, no data are currently available. In my thesis | focused upon a specific
intermediate neuron in the optic tectum. The Shepherd’s crook neuron can be distinguished from
primitive epithelial cells at day 7 ¥ to 8 (Stage 33 to 34) by the appearance of their characteristic
axon branch. At day 11 (stage 37) the soma reaches the intermediate layers and the distance
between soma and axon branch begins to shorten by perikaryal translocation. Domesick and
Morest (1977) described that the differentiation of dendrites starts after perikaryal translocation
finished. In this study, the differentiation was observed by the thickening of apical and basal
structures, which resulted in the formation of dendritic interactions with the retinal afferents in the
superficial layers. A SCN reaches its mature form at day 19 (Domesick & Morest, 1977). | used
the knowledge of the well-studied development of the chicken optic tectum, and in particular

SCNs, to investigate the influence of multisensory input on single cells during their development.
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Introduction

Aims of this thesis

The aim of this thesis was to study the contribution of Shepherd’s crook neurons to multimodal
integration of the chicken optic tectum. Based on the published background of cell connectivity in
the chicken optic tectum, single cell contributions to tectal networks and the role of single
neurons in multimodal integration, the model system yields several features to investigate this

issue. In my thesis | focused on the following questions:

e Are SCNs processing auditory information or is the cell response driven by visual input
only?

o How do SCNs integrate information from two senses?

o Does simultaneous excitation from two input modalities lead to multisensory
enhancement or multisensory depression?

o How do sensory inputs influence SCN development?

e Is the ability of multisensory integration already reflected on protein expression on the
(sub-) cellular level?

e What is the function of the axon branch at the transition from the apical dendrite to the
primary dendrite?

e Can the hypothesis of axopetal information flow put forward by Ramon y Cajal be

affirmed?

This project combines neuroanatomy, electrophysiology and modeling to investigate primary
sensory integration in the optic tectum of the chicken midbrain. The findings of the thesis will

contribute to the cellular understanding of multimodal integration in the optic tectum.
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Material and Methods

Material and Methods

The paragraphs ‘Anesthesia’, ‘Slice preparation’, “Tracer injections’, ‘Antibody characterization’,
‘Immunohistochemistry’, and ‘Data analysis of colocalization’ are modified from the Material and

Methods section that corresponds to the following publication:

“Expression patterns of ion channels and structural proteins in a multimodal cell type of the avian
optic tectum” (Lischka, Ladel et al., 2018)

The article is published in The Journal of Comparative Neurology, which permits authors the

reproduction of published articles for dissertations without charge or further license.

The paragraphs ‘Enucleation’, ‘Histology and Immunohistochemistry’ and ‘Data analysis
enucleation’ are modified from the Material and Methods section that corresponds to the

following publication:

“Effects of early eye removal on the morphology of a multisensory neuron in the chicken optic
tectum” (Lischka, Yan et al., 2018)

The article is published in Brain Research, which permits authors the reproduction of published

articles for dissertations without charge or further license.
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General procedure

Anesthesia

“Hatchlings of the White Leghorn chicken of both sexes were anesthetized with a mixture of
ketamine (Ketamidor; 10 % solution; 100 mg/ml; Inresa Arzneimittel, dissolved with Aqua dest.
1:1) and xylazinhydrochloride (Proxylaz 2 % solution; 20 mg/ml; Bayer) at 37.5 and 5 mg/kg
body weight prior to decapitation. This procedure does not require a special permit under the
German Law of Animal Protection; however, animal numbers were reported to the respective

authorities.”

Slice preparation

“During the brain preparation and brain slicing ice-cooled oxygenated ACSF solution was used
(120 mM NaCl, 3 mM KCI, 1 mM MgCl,, 23 mM NaHCOs;, 1.2 mM NaH,PO,, 2 mM CaCl,,
11 mM D-glucose; pH 7.4; osmolarity 305 mOsm; oxygenated with carbogen: 95 % O, and 5 %
CO,). After decapitation, the brain was isolated by opening the skull with one medial and two
lateral cuts behind the eyes. Forebrain, hindbrain, and cerebellum were discarded, and the
midbrain was separated in its two hemispheres. Each hemisphere was embedded in low-melting
point agarose (low-melting point agarose, Sigma, USA, Cat# A4675-500G, 1.65 % dissolved in
HEPES puffer [290 mM Saccharose, 5 mM HEPES, 3 mM KCI, 3 mM MgCl,-6H,0; pH 7.4]) and
sliced horizontally.”*® | used 1000 pm thick slices for the tracing experiments and 500 pum thick
slices for the physiological experiments. “The slices were collected in an interface recovery
chamber (I-RC; idea: C. Gutierrez-lbanez und T. Vega-Zuniga; design and development: T.
Vega-Zuniga, C. Gutierrez-lbanez, and C. Fink) filled with ACSF that was continuously
oxygenated with carbogen at room temperature.”’ Before the tracing and physiological
experiments, the fluid level in the I-RC was reduced to support the viability of the cells, which

were damaged during the slicing process by creating a two-condition environment. Hence, one

o Lischka, Ladel, Luksch, & Weigel, 2018
10| ischka, Ladel, Luksch, & Weigel, 2018
™ Lischka, Ladel, Luksch, & Weigel, 2018
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Material and Methods - General procedure

surface was exposed to an oxygen-rich environment, while the other surface remains supplied
with nutrients form the ringer solution (Gahwiler, 1997; Y. Huang, Williams, & Johnson, 2012;
Ting, Daigle, Chen, & Feng, 2014). After 1 hr, the removed ACSF was added again to the I-RC

to increase the fluid level (to a level where the slices were completely covered with aCSF).
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Expression patterns of structural proteins and ion channels in

Shepherd’s crook neurons

Tracer injections

“Electrodes for tracer injection were fabricated from borosilicate glass (GB100-8P, 0.58 x 1.00 x
80 mm, Science Products GmbH, Germany) with a microelectrode puller (P97, Sutter
Instruments Co., USA).” The tip of the electrodes was broken to a tip diameter of approximately
20 um. “Then, the electrodes were filled with mineral oil and inserted into a Nanoliter 2000
Injector (World Precision Instruments, USA). The electrode tips were filled with a dextran-
coupled Texas Red solution (5 % w/v, 3000 MW, Invitrogen, Molecular Probes, Cat# D3328)
dissolved in 0.1 M PB (0.023 mM NaH,PO41 H,O, 0.08 mM Na,HPO,42 H,O, pH 7.4). SCNs
were retrogradely labelled at room temperature by injecting the fluorescent dye in the nucleus
isthmi pars magnocellularis. After the injection, the slices were incubated in oxygenated ACSF
for 4 hrs at room temperature to allow transport of the tracer in SCNs. Afterwards, slices were
fixed in 4 % PFA for 2 hrs and subsequently transferred into 30 % sucrose (w/v in 0.1 M PB)
overnight for cryoprotection before resectioning to 25 pm thin sections with a sliding microtome

(Microtome HM440E, Microm). The sections were stored in 0.1 M PB until further processing.”*?

Antibody characterization

“Alignments of the sequence of every antibody between the host species and chicken were
performed with the Basic Local Alignment Search Tool (BLAST) to analyze the analogy of the
antigens (Table 1). Most antigens of the target proteins were more than 80 % identical with the
species the antibody was raised in. The antibody against the heavy polypeptide of neurofilament
had only an analogy of 65 %. The specificity of some epitopes was already described in other
studies (Table 2). In addition, Western blot analyses for sodium channel antibodies and
structural proteins were conducted, as they had not been characterized in chicken tissue so far.
For tissue preparation, chicken midbrain hemispheres were solubilized with a tissue

homogenizer (SpeedMill PLUS, Analytic Jena, Germany) in radioimmunoprecipitation assay

12| ischka, Ladel, Luksch, & Weigel, 2018
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buffer (150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris).”*® The
incubation of the homogenized tissue in the lysis buffer (2 hrs at 4 °C) causes the disruption of
the cells and the release of proteins to the buffer. After the incubation period the solution was
centrifuged at 12000 rpm for 20 min at 4 °C to separate the proteins from the cell debris. The
dissolved protein solution was loaded on a gel which separated the proteins according to their
size by eletrophoresis. “After electroblotting the proteins on a nitrocellulose membrane
(Criterion™ Blotter, Bio-Rad) the membrane was incubated in 4 % skim milk followed by
incubation in the primary antibody (1:10000 NF200, 1:200 Ankyrin G, 1:1000 PanNa,, 1:500
Na,1.6) overnight at 4 °C. To detect the immunosignal, the membrane was incubated with a
secondary antibody (1:10000, Peroxidase AffiniPure Donkey Anti-Rabbit IgG (H+L); 1:20000,
Peroxidase AffiniPure Donkey Anti-Goat IgG (H+L); Jackson Immuno Research Laboratories)
for 1hr at room temperature. Directly afterwards, the protein was detected by

chemiluminescence.”™*

Immunohistochemistry

For the immunohistochemical double labelling experiments, midbrain hemispheres were sliced,
SCN retrogradelly labelled and the slices resectioned as previously described in the chapter
‘General Procedure — Slice Preparation’ and the chapter ‘Expression patterns of structural
proteins and ion channels in Shepherd’s crook neurons — Tracer injections’, respectively.
“Sections were rinsed in PBS (0.1 M PB with 0.75 % NaCl) followed by an incubation with a
blocking solution (3.5 hrs at RT) containing 1 % bovine serum albumin (BSA, Roth, Cat#
0163.2), 5 % normal goat serum (NGS, Linaris S-1000, Cat# ADI-20011-100) and 0.5 % Triton
X-100 (Tx100, Fluka) for staining against K,3.1b, Na,1.6, Pan-Na,, and Neurofilament 200. For
immunochemistry against Ankyrin G, the blocking solution contained 1 % bovine serum albumin,
5 % normal horse serum (NHS, Linaris EPN2000-50HN, Cat# EPN2000-50HN) and 0.5 % Triton
X-100. Primary antibodies were diluted in 0.1 M PBS containing 1 % BSA and 1 % NGS or NHS.
The sections were incubated with the primary antibodies overnight (NF200, PanNa,, Na,l1.6,
Na,1.2 K,3.1) or for 4 days (Ankyrin G). To identify the axon and axon initial segment (AIS)
Neurofilament 200 (1:1000, Sigma-Aldrich, Cat# N4142, RRID: AB_477272) and Ankyrin G
(1:200, Santa Cruz Biotechnology, Cat# sc-31778, RRID: AB_2289736) were used. To label the
voltage-gated sodium and potassium channels, Na,1.6 (1:200, Alomone Labs, Cat# ASC-009,

'3 | ischka, Ladel, Luksch, & Weigel, 2018
!4 Lischka, Ladel, Luksch, & Weigel, 2018
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RRID: AB_2040202), Na,1.2 (1:200, Alomone Labs, Cat# ASC-002, RRID: AB_2040005), Pan-
Na, (1:500, Alomone Labs, Cat# ASC-003, RRID: AB_2040204), K,3.1b (1:200, Alomone Labs,
Cat# APC-014, RRID: AB_2040166) and K,3.3 (1:200, Alomone Labs, Cat#APC-102,
RRID:AB_2040170) were used. However, no antibody staining in the tectal layer 10 cell was
obtained with the K,3.3 antiserum in chicken and so no conclusion was made regarding the
presence or absence of this channel SCNs. However, it cannot be excluded that the tested
antibody against K,3.3 does not bind to its epitope in the chicken midbrain at all.”** In between
the incubation in primary and secondary antibody solution, the sections were rinsed three times
in PBS (0.1 M PB with 0.75 % NaCl) and again incubated in blocking solution for 30 min. “As
secondary antibodies, Alexa Fluor 488 (goat anti-rabbit, 1:500, Molecular Probes, Cat# A11094,
RRID: AB 221544), Alexa Fluor 488 (donkey anti-goat, 1:500, Thermo Fischer Scientific, Cat#
A-11034 also A11034, RRID: AB 2576217) and Alexa Fluor 546 (goat anti-rabbit, 1:500,
Thermo Fischer Scientific, Cat# A11010, RRID: AB_10584649) were used.”® The secondary
antibodies were diluted in 0.1 M PBS containing 1% BSA. Sections were incubated in
secondary antibody solution for 2h at room temperature and subsequently rinsed again three
times in PBS (0.1 M PB with 0.75 % NaCl). “The sections were mounted on microscope slides
and were embedded in n-Propylgallat (0.2%, diluted in DMSO, Glycerol and PBS). To
specifically label myelin, the sections were incubated in FluoroMyelin (1:3000 in 0.1M PB for 20

min, F34651, Thermo Fischer Scientific), which binds at the lipophilic sites of axon sheaths.”’

Table 1. List of all antibodies used in this study.

Note. The table specifies each antibody by its antigen and immunogen, and indicates the manufacturer,
the respective Research Recourse ldentifiers (RRID) as well as the dilution of each antibody. Table
reproduced from Lischka, Ladel, Luksch, & Weigel, 2018, with permission from the publisher. See table 1
on page 25.

!> Lischka, Ladel, Luksch, & Weigel, 2018
'8 | ischka, Ladel, Luksch, & Weigel, 2018
" Lischka, Ladel, Luksch, & Weigel, 2018
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Source, Cat. #, Host Species, clonality,

Antibody Antigen Immunogen RRID Dilution
urified C-terminus of Santa Cruz Biotechnology Cat. # sc-31778
anti-ankyrin G gnk fin G from human goat IgG goat (polyclonal) 1:200
y AB_2289736
produced against Swant, Cat# CB-38a,
anti-calbindin recombinant rat antiserum rabbit (polyclonal) 1:2000
calbindin D-28k AB_10000340
amino acid residues Peptide AEITENE L2135 (G2l 5 APt
anti-K,3.1b rabbit (polyclonal) 1:200
567-585 of rat K,3.1b CKESPVIAKYMPTEAVRVT AB. 2040166
amino acid residues Peptide Alomone Labs Cat. # APC-102
anti-K,3.3 ) rabbit (polyclonal) 1:200
701-718 of rat K,3.3 KSPITPGSRGRYSRDRAC AB_2040170
amino acid residues Peptide CUSIIEINE AV Gl /e SICRUlE
anti-Nay1.2 rabbit (polyclonal) 1:200
467-485 of rat Na,1.2 (C)ASAESRDFSGAGGIGVFSE AB_2040005
amino acid residues Peptide Alomone Labs Cat. # ASC-009
anti-Nay1.6 iloa4f-(231061 of rat CIANHTGVDIHRNGDFQKNG fé)blzto(gg%czlonal) 1:200
vL. .
. ) ) Sigma-Aldrich, Cat. # N4142
ant Ne;gogllament ngluroélla:irg:nt TEE IgG fraction of antiserum rabbit (polyclonal) 1:1000
polypep AB_477272
amino acid residues Peptide Alomone Labs Cat. # ASC-003
anti-Pan-Nay ﬁEéOillSlS of rat TEEQKKYYNAMKKLGSKK(C) fé)blzto(gglz%clonal) 1:500
VL .
Alexa Fluor 488 Thermo Fisher Scientific Cat. # A-11034 also
anti-goat - A11034 .
produced in purified goat IgG (H+L)  goat IgG (H+L) donkey (polyclonal) 1:500
donkey AB 2576217
Alexa Flour 488 urified rabbit 194G Molecular Probes Cat. # A11094
anti-rabbit ?H+L) 9 rabbit 1IgG (H+L) goat (polyclonal) 1:500
produced in goat AB_221544
Alexa Fluor 546 urified rabbit 19G Thermo Fisher Scientific Cat. # A11010
anti-rabbit ?H+L) 9 rabbit IgG (H+L) goat (polyclonal) 1:500
produced in goat AB 10584649
DAPI 1:1000
Aﬁir?igrl?rxeldggﬁke Jackson ImmunoResearch Laboratories Cat.
: nKey purified rabbit IgG . # 711-035-152 1:1000
Anti-Rabbit rabbit IgG (H+L)
; (H+L) donkey (polyclonal) 0
produced in AB_10015282
donkey L
_P_eromdase Jackson ImmunoResearch Laboratories Cat.
AffiniPure Donkey # 705-035-147 1:2000
Anti-Goat purified goat IgG (H+L)  goat IgG (H+L) ’
roduced in donkey (polyclonal) 0
P AB_2313587
donkey
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Table 2. Alignments between host species of antigen and chicken.
Alignments between host species of antigen and chicken depicting the accordance of the epitope between
host species and chicken and the description of this epitope in other studies on chicken. Table reproduced
from Lischka, Ladel, Luksch, & Weigel, 2018, with permission from the publisher.

Epitope species of  protein similarity antigen alignment described in
pitop immunogen in chicken [%] 9 9 literature
. . epitope unknown (H. Kuba et al.,
anti-ankyrin G SR E2 no alignment possible 2014), chicken
. (Vega-Zuniga et
anti-calbindin rat 79 epitope unknown al., 2014),
no alignment possible !
chicken
(Parameshwaran,
Carr, & Perney,
2001), chicken,
rat: KESPVIAKYMPTEAVRVT (Y.Wang et al.,
anti-K,3.1b rat 96 chicken: KESPVIAKYMPTEAVRVT 2006), chicken;
alignment:100 % (Kuenzel, Wirth,
Luksch, Wagner,
& Mey, 2009),
chicken
ani-K.3.3 at 69 rat: KSPITPGSRGRYSRDRAC 2005), eleciic
Ve chicken: sequence unknown fish ’
rat: ASAESRDFSGAGGIGVFSE g';:iféﬁ'thz?(%?é
anti-Na,1.2 rat 92 chicken: AAADSRDYSGVGGIGGFSE o
h ) et al., 2014),
alignment: 74 % ;
chicken
_ rat: CIA!\IHTGVDIHRNGDFQKN (H. Kuba et al.,
anti-Nay1.6 rat 94 chicken: CIANHTGADIHRDIDYQKN .
; . 2014), chicken
alignment: 79 %
anti- epitope unknown (Shin et al
Neurofilament several 65 pitop .
200 no alignment possible 2003), chicken
rat: TEEQKKYYNAMKKLGSKK
. ; - (H. Kuba et al.,
anti-Pan-Nay rat 88 chicken: TEEQKKYYNAMKKLGSKK .
. . 2014), chicken
alignment: 100 %

Data analysis for colocalization

“To analyze the localization of the different structural proteins and ion channels on SCN
neurons, fluorescence images were taken with a confocal laser scanning microscope (Olympus
FV1000/1X81, Olympus, Germany) using a 60x or a 100x objective. Colocalization was analyzed
in MATLAB (MATLAB, version R2017a, MathWorks®). Here, fluorescence channels were
separated and sharpened as well as noise reduced by a 3D-unsharpen filter and a 3D-kernel
filter. The background fluorescence based on the meanz 1.5 x S.D. of the whole-image intensity
were removed. The position of the neuron in the z-axis was identified by edge detection

(“canny”) in the channel showing the retrogradely labelled neuron. Information at pixel positions
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more than five z-slices away from the detected edge was discarded in all channels. A region of
interest on the retrogradely labeled cell was defined by saving the x-y coordinates of several
points on this region (soma, primary dendrite, axon) in a vector. Data of both fluorescence
channels were correlated over the length of the region of interest to maintain a fluorescence
intensity profile of both channels. The resulted profile plot visualized the expression of the
different labeled proteins along the soma, the primary dendrite and part of the axon. The
expression patterns for each target protein were averaged (Na,1.6 n=29, PanNa, n=10, K,3,.1
n=17, NF200 n=14, Ankyrin n=7) and plotted to an intensity profile containing all averaged

expression patterns of every antibody used in this study.”*®

'8 |ischka, Ladel, Luksch, & Weigel, 2018
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Multi-compartment model based on anatomical data

The multi-compartment model was implemented in Neuron (version 7.6.2, Yale University, USA)
programmed with Python (version 2.7.14) in collaboration with Thomas Kiinzel (group leader of
the Auditory Neurophysiology group at RWTH Aachen, Aachen, Germany). The compartments
and their properties were based on the neuroanatomical data of Shepherd’s crook neurons (see
expression patterns of proteins and morphological parameters). Different sections (soma,
primary dendrite, axon initial segment, axon [segmented in node and internode], apical dendrite,
basal dendrite, proximal basal dendrite) were defined and shaped in length and diameter. Due to
the lack of physiological details of each part of the SCNs, Hodgkin and Huxley conditions were
assumed for every compartment. In the neuron model two stimulation sites (mimicking synaptic
inputs) were defined: one at the apical and one at the basal dendrite. The activation of a single
input region was twice as high as for activation of both input regions. Activation in the multi-
compartment model means a defined stochastic distribution of input spikes at the input regions.
The output as action potential rate was computed for both soma and axon. The different
experimental protocols were executed, the spike rate recorded, and analyzed statistically
(Kruskal-Wallis test, Mann Whitney U test).
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Signal propagation in Shepherd’s crook neurons after visual and

auditory stimulation

Hybrid voltage sensor imaging

Immediately after slice recovery (see section ‘slice preparation’ under Materials and Methods)
the slices were transferred to ACSF containing 0.5 uM dipicrylamine (DPA) at least 45 min
before the start of the experiment. Afterwards, slices were transferred to the working chamber
under the microscope and continuously perfused with oxygenated DPA-containing ACSF. To
avoid floating, the slices were fixed on a poly-D-lysin coated cover slip and oriented in the
recording chamber so that the stimulation electrodes could be placed on the desired positions.
Bipolar electrodes were used, which were made of nichrome wire with 50 pum diameter
(NC7620F, formvar coated, Science Products GmbH, Germany). The single electrodes were
stuck together with insulating varnish (CRC Industries Deutschland GmbH, Germany) except for
the tip. The two connected, insulated wires were stabilized by a glass capillary and connected to
a wiring pin at the end of the electrode. This plug connection was used to link the electrode with
the stimulus generator via a cable. The bipolar stimulation electrodes were placed in the
corresponding visual and auditory sensory input regions in the TeO under microscopic control
(Examiner.Al, Zeiss, Germany; Digital Sight DS-5M-L1, Nikon, Japan). To image the signal
propagation SCNs were labelled with a lipophilic carbocyanine fluorescent dye (DiO, 3,3'-
dioctadecyloxa-carbocyanine perchlorate; 2 uM DiO dissolved in internal solution [100 mM
potassium D-gluconic acid, 40 mM KCI, 10 mM HEPES, 2 mM MgCl,-6 H,O, 2 mM EGTA, 2 mM
Mg-ATP, 0.1 mM CacCl,-2 H,0; adjusted to pH 7.4 with KOH, osmolarity 264 mOsm, after DiO
addition osmolarity increases to 292 mOsm]). via a micropipette (Table 3). The micropipette was
positioned by a micromanipulator (SM 5-9, Luigs & Neumann, Germany) to attach the cell. The

pipette resistance was controlled by a patch clamp amplifier (EPC9, HEKA, Germany).
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Table 3. Program for pulling cell-attached recording micropipettes.
Sutter P-97. Micropipettes were fabricated from borosilicate glass (GB150F-8P, 0.86 x 1.50 x 80 mm,
Science Products GmbH, Germany) with a microelectrode puller (Sutter Instruments Co., USA).

Line Heat Pull Velocity Delay
1 RAMP 21 1
2 RAMP 21 1
3 RAMP-20 21 1
4 RAMP-20 18 1
5 RAMP 27 17 1

After the cell was labelled sufficiently, which was checked by a bright fluorescence and a visible
axon origin, hybrid voltage sensor imaging (hVOS; Chanda et al., 2005) was performed. HYOS
makes use of the Fdrster resonance energy transfer (FRET). In this case, DiO functions as
electron donor and DPA as electron acceptor. DiIO was illuminated with an LED with a peak
wavelength of 457 nm (LZ4-00B208, LED Engin, USA). The energy transfer from the electron
donor to the electron acceptor results in a quenching of brightness that was detectable through a
CCD camera system (NeuroCCD-SM256, RedShirtimaging, USA; frame rate of 2 kHz at 80 x 80

pixel resolution with Neuroplex software, version 9.3.0, RedShirtimaging, LLC, Georgia, USA).

DPA moves in the membrane in dependence of the membrane potential. Depolarization leads to
a physical approach of DPA to the DiO that result in a higher quenching of the signal. HVOS has
a high temporal fidelity and, thus, can reflect action potentials (Chanda et al., 2005; Voll, 2015;
D. Wang, Zhang, Chanda, & Jackson, 2010). Using this process provides the ability to measure
changes in membrane potential at different loci, and thus the spread of the signal at a high

temporal resolution.

Stimulation protocol

Shepherd’s crook neurons receive input from retinal ganglion cells and likely from terminals in
deeper layers. The visual and auditory signal were mimicked by positioning two stimulation
electrodes in layers 2 to 4 (activation of the visual input to the optic tectum) and layer 13
(activation of the auditory input to the optic tectum). The stimulation electrodes were individually

or simultaneously triggered. Each stimulus was bipolar with a stimulus length of 0.5 ms (250 ps
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negative followed by 250 us positive current flow) and a stimulus strength between 50 and 150
HA depending on the excitability of the recorded cell. Three stimuli with 200 ms interstimulus
time were presented three times with 20s intervals. Stimuli were controlled via an analogue
output module of the Neuroplex software and generated by an isolated pulse stimulator (model
2100, A-M Systems, USA).

Data analysis in hybrid voltage sensor imaging experiments

Data acquisition was controlled and preprocessed by the Neuroplex software. To analyze the
signal propagation in SCNs data were processed with a custom-written script (Figure 3) based
on a data analysis procedure described by Hochbaum et al. (2014). First, data were imported to
MATLAB. The trigger time points were detected, and data with a high level of noise was
removed. A high noise level was usually caused by moving particles or underexposed parts of
the image that did not contain information. Afterwards, data was high-pass filtered by a fast
Fourier transformation (10 Hz) and a 3-D Kernel. For further analyzing, the data points were
broken down into segments according to the stimulation times, and a specific point on the
labeled cell was selected. At this image point the recorded action potentials were analyzed
referring to the spike form, latency, and number of action potentials. Based on the recorded
signal form a normalized, 10-fold oversampled template was generated and a cross correlation
over all recording traces performed to detect the occurrence of action potentials and their exact
time point. On the prelabeled neuron three points were marked (one on the primary dendrite
close to the branch of the axon from the primary dendrite, and two on the soma -one at the
transition from the primary dendrite to the soma, and the other at the transition from the soma to
the basal dendrite) and the signal at this specific position plotted against time. Using this
information, it was possible to visualize the signal propagation in the region of interest by
creating short videos. The data were statistically analyzed in MATLAB (MATLAB, version
R2017a, MathWorks®) using the Kruskal-Wallis test.
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Figure 3. Flowchart of data analysis in hybrid voltage sensor imaging.
The raw data acquired in the hybrid voltage sensor imaging experiments were processed with a custom-
written script in MATLAB based on the data analysis procedure previously described by Hochbaum et al.

(2014).
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Plasmid construction, plasmid amplification and plasmid
transfection in chicken embryos for GFP expression in layer 10

neurons

Amplification of plasmid encoding a farnesylated GFP under the control of a CMV

promoter (pACGFP)

Glycerol stocks, which contained bacteria with inserted pAcGFP plasmids, were incubated in
bacterial growth medium (LB medium) overnight at room temperature. Plasmid containing
bacteria were selected by their ampicillin resistance. The plasmid amplification followed the
protocol ‘Plasmid DNA purification’ of Macherey-Nagel Nucleo Bond ® Xtra Midi/Maxi for maxi
preparation. After the plasmid amplification the isolated DNA was dissolved in sterile H,O. To
guarantee a highly purified DNA solution an additional purification step (containing
Phenol/Chloroform/Isoamylalcohol [25:24:1] was performed. The DNA concentration was
measured by a Nanodrop (plasmid concentration of current stock: 2.86 ug/ul). The sequence is

shown in Figure 4A.

Amplification of plasmid encoding a cytosolic GFP under the control of a B-actin

promoter (ppactineGFP)

For the amplification of a cytosolic GFP-expressing plasmid, E. coli DH 10b cells were
transfected with a GFP encoding plasmid in a Multiporator (Eppendorf, settings: current 2500 V,
pulse length 5 ms). The transfected cells were transferred to 1 ml LB medium and incubated for
30 min on a shaker (220 rpm) at room temperature. After incubation, the cell suspension was
streaked on two agar plates and transfected cells were selected by their ampicillin resistance.
The agar plates were incubated overnight at 37.5 °C before colonies were picked. Picked
colonies were added again to LB medium containing ampicillin and incubated overnight at room

temperature on a shaker (220 rpm). Further plasmid amplification followed the procedure
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described under ‘Amplification of plasmid encoding a farnesylated GFP under the control of a

CMV promoter (pACGFP)'. The sequence is shown in Figure 4B.

(A) pAcGFP —ACMVIHACGFP| >farnesylation signal SV40 | Hampicillin resistance

(B) pBactineGFP —I;Z;ic:i?;f;?erb-leG FP|>-|CAG promoter|>-|puromycin resistance|>—
(C) pCAGACGFP —lCAG promoter|>-|AcGFP|>-|farnesyIation signal|>-|puromycin resistance|>—

(D) RCASeGFP gag pol envD—IeGFPD-Iampicillinresistance|>—

(E) AAV (cis) —gag|Hpol envD—leGFPD—lampicillinresistance|>—

(F) AAV(trans)  —5' ITRDHACMVHeGFP[>ampicilin resistance| ~><]3" ITRF—

Figure 4. Sequence of GFP expressing plasmid.

(A) pAcGFP. The plasmid contains a CMV promotor, a farnesylation signal, a GFP, and an ampicillin
resistance. The length of the whole plasmid sequence is 5865 bp. (B) pBactineGFP. The plasmid contains
a cytosolic GFP, a chicken beta actin promotor, a CAG promotor and a puromycin resistance. The length
of the whole plasmid sequence is 8982 bp. (C) pCAGAcCGFP. The plasmid contains a CAG promoter, a
GFP, a farnesylation signal, and an ampicillin resistance. The length of the whole plasmid sequence is
5865 bp. (D) RCASeGFP. The vector contains a CAG promoter, a cytosolic GFP, and an ampicillin
resistance. The length of the whole vector sequence is 12369 bp. (E) AAV (cis). The vector contains cap
and rep sequences, a cytosolic GFP, and an ampicillin resistance. The length of the whole vector
sequence is 6548 bp. (F) AAV (trans). The vector contains a 5’ inverted terminal repeat (5’1TR), a CMV
promoter, a cytosolic GFP, an ampicillin resistance, and a 3’ inverted terminal repeat (3'ITR). The length
of the whole vector sequence is 7409 bp.

Construction of plasmid encoding a farnesylated GFP under the control of a CAG
promoter (0CAGACGFP)

For plasmid construction | started a PCR with primers designed to amplify GFP from a
commercially available plasmid. Another plasmid with a CAG promoter was digested with EcoR1
and Notl. The PCR product and the digested plasmid was loaded on a 0.8 % agarose gel and
the DNA fragments were separated by electrophorese according to their size, the required DNA
bands were purified (Quiagen, GmbH Germany) and the concentration measured (Nanodrop®).
The GFP product had a concentration of 107.4 ng/ul and the CAG product had a concentration

of 56.7 ng/ul. To construct the desired plasmid a Gibson kit were used (Gibson Assembly®
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Cloning Kit, New England Biolabs). After incubating the transfected cells overnight, four clones
(concentration clone #1 385.9 ng/ul, clone #2 470.2 ng/ul, clone #3 289.9 ng/ul, clone #4
384.5 ng/pl; measured with Nanodrop®) were picked for a mini preparation (Promega GmbH,
Germany). As clone #2 had the greatest profit, this clone was sequenced and used for further
cell transfection. After electroporation of DT40 cells with clone #2 (electroporation parameter:
250V, 125 ms, 8 times), cells were incubated at 37 °C for 48 h. The final concentration of the
plasmid was 263 ng/pl. As this concentration was too low for in ovo transfection, the DNA was
precipitated two times to reach a final concentration of 893 ng/ul. The plasmid solution was

stored at -20 °C until use. The sequence is shown in Figure 4C.

Transfection and in ovo electroporation

In ovo electroporation of chicken embryos were performed according to published protocols (e.g.
Nakamura & Funahashi, 2001; Nakamura, Watanabe, & Funahashi, 2000; Weigel, Flisikowska,
Schnieke, & Luksch, 2014). Briefly, fertilized eggs of the White Leghorn chicken were incubated
in a breeder (3000-D, Brutmaschinen-Janeschitz GmbH, Germany) for 46 hrs at 37.8 °C and
50 % humidity. After this incubation time the eggs attained HH stage 11 to 12 according to
Hamburger and Hamilton (1951). 2 ml of albumin were removed with a syringe, and the eggs
were opened to get access to the embryo through a small hole (Figure 5A). Different GFP-
containing plasmids (pAcGFP, pBActin_eGFP, pCAGGFP, RCAS) were injected with a small
injection glass capillary (Figure 5B, Table 5, borosilicate glass, GB100-8P, 0.58 x 1.00 x
0.80 mm, Science Products GmbH, Germany) into the lumen of the second brain vesicle. Gold-
coated electrodes were placed along the second brain vesicle (Figure 5C, Genetrodes, 45-0115,
BTX, Harvard Apparatus Inc., MA, USA), and the brain was electroporated (5 pulses, 50ms
duration, 25 Volt, 1 Hz; Grass S48 stimulator, Medical Instruments, USA). To compensate the
removal of albumen and to cool the embryo, 2 ml of ‘chicken ringer’ were added to the egg
(150 mM NacCl, 5.4 mM KCI, 2.2 mM CacCl,, and 2.4 mM NaHCOs). After resealing the egg with
adhesive tape, the eggs were incubated under the same conditions until preparation at E18 to
E21. For analyzing the expression pattern of different plasmids and different transfection days,
the whole brain was isolated and transferred to 4 % PFA. For imaging the signal propagation in
specific neuronal cells in layer 10, the brain was isolated and sectioned as described in the

section ‘Slice preparation’.
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Table 4. Parameters for pulling of transfection pipettes.
Pipettes were fabricated from borosilicate glass (GB100-8P, 0.58 x 1.00 x 0.80, Science Products GmbH,
Germany) with a microelectrode puller (Sutter P-97, Sutter Instruments Co., USA).

Parameter Pressure Heat Pull Velocity Time/Delay

Value 500 491 120 40 165

albumen and  germinal disc
vittelus

3rd ventricle —

spinal cord

/Y &

somites

chicken embryo
at stage HH11
egg fine glass capillary |
filled with plasmid +

——cathode

electrodes for in ovo electroporation

Figure 5. Transfection and electroporation of chicken embryo at HH11.

(A) Schematic overview of a chicken embryo at stage HH11. 46 hours before transfection and in ovo
electroporation the egg was placed in a breeding incubator without movement. To get access to the
embryo, a small hole was cut in the top of the egg. (B) Schematic view of an embryo at stage HH11 after
plasmid/viral vector injection in the second vesicle. (C) Schemata of the placement of the electroporation
electrodes. Only the tip is non-insulated to help establishing an electric field during current pulses.

To increase the transfection efficiency and survival of the embryo several parameters (impact of
storage period before incubation, impact of antibiotics, impact of disinfection, of the egg shell,
impact of stronger disinfectant) were tested and compared in terms of lower infection rate with

viruses and bacteria.

Viral vectors

In addition to in ovo electroporation, embryos at HH 11 were transfected with adeno-associated
viral vectors (Figure 4 E and F, rAAVs) and RCAS system (Figure 4D, Replication-Competent
ASLV long terminal repeat [LTR] with a splice acceptor). The rAAVs contained the ITR sequence
of serotype 2 combined with the capsid sequence of different serotypes (#1 titer 1.24x10"°, #5
titer 4.21x10", #8 titer 3.34x10", and #9 titer 3.6x10"). The injection of rAAVs followed the
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same procedure as described in section ‘Transfection and in ovo electroporation’ but without the
electroporation step. Two different titers (#titerl 1x10° and #titer2 1x10’) of rAAVs were injected.
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Effect of missing retinal innervation on the development of

Shepherd’s crook neurons

Enucleation

Pre-incubation and egg opening were done following the description in the section ‘Transfection
and in ovo electroporation’. “At HH11, the eye anlagen are clearly visible on both sides of the
first vesicle (Figure 6B). One eye anlagen was unilaterally removed with a fine, etched tungsten

electrode (Figure 6A and 6C). After enucleation, the egg was resealed with tape and incubated

119

until stage E19 to E21 for slice preparation.

handle fine, etched
tungsten electrode

Figure 6. Early eye removal in chicken embryos at HH11.

(A) Custom made tool from a fine, etched tungsten electrode to unilateraly remove the eye anlagen at
stage HH11. (B) A chicken embryo at stage HH11. The white arrow indicates the right eye anlagen. (C) A
chicken embryo at stage HH11 after removal of the right eye anlagen (white arrow). Scale bar in (B) and
(C): 200 pum. Figure reproduce from Lischka, Yan, Weigel, & Luksch, 2018, with permission from the
publisher.

Histology and immunohistochemistry

In order to study changes in the morphology of SCNs, they were retrogradely labelled as
described earlier (Material and Methods section, chapter ‘Expression patterns of structural
proteins and ion channels in Shepherd’s crook neurons’, paragraph ‘Tracer injections’). “Here,
biocytin (biocytin hydrochloride, #B1758, Sigma-Aldrich, Steinheim, Germany) was injected in
three separated sites of the IMC in 1000 um thick slices of 12 individual embryos. After a

transport time of 4 hrs, which allowed retrograde tracer transportation, and fixation in 4 % PFA

9 Lischka, Yan, Weigel, & Luksch, 2018
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for 2 hrs, the slices were resectioned to 40 um sections on a microtome (Microm HM440E, GMI,
USA). Labeled structures were visualized with a 3’3-Diaminobenzidine protocol (DAB; #102924,
Merck, Darmstadt, Germany) combined with tyramide signal amplification (TSA, biotin-tyramide,
#L.S-3500, Iris Biotech GmbH, Marktredwitz, Germany) as described previously (Krabichler et
al., 2017).”® Briefly, the sections were incubated for 12 min in 0.5 % H,0, (diluted in 75 %
methanol) at room temperature to eliminate the endogenous peroxidases. After some washing
steps, the sections were transferred into the avidin-biotin-complex solution and incubated for
1 hr at room temperature. For visualization of fine structures, the signal was amplified by the
introduction of an additional biotin-tyramide complex which increased the available binding sites
for avidin. The oxidation of DAB with 1 % H,O, lasted for 3 min before several washing steps
were performed. “The sections were mounted onto gelatin-subbed glass slides, dried, and

counterstained with neutral red for further analyzing.”*

Data analysis in enucleation experiments

“The TeO and single neurons were photographed with an Olympus BX63 microscope with
attached digital cameras (DP26 for bright field, XM10 for epifluorescence). The thickness of the
TeO and several parameters of SCN morphology were measured with the CellSensDimension
software (version 1.7, Olympus, Hamburg, Germany). As the thickness of the TeO varies in
dorsoventral direction and across animals, | compared enucleated and control hemispheres of
the same animals (N = 11). To account for intratectal variances | measured at four positions per
slice between stages E19 and E21. Fifteen slices of eleven individuals were analyzed. The
reconstruction of single SCNs were done semi-automatically with Neuromantic software (Version
1.7.5, Myatt et al., 2012). All data were tested for normal distribution and statistical significance
in SigmaPlot (software version 11.0.0, Systat Software GmbH, USA) using the Kolmogorov-
Smirnov test followed by the Mann-Whitney rank sum test. Data are shown as median and

average of the absolute deviation from the median.”*?

2 Lischka, Yan, Weigel, & Luksch, 2018
L | ischka, Yan, Weigel, & Luksch, 2018
2 Lischka, Yan, Weigel, & Luksch, 2018
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Results

The paragraph ‘Morphology and expression patterns of structural proteins and ion channels of
Shepherd’s crook neurons’ of the Results is modified from the Results section that corresponds

to the following publication:

“Expression patterns of ion channels and structural proteins in a multimodal cell type of the avian
optic tectum” (Lischka, Ladel et al., 2018)

The article is published in The Journal of Comparative Neurology, which permits authors the

reproduction of published articles for dissertations without charge or further license.

The paragraph ‘Influence of missing retinal innervation on development of Shepherd’s crook

neurons’ is modified from the Results sections that corresponds to the following publication:

“Effects of early eye removal on the morphology of a multisensory neuron in the chicken optic
tectum” (Lischka, Yan et al., 2018)

The article is published in Brain Research, which permits authors the reproduction of published

articles for dissertations without charge for further license.

The Shepherd’s crook neurons (SCNs) are candidate cells that likely perform multimodal
integration in the chicken optic tectum. However, not much was known about ion channels
expressed in these cells, the fine anatomy and their physiology. Thus, | studied the neuronal
anatomy and electrophysiological responses to various stimulation. The aim was to find
evidence for multimodal integration on the cellular level. | analyzed the molecular composition of
different compartments in SCNs with immunocytochemistry. Based on these findings |
implemented a multi-compartment model. As | was also interested in the signal propagation and
the ability of SCNs to integrate two different sensory input signals, | performed hybrid voltage

sensor imaging experiments with prelabeled SCNs (plasmid transfection by in ovo
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electroporation or single cell labelling). In the following sections, the results of these projects are

shown.
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Expression patterns of structural proteins and ion channels of

Shepherd’s crook neurons

The first aim of this project was the identification of the axon and the axon initial segment to
determine the site of action potential generation in Shepherd’s crook neurons. Additionally, | was
interested in the expression patterns of different voltage-gated ion channels. “First, | prelabeled
SCN neurons to show their morphology (Figure 7A and E) and to allocate antibody-labeling
patterns to subcellular regions. The morphology of Shepherd’s crook neurons was first described
by Ramén y Cajal (1909). The somata are located in the intermediate layer 10 and are
elongated in shape (21.85 um = 10.23 um; n = 52; Figure 7F) with an apical and a basal
dendrite. The white arrows in Figure 7B show the proposed signal flow in SCNs as proposed by
Ramén y Cajal (1909). The apical dendrite splits in two or more main branches, which further
branch into fine dendritic endings. The apical dendrite extends to the retinorecipient layers
(Figure 7C; layer 2 to 7), the basal dendrite extends into the deeper layers (Figure 7D; layer 11
to 13). The axon branches from the apical dendrite at 79.09 um + 21.49 um (Figure 7F, n = 52)
and course perpendicularly through the deeper layers to the isthmic nuclei with terminals in each
of the three nuclei (IMC, IPC, SLu) (Garrido-Charad et al., 2018; Y. Wang et al., 2006).
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soma size distance axon branch

Figure 7. Morphology of a Shepherd's crook neuron.

(A) Overview of SCN in radial orientation in the TeO. (B) The soma is located in layer 10. The axon
branches from the apical dendrite. Arrowhead point to the axon branch. Arrows indicate the suggested
signal flow. (C) The apical dendrite extends toward the retinorecipient layers (2 to 5 and 7). Arrowheads
show the beginning of the apical dendrite in layer 10 and the terminal endings in layer 2. (D) The basal
dendrite projects to the deeper layers. Arrowheads indicate the beginning of the basal dendrite in layer 10
and the terminal endings in layer 13. (E) Overview of the TeO. Many radially oriented Shepherd’s crook
neurons were retrogradely labeled after an injection of a fluorescent dye in the IMC but also axons of IPC
neurons. Detailed cell morphology is shown in (A) to (D). (F) Diagram indicates the soma length and the
distance between soma and axon branch. The y-axis shows the length in micrometer [um] (n=52). TeO:
optic tectum. V: ventricle. IMC: nucleus isthmi pars magnocellularis. IPC: nucleus isthmi pars
parvocellularis. MLd: nucleus mesencephalis lateralis pars dorsalis. Scale bar for (A) 50 um. Scale bar in
(B) to (D) 20 um. Scale bar in (E) 500 um. Figure reproduced from Lischka, Ladel, Luksch, & Weigel,
2018, with permission from the publisher.
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To identify the different functional subcellular compartments, | used three different markers for
structural proteins (NF200, Ankyrin G, and myelin) and four different markers for ion channels
(PanNa,, Na,1.6, Na,1.2, and K,3.1b). | conducted western blot analyses (Figure 8) to test the
antibody specificity in the chicken midbrain unless the specificity was already reported in the
literature. The specificity of the K,3.1 epitope (92 kDa) was described by Parameshwaran, Carr,
and Perney ((2001); see also (Kuenzel et al., 2009; Y. Wang et al., 2006).

PanNa, Na1.6 NF200 Ankyrin G

250 kDa mm " ”

130 kDa m=m

95 kDa mwmm

'R

72kDa == —

Figure 8. Antibody specificity of sodium channels and structural proteins

The specificity of PanNav, Nav1.6, NF200, and Ankyrin G were tested by Western Blot analyses on
chicken midbrain tissue. Figure reproduced from Lischka, Ladel, Luksch, & Weigel, 2018, with permission
from the publisher.

For the sodium channels Na,1.6 and PanNa,, the antibody specificity had not been tested so far
in chicken. In other studies, the proteins were detected in rat or mouse brain lysates (Anderson,
Hawkins, Thompson, Kearney, & George, 2017). For Na,1.6 a single band with 225 kDa, and for
PanNa, a single band with 250 kDa was observed (Caldwell, Schaller, Lasher, Peles, &
Levinson, 2000). In chicken midbrain tissue, | detected two proteins with 130 and 70 kDa for
Na,1.6 and three proteins with 250, 130, and 110 kDa for PanNa, (Figure 8). The antibody
against neurofilament 200 labels a protein of 200 kDa in the bovine spinal cord (ref. Sigma
Aldrich). In chicken midbrain tissue, this antibody bound specifically to a band of 250 kDa

(Figure 8). The Ankyrin G specificity was confirmed by a single band of 190 kDa on a mouse
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brain tissue extract (ref. Santa Cruz Biotechnology). In chicken midbrain tissue, this antibody
bound to several proteins of the size between 115 and 90 kDa (Figure 8).”* These bands of
lower molecular weight may occur due to the digestion of the target protein because of the lack

of proteinase inhibitors in the sample buffer.

= Lischka, Ladel, Luksch, & Weigel, 2018
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Figure 9. Expression pattern of the structural protein neurofilament 200.

(A) Retrogradely labeled SCN. (B) Expression pattern of neurofilament 200. (C) Overlay of neurofilament
200 on the labeled SCN. (D) Diagram of the probability of neurofilament 200 expression over the cell.
n=17. x-axis indicates the length in micrometer [um]. y-axis indicates the probability that neurofilament 200
is expressed. The analysis included the soma, the primary dendrite and the axon (defined as region of
interest). The first blue bar indicates the mean soma size; the second blue bar indicates the mean axon
origin. Error bars show the standard deviation. Scale bar in (A) to (C): 10 um. Figure reproduced from
Lischka, Ladel, Luksch, & Weigel, 2018, with permission from the publisher.
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“Retrogradely labelled SCNs were analyzed in respect to the colocalization of expression
patterns of different structural proteins. First, | labeled axonal structures with an antibody against
the heavy chain of neurofilament (NF200). A strong immunoreaction with anti-neurofilament 200
was found on the axon that projects to the isthmic nuclei, and only a weak signal on the rest of
the soma and the primary dendrite (Figure 9A-C). The expression pattern of NF200 starts

approximately 50 um after the axon branches from the apical dendrite (Figure 9D).

To identify the site of action potential generation in SCNs, | used an antibody against Ankyrin G.
The expression of this protein is mainly limited to the beginning of the axon from the dendritic
branching point, which extends approximately 50 um along the axon (Figure 10A-C). This site is
likely to be the action potential generation site (AIS) in SCNs (Figure 10D). Only Ankyrin G is
expressed in the AIS, while the expression of NF200 starts after the AIS. By using antibodies
against distinct subtypes of voltage-gated sodium and potassium channels, the functional

properties of each compartment were investigated.

| labeled the tissue with an antibody against an epitope of rat Na,1.1 channel that is identical in
all isoforms of Na,1 in vertebrates. The PanNa, expression pattern showed that sodium
channels are densely expressed on the axon after the axon branch (Figure 11A-C). This isoform
is also present at a lower density on the soma, the primary dendrite and the AIS (Figure 11D).
Based on the expression pattern of PanNa,, the question arose whether the expression of
voltage-gated sodium channels is driven by one dominant sodium channel subtype. Thus, | used
an antibody against the voltage-gated sodium channel subtype Na,1.6. In SCNs, Na,1.6 is
strongly expressed on the axon after the axon origin. A weaker expression is also visible at the
soma, the primary dendrite and the AIS. The tube-like structure of Na,1.6 expression indicates

that the sodium channels are located in the cell membrane of SCNs (Figure 11).
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Figure 10. Expression pattern of the structural protein Ankyrin G.

(a) Retrogradely labeled SCN. (B) Expression pattern of Ankyrin G. (C) Overlay of Ankyrin G on the
labeled SCN. (D) Diagram of the probability of Ankyrin G expression over the cell. n=7. x-axis indicates
the length in micrometer [um]. y-axis indicates the probability that Ankyrin G is expressed. The analysis
included the soma, the primary dendrite and the axon (defined as region of interest). The first blue bar
indicates the mean soma size; the second blue bar indicates the mean axon origin. Error bars show the
standard deviation. Scale bar in (A) to (C): 20 um. Figure reproduced form Lischka, Ladel, Luksch, &
Weigel, 2018, with permission form the publisher.
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The expression pattern of the subtype Na,1.6 is similar to the expression pattern of the PanNa,
antibody (Figure 12D). Another antibody against the voltage-gated sodium channel subtype

Na,1.2 was also tested but did not show any labeling on SCNs (data not shown).

For generating action potentials, voltage-gated potassium channels are also required. Thus,
immunohistochemical labeling of the subtype K,3.1b was performed (Figure 13A-C). The
expression of the voltage-gated potassium channel subtype K,3.1b ranges from the part of the
basal dendrites proximal to the soma, along the soma, the primary dendrite and the beginning of
the axon branch (Figure 13D). The tube-like distribution of potassium channels confirmed the
localization of the voltage-gated ion channel in the cell membrane as it was expected from the

natural localization in neurons (Figure 13B).

As myelination enables high propagation velocities in neurons, | investigated the myelination of
SCN with a marker that binds via lipophilic affiliation to the high lipophilic content of myelin in
axonal sheaths. The myelination of axons starts in layer 10 approximately 300 um after the axon
branches from the apical dendrite. The expression continues to the isthmic nuclei, where the

axon terminates (Figure 14).

In Figure 15, the distribution of the expression patterns of all proteins investigated in this study is
summarized. The neuronal segment between the distal part of the soma until the beginning of
the axon (approximately 250 um away from the axon origin) was defined as region of interest
and is represented by the x-axis of the diagram. The mean soma length (21 um) and site of the
axon branch (79 um) are indicated by vertical bars. | clearly saw a specific distribution for each
structural protein in the AIS and the axon, respectively. At the beginning of the axon branch only
Ankyrin G (green line, 92-115 pm) is expressed. After the axon branching from the primary
dendrite, the Ankyrin signal decreases and the Neurofilament 200 expression (blue line, after
124 ym until end of region of interest) increases. Considering the molecular distribution of the
sodium and potassium ion channels, the voltage-gated sodium channels are highly expressed
on the axon (after 68 um until end of region of interest). A dense expression of Na,1.6 (after
110 um until end of region of interest) starts after the axon branch similar to the NF200
expression. Hence, the highest density of sodium channels is not colocalized with the AIS.

Sodium channels also exist on the soma, the primary dendrite and the AIS but to a lower extend.
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K\3.1b (beginning of region of interest until 77 um) is mostly expressed on the soma, the primary
dendrite and the AIS.”*
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Figure 11. Expression pattern of the voltage-gated sodium channel subtype Na,1.6.

(A) Retrogradely labeled SCN. (B) Expression pattern of the voltage-gated sodium channel subtype
Na,1.6. (C) Overlay of retrogradely labeled cells and Na,1.6 channels on the somatodendritic regions, the
primary dendrite, the axon initial segment and the axon. (D) Diagram of the probability of Na,1.6
expression over the cell. n=29. x-axis indicates the length in micrometer [um]. y-axis indicates the
probability that Na,1.6 is expressed. The analysis included the soma, the primary dendrite and the axon
(defined as region of interest). The first blue bar indicates the mean soma size; the second blue bar
indicates the mean axon origin. Error bars show the standard deviation. Scale bar in (A) to (C): 10 um.
Reproduced from Lischka, Ladel, Luksch, & Weigel, 2018, with permission from the publisher.
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Figure 12. Expression pattern of

the voltage-gated sodium
channels PanNa,.
(A) Retrogradely labeled

Shepherd’s crook neuron. Soma,
primary dendrite and axon
branch are shown. (B)
Expression pattern of the voltage
gated sodium channels. (C)
Overlay of the retrogradely
labeled SCN and the expression
of PanNa,. (D) Diagram of the
probability of PanNa, expression
over the cell. n=10. x-axis
indicates the length in
micrometer [um]. y-axis indicates
the probability that PanNa, is
expressed. The analysis included
the soma, the primary dendrite
and the axon (defined as region
of interest). The first blue bar
indicates the mean soma size;
the second blue bar indicates the
mean axon origin. Error bars
show the standard deviation.
Scale bar in (A) to (C): 10 um.
Reproduced from Lischka, Ladel,
Luksch, & Weigel, 2018, with
permission from the publisher.
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Figure 13. Expression pattern of the voltage-gated potassium channel subtype K,3.1b.

(A) Retrogradely labeled SCN. Soma, primary dendrite and axon branch are shown. (B) Expression
pattern of the potassium channel subtype K,3.1b. (C) Colocalization of SCN and K,3.1b. (D) Diagram of
the probability of K,3.1b expression over the cell. n=17. x-axis indicates the length in micrometer [um]. y-
axis indicates the probability that K,3.1b is expressed. The analysis included the soma, the primary
dendrite and the axon (defined as region of interest). The first blue bar indicates the mean soma size; the
second blue bar indicates the mean axon origin. Error bars show the standard deviation. Scale bar (A) to
(C): 20 um. Reproduced from Lischka, Ladel, Luksch, & Weigel, 2018, with permission from the publisher.
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Figure 14. Myelination in the optic tectum.

(A) to (C) Overview of the TeO. Fluoromyelin continuously stains the myelinated axon of SCN from layer
10 to at least the output layer 14. (D) to (F) Detailed view of a SCN and its myelination. The white
arrowheads indicate the axon in (D) and its myelination in (E). Scale bar for (A) to (C): 100 pm. Scale bar
for (D) to (F): 100 um. Reproduced from Lischka, Ladel, Luksch, & Weigel, 2018, with permission from the
publisher.
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Figure 15. Distribution of the structural proteins NF200 and Ankyrin G and the voltage-gated sodium and
potassium channels Na, 1.6, K,3.1b, and PanNa,.

The analysis includes the soma, the primary dendrite and the axon. The first blue bar indicates the mean
soma size; the second blue bar indicates the mean axon origin. Red line: expression of Kv3.1b (n = 17).
Yellow line: expression of Nav1.6 (n = 29). Blue line: expression pattern of NF200 (n = 14). Green line:
expression pattern of Ankyrin G (n = 7). Black line: expression pattern of Pan-Nav (n = 10). Reproduced
from Lischka, Ladel, Luksch, & Weigel, 2018, with permission from the publisher.
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Multi-compartment model based on anatomical data

After identifying several expression patterns of structural proteins and ion channels, |
implemented this information in a multi-compartment model of Shepherd’s crook neurons in
collaboration with Thomas Kinzel, RWTH Aachen. The model consists of the following
compartments: soma, primary dendrite (pNeurit), apical dendrite (aDend), basal dendrite
(bDend), apical synapses (asyn), basal synapses (bsyn), axon initial segment (axonlinit), and
axon (node and internode). The schematic figure of the different expression patterns (Figure
16A) functioned as a template for the multi-compartment model (Figure 16B). The information of
abundance of ion channels was derived from the respective antibody staining. Each
compartment was characterized by its specific ion channel expression pattern. If information was
missing, Hodgkin-Huxley like parameters were used. The active compartments are labeled in
green in Figure 16B, while the passive compartments are shown in grey. The membrane voltage
(V(rest)) was set to -50 mV, the membrane resistance (R(M)) to 394 MQ, and the time constant
(tau) to 28.9 ms. These values are based on physiological properties of SCNs (Voll, 2015). The
end of the apical and basal dendrites functioned as stimulation sites. Here, a previous defined
number of synapses were assumed to be active during stimulation. When the visual signal was
mimicked, all synapses were allocated to the apical dendrite. When the auditory signal was
mimicked, all synapses were allocated to the basal dendrite. During simultaneous activation
synapses were uniformly distributed on the basal and apical dendrite. The multi-compartment
model considered that the number of activated synapses during unimodal stimulation was equal

to the number of activated synapses during bimodal stimulation.

In Figure 17A, examples for the three different stimulation types (auditory, visual, audiovisual)
are shown. The activity was recorded at the soma and the axon and is indicated by green and
red traces, respectively. Stimulating the model led to considerably higher activity recorded on the
axon than on the soma (Figure 17A). Comparing the stimulation sites, apical synapses evoked
more spikes recorded at the axon than basal synapses. In the example shown, activation of the
basal synapses (auditory input) led to an action potential rate of 32 Hz (Figure 17A, lower
diagram). An activation of the apical synapses (visual input) led to an action potential rate of 46
Hz (Figure 17A, middle diagram). Simultaneous stimulation of visual and auditory input regions

generated the highest action potential rate (64 Hz, Figure 17A, upper diagram).
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Figure 16. Multi-compartment model based on anatomical data.

(A) Schematic summary of expression patterns of ion channels and structural proteins in a multimodal cell
type. The schemata of SCN show the location of soma and axon branch in terms of the layered structure
of the TeO and the dendritic input sites of visual and auditory information. The same colors for every
expression pattern are used as in Figure 15. SO: stratum opticum. L: layer. retinal input: visual input
coming from the retinal ganglion c