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Abstract 

Understanding how neurons in the brain communicate and process visual information 

which ultimately contributes to the perception of sight, represents a long-standing objec-

tive in the field of systems neuroscience. The superior colliculus (SC) is a midbrain struc-

ture that receives direct inputs from retinal ganglion cells (RGCs) and is enriched in in-

hibitory neurons in its visual layers. How incoming retinal information is integrated by ex-

citatory and inhibitory neurons along the retinocollicular pathway, remains unknown.  

This thesis work endeavours to elucidate the encoding strategies of excitatory and inhib-

itory SC neurons innervated by RGCs and ascertain whether the retinocollicular systems 

uses comparable principles of visual input integration to the well-studied thalamocortical 

system.  

To achieve this objective, a novel approach was developed, enabling simultaneous re-

cordings from connected retinocollicular neuron pairs in vivo. Furthermore, combined with 

optotagging in VGAT-ChR2 mice, to distinguish excitatory and inhibitory SC neurons, this 

technique has enhanced the exploration of retinocollicular connectivity at a cell type-spe-

cific level and allows to investigate how these neuron types are innervated by their pre-

synaptic RGC inputs.  

The findings reveal compelling insight into the interplay between RGC inputs and their 

target neurons in SC. Notably, and in contrast to the thalamocortical system, both excit-

atory and inhibitory SC neurons receive comparable levels of input strength from the ret-

ina, with functionally similar pairs exhibiting stronger connections. Intriguingly, despite the 

equivalently robust retinal innervation onto both cell types, excitatory SC neurons are 

more tightly coupled to RGC activity. Furthermore, both types of SC neurons show facili-

tating dynamics, with a second RGC spike resulting in a stronger activation of SC neurons 

compared to a first RGC spike.  

Taken together, this thesis work provides the foundations for an enhanced understanding 

of how excitatory and inhibitory SC neurons integrate RGC inputs. It reveals that the in-

tegration mechanisms might be different to the thalamocortical system and more similar 

to those of the visual thalamus. The recording approach, capable of recording neuron 

connectivity on a large scale, establishes a solid foundation for future studies that will 

shed light on the diversity and complexity of inhibitory cell types within the SC. 
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Zusammenfassung 

Ein tieferes Verständnis darüber zu erlangen wie Neuronen im Gehirn miteinander kom-

munizieren und visuelle Informationen verarbeiten, was letztendlich zum Wahrnehmen 

unserer Umwelt führt, stellt ein langjähriges Ziel im Bereich der Neurowissenschaften dar. 

Der Superior Colliculus (SC) ist eine Mittelhirnstruktur, die direkte Inputs von retinalen 

Ganglienzellen (RGCs) erhält. Zudem sind die visuellen Schichten des SC reich an hem-

menden Neuronen. Wie die retinale Information von erregenden und hemmenden Neu-

ronen entlang des retinokollikularen Schaltkreises integriert wird, ist jedoch noch weitest-

gehend unbekannt.  

Ziel dieser Arbeit ist es, die Integrationsstrategien von erregenden und hemmenden SC 

Neuronen, die von RGCs innerviert werden, zu charakterisieren und zu untersuchen, ob 

das retinokollukulare System ähnliche Prinzipien der visuellen Integrationsverarbeitung 

verwendet, wie das gut erforschte thalamokortikale System.  

Um dieses Ziel zu erreichen wurde eine neuartige Methode entwickelt, die die simultane 

Messung von verbundenen RGC-SC Neuronenpaaren in vivo ermöglicht. Darüber hinaus 

ermöglicht diese Technik in Kombination mit der Optotagging-Methode in VGAT-ChR2 

Mäusen die Unterscheidung zwischen erregenden und hemmenden SC Neuronen. Dies 

ermöglicht Einblicke in das Zusammenspiel zwischen RGCs und deren postsynaptischen 

Zielneuronen im SC und wie diese Neuronentypen von ihren präsynaptischen RGC In-

puts innerviert werden 

Die Ergebnisse dieser Studie zeigen, dass sowohl erregende als auch hemmende SC 

Neurone vergleichbar starken Input von der Retina erhalten, wobei funktionell ähnliche 

Paare stärkere Verbindungen aufweisen. Interessanterweise sind trotz der gleichwertig 

starken retinalen Innervation die erregenden SC Neurone stärker an die Aktivität der 

RGCs gekoppelt. Darüber hinaus zeigen beide Typen von SC Neuronen potenzierende 

Dynamiken, wobei ein zweiter RGC Puls zu einer stärkeren Aktivierung der SC Neurone 

führt als ein ersten RGC Puls.  

Zusammenfassend bietet diese Arbeit die Grundlagen für ein tieferes Verständnis davon, 

wie erregende und hemmende SC Neurone retinale Information integrieren. Sie zeigt, 

dass diese Mechanismen unterschiedlich zum thalamokortikalen System sind und eher 

denen des retinothalamischen Systems ähneln. Die hier entwickelte Methode extrazellu-

lär im SC abzuleiten, erlaubt es, neuronale Verbindungen zwischen RGC Axonen und 

SC Neuronen im großen Maßstab in vivo zu messen und legt eine solide Grundlage für 
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zukünftige Studien, die Aufschluss geben können über die Vielfalt und Komplexität der 

hemmenden Zelltypen im SC. 
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1. Introduction 

1.1  Sensory Processing 

We are constantly surrounded by stimuli from our environment that are received by our 

sensory organs. The brainôs ability to respond to incoming sensory information plays a 

vital role in guiding appropriate behaviors and ensuring survival. But how do sensory or-

gans connect with the rest of the brain? And subsequently, how do various neural circuits 

in the brain represent the surrounding environment, e.g. the visual scene that is encoded 

by the eye? Understanding the neural mechanisms underlying visual perception and how 

the brain generates the experience of sight has been a longstanding objective in the field 

of neuroscience. A fundamental step towards understanding how the brain encodes the 

visual environment is to gain insights into the neural circuits at play and the communica-

tion between different brain areas and neuron types. Exploring the functional organization 

of neural connectivity on a large scale and the underlying encoding mechanisms could 

substantially advance our understanding of how the brain processes and interprets visual 

information.  

1.2 Visual processing 

A fundamental concept in the field of visual processing is the receptive field (RF) of neu-

rons. Each neurons samples information from a defined region in the visual space, which 

is defined as its RF. Consequently, a visual stimulus entering a neurons RF region can 

alter the neuronôs responses. The information contained in this stimulus such as contrast, 

direction or orientation of movement serve to further define the neuronôs functional re-

sponse properties.  

Numerous mammals, including humans, rely on vision as their primary sense to assess 

their environment (Huberman and Niell, 2011). Most research studying visual processing 

and visual perception in the past were mainly focused on animal species with high visual 

acuity, like humans, cats and non-human primates (Huberman and Niell, 2011). Over the 

last two decades, the mouse visual system - despite its low visual acuity (Prusky and 

Douglas, 2004) - has been established as a model to study the neural basis of visual 

processing, as well as the mechanisms that shape visual perception and ultimately guide 

behaviour. Exploring the underlying neural circuits has become a focal point of research 
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attention. The growing availability of powerful genetic tools applicable in mice, e.g. opto-

genetics to selectively target defined neuronal populations, transgenic mouse lines (Gale 

and Murphy, 2014) or recent transcriptomic approaches (Liu et al., 2023) generated sub-

stantial progress in gaining a mechanistic understanding of the architecture and function 

of the early visual system in mice. This makes the mouse a valuable model organism to 

answer questions about neural circuits and their underlying functions. The emergence of 

the mouse as a model organism is not just due to its obvious advantages such as size 

and relatively low cost, but the visual system is much more sophisticated than previously 

thought (Huberman and Niell, 2011). Despite substantial differences between the mouse 

visual system to the visual system of other species, there are similarities. For example, 

pioneering studies by Niell and Stryker (2008) in the mouse visual cortex (V1) found that 

receptive fields in mouse V1 can be orientation selective (Niell and Stryker, 2008) similar 

to those in cats and monkeys. Further similarities have been shown in the context re-

sponse properties of cortical and thalamic neurons (Denman and Contreras, 2016; Niell 

and Stryker, 2008) and how retinal inputs converge in the thalamus (Chen et al., 2016).  

Mice have lateral eyes and their visual field covers an extensive part of the surrounding 

environment including the overhead space (Hughes, 1979; Sabbah et al., 2017; Wallace 

et al., 2013), important for detecting predators like birds. The visual system detects, pro-

cesses and converts light into adequate behaviours. Incoming visual information from the 

external environment is projected onto the retina in form of photons. The retina contains 

different cell types, among them are photoreceptors (rods and cones) and retinal ganglion 

cells (RGCs). As mice are nocturnal animals, adapted to low light conditions, their retinas 

are rod-dominated (Jeon et al., 1998). The retinal photoreceptors process information by 

transforming incoming photons into electrical signals. Rod and cone photoreceptors con-

nect to bipolar cells that transmit information (indirectly or directly) to RGCs located at the 

inner surface of the retina (Euler et al., 2014). The RGCs are the output neurons of the 

retina and connect the eye with the rest of the brain via retinofugal pathways (Dhande 

and Huberman, 2014; Laha et al., 2017; Xiang et al., 1996). Consequently, RGCs encode 

all information about the visual environment that enters the brain in their spiking activity 

of RGCs (Huberman and Niell, 2011). The mouse retina consists of a high number (> 30) 

of distinct functional RGC subtypes (Baden et al., 2016) that relay information to various 

retinorecipient target structures in the brain for further processing (Dhande et al., 2015). 

Among the key retinal target structures in the brain are the visual thalamus (dorsal lateral 
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geniculate nucleus, dLGN) and the superior colliculus (SC). In lower vertebrates including 

mice, the SC provides the major target for 85-90% of RGC axons  (Ellis et al., 2016). 

Approximately 25 to 50 % (Ellis et al., 2016; Kremkow and Alonso, 2018) of RGCs project 

to the LGN with a majority of these RGCs also projecting to the SC (Figure 1c). The LGN 

is the primary target of RGCs in higher mammals and relays incoming visual information 

from retinal axon terminals to the primary visual cortex (V1) (Bunt et al., 1975; Illing and 

Wässle, 1981; Perry and Cowey, 1984). Consequently, the retino-geniculocortical path-

way serves as a route for visual information to travel via the thalamus to the cortex. The 

visual cortex plays a crucial role in visual perception and contains a diverse range of 

excitatory and inhibitory neuronal subtypes. Understanding the mechanisms underlying 

visual input integration along the different pathways represents a pivotal question in the 

field of systems neuroscience.  

 

 

Figure 1: Retinofugal pathways of the mouse early visual system 

(a) Schematic of retinofugal pathways of the mouse early visual system. Retinal ganglion cell 

(RGC) axons project to the superior colliculus (SC) and the visual thalamus (dorsolateral genicu-

late nucleus, dLGN). dLGN neurons send information to the visual cortex (V1). (b) Schematic of 

RGC axons innervating excitatory and inhibitory neurons in the mouse SC. (c) Retinal ganglion 

cell projections to different primary target structures in the brain for different animal species. (d) 

Schematic illustration mapping the topography of the mouse right SC hemisphere across azimuth 

and elevation in the visual field. Uniform representation of the nasal (N) and temporal (T) visual 
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fields across the SC. Source: (a, b) adapted from (Sibille et al., 2022a), (c) adapted from 

(Kremkow and Alonso, 2018). (d) adapted from (Cang et al., 2018),  mouse head schema adapted 

from https://zenodo.org/record/3925903.  

1.3 Retinocollicular pathway  

The mammalian SC is an evolutionarily conserved, layered midbrain structure (Basso 

and May, 2017; Isa et al., 2021) that receives direct retinal inputs and plays a crucial role 

in visually guided behaviors (Evans et al., 2018; Hoy et al., 2019; Shang et al., 2015). In 

non-mammalian species, the optic tectum is the homologous structure and the primary 

center for visual processing. In mice, the superior colliculus is the most prominent visual 

structure (Cang et al., 2018) and its visual SC layers contain a high density of inhibitory 

GABAergic neurons (Liu et al., 2023; Ranney Mize, 1992; Whyland et al., 2020). This 

high interneuron density, composed of a wide diversity of subtypes, suggests that inhibi-

tion plays a key role shaping visual processing within the SC. Previous studies have char-

acterized SC cell types on a morphological and functional level (Franceschi and Solomon, 

2018; Ito et al., 2017). Four distinct classes of retinorecipient collicular neurons have been 

characterized: horizontal, wide field (WF), narrow field (NF) and stellate cells (Gale and 

Murphy, 2016, 2014). Recent developments in molecular tools and optogenetics have 

started to shed light on this neuron diversity in the SC and allow to specifically target 

defined microcircuits to study involved functional cell types (Li and Meister, 2022) and 

how they integrate incoming RGCs inputs. To enrich our understanding of how various 

types of SC cells integrate retinal information in vivo, will require tools that enable the 

study of connectivity between retinal and SC neurons on a large scale.  

1.4 Retinocollicular connectivity 

To shed light onto how the brain encodes visual information, it is crucial to understand 

how brain structures are innervated by their upstream targets and how they encode the 

incoming information. Unravelling the encoding strategies used by different retinorecipi-

ent target neurons necessitates the simultaneous measurement of axonal inputs and so-

matic signals to reveal connectivity between neurons. Connectivity studies predominantly 

stem from in vitro work, as measuring connected neural pairs poses technical challenges 

such as the precise alignment of electrodes in the afferent and target brain region 

(Bereshpolova et al., 2020; Lien and Scanziani, 2018; Liew et al., 2021). Pioneering stud-

ies in the thalamocortical system that measured connected pairs have revealed important 

https://zenodo.org/record/3925903
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insights on the innervation principles of thalamic axons onto cortical neurons: Within sen-

sory cortices, thalamic afferents activate excitatory and local inhibitory neurons with dif-

ferent strength (Cruikshank et al., 2007; Ji et al., 2016), exerting a stronger drive on in-

hibitory neurons (Bruno and Simons, 2002; Cruikshank et al., 2007; Gabernet et al., 2005; 

Gibson et al., 1999; Inoue and Imoto, 2006; Swadlow, 2003). The stronger thalamic drive 

on inhibitory neurons ensures a balance between excitation and inhibition and helps to 

sharpen stimulus feature selectivity (Lee et al., 2012).  

In the SC, the high density of inhibitory neuros suggests that inhibition might play a pivotal 

role in visual processing. To date, our understanding of the mechanisms that the retino-

collicular system uses to integrate retinal input remains relatively rudimentary - Do prin-

ciples found in the thalamacortical system apply here as well? A large gap in our under-

standing concerns how GABAergic SC neurons are recruited by their retinal inputs and 

whether both populations of cell types, excitatory and inhibitory, respond differently to 

retinal innervation. What is the functional organization that governs retinocollicular con-

nectivity? Do facilitating or depressing dynamics prevail? This remains to be investigated 

and is the main focus of my thesis. Studying long-range retinocollicular connections in 

vivo could reveal important insights about how visual information is integrated in the SC. 

Combined with optogentics for cell type- and circuit-specific targeting, this would over-

come existing technical challenges and advance our understanding of how different cell 

types are recruited by their presynaptic inputs.  

The results of this publication-based PhD thesis were published in three peer-reviewed 

journals (Gehr et al., 2023; Sibille* and Gehr*, 2022; Sibille et al., 2022a). The developed 

and applied methodologies as well as the obtained results are summarized and discussed 

in the following chapters. 
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2. Methods 

This paragraphs provides an overview of the study design and the main techniques de-

veloped and applied in this thesis. It also describes the main approaches for processing 

and analysis of neural data. A more detailed description of the methodologies can be 

found in the publications Gehr et al., 2023, Sibille et al. 2022 and Sibille and Gehr, 2022. 

2.1 Experimental procedures 

Animals. All experimental procedures were carried out in accordance with the State of 

Berlin Animal Welfare requirements Landesamt f¿r Gesundheit und Soziales (LAGeSo - 

G 0142/18) Berlin and were approved by the authority. Male and female mice were used. 

Wildtype (C57BL/6J) mice were used for the experiments in Sibille et al., 2022 (Sibille et 

al., 2022a), VGAT-ChR2 (Slc32a1-COP4ӌH134R/EYFP, The Jackson Laboratory, stock 

no. 014548, n=9) mice were used for the experiments in which extracellular recordings 

were combined with optotagging to identify inhibitory neurons (Gehr et al., 2023).  

Surgical procedures. A detailed description of the surgery procedure to implant the 

headpost and make craniotomies for the electrode probe and the optical fiber implanta-

tions can be found in (Gehr et al., 2023; Sibille et al., 2022b). 

Anesthetized extracellular recordings and opotogenetic stimulation. Neural data 

was recorded extracellularly using Neuropixels probes (Figure 3b) (Jun et al., 2017). The 

Open Ephys acquisition system (Siegle et al., 2017) was used for data acquisition at a 

sampling rate of 30 kHz. The Neuropixels probe was inserted tangentially (15 to 25 de-

gree) in the SC angle along the anterior-posterior axis (Figure 3c) using a micromanipu-

lator (NewScale). The confirmation of probe and optical fiber placements was done via 

receptive field (RF) mapping to verify the range of channels with visual activity and the 

optogentic stimulation range. The custom-written code to extract the multi-unit activity 

and apply spike-triggered average (STA) for RF estimation is available/published on the 

GitHub repository (https://github.com/KremkowLab/tangential_recording).  

Optotagging via LED stimulation. Inhibitory (GABAergic) neurons were identified in 

transgenic VGAT-ChR2 mice via optotagging during electrophysiological recordings. In 

these mice channelrhodopsin-2 (ChR2) is expressed in GABAergic interneuronal neu-

ronal populations (carrying the vesicular GABA transporter VGAT). Short pulses of blue 

https://github.com/KremkowLab/tangential_recording
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light were applied via an optic fiber (NA .66, 200 µm core diameter, PlexBright, Plexon) 

coupled to a blue (470 nm) LED module (PlexBright, Plexon) and controlled by the Radi-

ant software (Plexon) to activate ChR2 (Figure 3g). Prior to each experiment, the optic 

fiber was calibrated to ensure a stable light output at the fiber tip. Inhibitory neurons were 

identified by their short-latency responses to optogenetic stimulation pulses. Optogenetic 

activation was tested during either baseline conditions (black background, 100 ms pulse 

duration, 2 Hz pulses) and during the presentation of a checkerboard stimulus (1000 ms 

pulse duration, 30 LED ON trials, 30 LED OFF trials).  

 

Figure 2: Optogenetic stimulation (óoptotaggingô) protocol to photo-activate inhibitory 
neurons  

(a) Optogenetic stimulation using LED pulses via an optic fiber during baseline conditions (black 
background). (b) Optotagging protocol with light pulses presented at 2 Hz frequency, 100ms 
pulse duration and 30 mA amplitude. Shown are 50 pulses (left). This protocol is repeated up to 
4 times within a recording session. Sine wave pulse is used to avoid rapid increases in light in-
tensity (right). Created by Carolin Gehr 

Visual stimulation. Visual stimuli were generated and presented using the PsychoPy2 

toolbox in Python (Peirce et al., 2019). A set of standard protocols was used including 

light and dark sparse noise stimuli for receptive field mapping, a natural movie taken from 

Froudarakis et al. (2014) (Froudarakis et al., 2014) and a full-field chirp stimulus (Baden 

et al., 2016). The timing of visual stimulus frames was controlled by timestamps via stim-

ulus-locked synchronizing events (TTLs).  

Histology. At the end of an experiment, the probe was retracted and coated with 

flourescent dye (DiI, Abcam-ab 145311) and re-inserted in the same location to later re-

construct the electrode track. Subsequently, the animal was terminated with an excess of 

isoflourane and perfused with phosphate buffered saline (PBS) followed by 4% paraform-

aldehyde (PFA). The brain was post-fixed overnight in 4% PFA and stored in PBS. Brains 

were sliced (100 µm) on a vibratome (Leica VT1000S) and mounted in a mounting me-

dium containing DAPI (DAPI-Flouromount-G, Biozol Cat. 0100-20). Imaging of the slices 

for post hoc visualization of the electrode probe track was performed on a fluorescence 

microscope using a 2.5 x objective. 
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2.2 Data postprocessing and statistical analyses 

Postprocessing of recorded neural data was performed in Python 3.0 (http://www.ana-

conda.com/) using custom-written code. Spikes were sorted into single units using Ki-

losort, a Matlab package for offline spike sorting of electrophysiological data (Pachitariu 

et al., 2016) (https://github.com/MouseLand/Kilosort) followed by manual curation in phy2 

(Rossant et al., 2016) (https://github.com/cortex-lab/phy). For a detailed description of the 

criteria used for single unit classification see Methods sections in (Gehr et al., 2023; Sibille 

et al., 2022a).  

Statistical analyses. For statistical testing, the two-sided Wilcoxon rank-sum test for un-

paired samples and the two-sided Wilcoxon signed-rank test for paired samples available 

from the scipy.stats module in Python were used. Correlation analysis was performed 

using Pearson correlation from the stats.linregress function in Python. Population results 

are indicated as mean ° standard deviation if not stated otherwise.  

Identification of RGC axons via waveform classification approach. RGC axons were 

distinguished from SC neurons based on differences in waveform characteristics. A 

waveform classification approach using a custom-written graphical user interface (GUI) 

was developed to separate the electrical signals from retinal ganglion cell afferent axons 

and somatic action potentials of SC neurons. To do so, the multichannel waveform for 

each unit was calculated reflecting the spatiotemporal profile of their action potential sig-

nals.  For a detailed description of the developed waveform classification approach see 

Sibille et al. (Sibille et al., 2022a).  

Classification of inhibitory and excitatory SC neurons. The optotagging approach 

was used to evoke short-latency increase in responses to blue light stimulation in inhibi-

tory neurons. Optotagging was applied during two different conditions (see above). I de-

signed a custom-written graphical user interface (GUI) approach to classify neurons into 

either ólight-responsiveô or ónon light-responsiveô. To rule out observer bias, the labelling 

approach was conducted by three independent observers. If two out of three observers 

chose the same label, the unit was included for further analysis.  

http://www.anaconda.com/)
http://www.anaconda.com/)
https://github.com/MouseLand/Kilosort
https://github.com/cortex-lab/phy
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Figure 3: Cell type classification approach to distinguish excitatory and inhibitory neu-
rons 

Shown are two example neurons (top and bottom). (a) Receptive fields. Scale bar represents 25 

degree. (b) Stability of firing activity over the full recording duration (1 bin = 1min). (c) Single 

channel waveform. (d) Response to optotagging during baseline conditions represented in PSTH 

(left) and raster plot (right). Pulse duration 100ms. (e) Response to optotagging during presenta-

tion of a checkerboard stimulus. Pulse duration 1 s, 30 LED ON trials, 30 LED OFF trials. Created 

by Carolin Gehr 

 

Identification of synaptically connected RGC-SC pairs. Connected neural pairs were 

detected using established cross-correlation methods (Bereshpolova et al., 2020; Den-

man and Contreras, 2015; Reid and Alonso, 1995; Usrey et al., 1998) and identified by 

their statistically significant peaks within a defined window of synaptic delays (peak de-

tection window from + 0.5 to 3.5 ms) that had to extend over a certain threshold (baseline 

+ 4x standard deviation) for at least 5 consecutive time bins (0.1 ms resolution). Briefly, 

a jittered version of the spiketrains, with spiketimes randomized within a consecutive 5 

ms window, was calculated, to remove slow e.g. stimulus-induced modulations and to 

ensure that fast transient correlations, e.g. spiking interactions, remain intact. The cross-

correlation between each pair of neurons was calculated for the original spiketrain (raw 

CCG) and the jittered spiketrain (jittered CCG) over the full recording duration using the 

Python pycorrelate function (https://github.com/tritemio/pycorrelate). Please note that for 

experiments with optotagging, the periods in which optotagging was performed were ex-

cluded from CCG calculation. The jittered CCG was subtracted from the raw CCG to 

obtain a jitter-corrected version of the CCG. For the detection of monosynaptically con-

nected pairs we used the jitter-corrected CCG version 

https://github.com/tritemio/pycorrelate
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Retinocollicular connection strength analysis. Measures of neural connectivity such 

as efficacy and contribution were estimated from the CCGs (jitter-corrected versions for 

experiments without optotagging and baseline-corrected CCG versions for optotagging 

experiments) using standard approaches (Bereshpolova et al., 2020; Reid and Alonso, 

1995; Swadlow et al., 2002; Usrey et al., 1998). The efficacy was calculated by dividing 

the area of the CCG peak (baseline window: from -1 to 0.4 ms; peak window: from 0.4 to 

3.5 ms) by the total number of presynaptic spikes. The connection contribution, a meas-

ure for the coupling strength, was calculated by counting the number of SC spikes that 

were preceded by an afferent RGC spike, integrated over a time window between -3 to - 

0.5 ms. This number was divided by the number of total SC spikes to reveal the connec-

tion contribution.  

For the analysis of paired-spike interactions, baseline-corrected CCGs were re-calculated 

triggered on 1st and 2nd RGC spikes using the same baseline and peak windows as above. 

Pairs of RGC spikes were identified for each retinocollicular neural pair following the ap-

proach described by Usrey (1998) (Usrey et al., 1998). A pair of retinal spikes was defined 

by two temporal parameters: (1) the 1st RGC followed the 2nd RGC by a specific inter-

spike interval (ISI) of 5 to 30 ms and (2) the dead time, that defined a minimum period of 

silence that preceded the first retinal spike. We defined a dead time window of 30ms.  

Next, we estimated the efficacy for 1st and 2nd retinal spikes. The paired-spike ratio (PSR) 

was calculated as the ratio of efficacy for the 2nd RGC to the efficacy for the 1st RGC.   

Functional similarity analysis of retinocollicular connected pairs. The functional sim-

ilarity between connected RGC-SC pairs is reflected in the functional similarity index. This 

parameter is calculated from the correlation coefficients from neural responses during 

different visual stimulus protocols: the light and dark sparse noise (rSL and rSD), the natural 

movie stimuli (rNM and rPSM) and a checkerboard stimulus (rChk). For a detailed description 

of how we estimated the correlation of activity during the different protocols, see (Gehr et 

al., 2023). The overall similarity index was calculated from the averaged correlation coef-

ficients: functional similarity index = (rSL + rSD + rNM + rPSM + rChk)/5. 
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3. Results 

In this thesis, I present three publications that build upon each other and focus on the 

integration of retinal input in the mouse SC and the development of appropriate measures 

to study these integration mechanisms along the retinocollicular pathway. 

To explore how excitatory and inhibitory SC neurons encode visual inputs, I, together with 

my colleague, developed a recording approach that allows to simultaneously measure 

connected neuron RGC-SC pairs in vivo and to study their connectivity dynamics. I will 

present my work subdivided in three sections: (1) We developed a tangential recording 

approach to record activity in mouse SC in vivo and target inhibitory neural populations 

using optogenetics. This work is presented in section 3.1. and has been published in the 

Journal of Neuroscience Methods (Sibille* and Gehr*, 2022b). It provides a methodolog-

ical description of how to perform the targeted recordings in mouse SC. (2) How this 

approach can be applied to study long-range connectivity by simultaneously recording 

signals from retinal axons, that innervate the SC, and connected SC neurons, is pre-

sented in section 3.2. This study has been published in Nature Communications (Sibille 

et al., 2022a). (3) Finally, in section 3.3 I demonstrate how retinal inputs are integrated 

on a cell type specific level by combining the recording approach with optogenetic tools. 

This work has been published in eLife (Gehr et al., 2023) and provides novel insights on 

the coding strategies used by inhibitory and excitatory SC neurons to integrate retinal 

information.   

3.1. Development of a tangential recording approach to record from large popu-

lations of neurons in mouse superior colliculus 

To study how the visual information from a large extent of the visual field is represented 

at the population level, I, together with my colleague, applied extracellular recordings in 

the mouse SC using high-density Neuropixels probes (Jun et al., 2017) in order to record 

neurons covering a large extent of the retinotopic space. A standard approach to record 

visual activity in the SC so far has been via vertical electrode insertion (Ahmadlou et al., 

2018, 2017; Lee et al., 2020). However, the visual SC layers spread up to 2 mm along 

the anterior-posterior (AP) axis, making vertical electrode implantations unsuitable to map 

the retinotopy. In addition, the anatomy and location of the SC, below the cortical sheet 

and the transverse sinus, make it technically challenging to simultaneously record from a 
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large neuron population in the visual SC layers and across a large retinotopic space. To 

overcome this difficulty, we developed a tangential recording approach to yield a large 

number (up to >200) of Neuropixels 1.0 (Jun et al., 2017) recording sites in the visual 

layers of the SC spanning up to 2 mm SC tissue across the AP axis (Figure 3a, b, c). This 

approach provides the opportunity to record from a large neural population within the SC 

circuitry along an extensive extent of retinotopic space. In the peer-reviewed publication, 

we give a detailed description of how to perform the tangential recordings in the visual 

layers of the mouse SC (Sibille et al., 2022b). Furthermore, I complemented this study 

with experiments in VGAT-ChR2 mice to target inhibitory neurons that express the VGAT 

transporter via optotagging. This enables to identify populations of inhibitory SC neurons 

(Figure 3d, f, g) and study cell-type specific differences in their functional organization 

and response properties. 

 

Figure 4: Tangential recording approach combined with optotagging in mouse SC to rec-
ord from a large population of SC neurons on a cell typeïspecific level. 

(a) Recording configuration for tangential electrode probe insertion in the mouse SC. The Neuro-

pixels probe is inserted in the SC along the anterior-posterior axis. During the recording session, 

a set of visual stimuli is presented on a monitor. (b) Illustration of the high-density Neuropixels 

probe and probe tip. The 384 recording sites are arranged in a checkerboard site layout (adapted 

from Jun et al., 2017). (c) Schematic of electrode probe insertion along the anterior-posterior axis 

in the visual layers of the mouse SC (adapted from the Allen Brain Reference Atlas, http://at-

las.brain-map.org/ ) (d) Schematic of combination of tangential SC recordings with optogenetic 

stimulation (optotagging) for cell-type identification. An optogenetic fiber is inserted perpendicu-

larly to the electrode probe to activate a large population of ChR2- expressing neurons in SC. (e) 

Multi-unit (MUA) activity in response to visual stimulation (left) and optogenetic stimulation (right) 

http://atlas.brain-map.org/
http://atlas.brain-map.org/
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along the 384 recording sites in VGAT-ChR2 mice. Left: During visual stimulation, a sparse noise 

stimulus is presented. Right: Optotaggging is performed during baseline condition (black monitor 

screen). Gray vertical bars = light artifacts induced by the LED stimulation. (f) Receptive fields 

(RFs) calculated from visual responses (in b, right) after sparse noise stimulus presentation. Blue 

indicates the RFs of LED-evoked cells. RFs of not light-modulated cells are shown in gray. (g) 

Firing activity of a optogentically modulated cell in response to optogentic stimulation (50 ms, 50 

trials). (h) Pie chart showing populations of optogentically activated and non- modulated cells in 

SC. Source: (a) mouse head schema adapted from https://zenodo.org/record/3925903, (b) Jun 

et al., 2017, (c) adapted from http://atlas.brain-map.org/, Allen Mouse Brain Atlas, Allen Institute 

for Brain Science, (d-h) Created by Carolin Gehr. Modified from Sibille* and Gehr*, 2022b. 

3.2. Measuring retinocollicular connectivity on a large scale in vivo  

By applying the tangential recording approach, we set out to study the functional organi-

zation and response properties within the SC (Figure 5a, b). Interestingly, we discovered 

that thanks to the high spatiotemporal sampling of the Neuropixels probes (Jun et al., 

2017), we can not only measure somatic action potentials of SC neurons but also action 

potentials of RGC axons that innervate the SC (Figure 5c). Following spike sorting we 

obtained well-isolated single units (SUs) from somatic action potentials of SC neurons. 

These somatic signals can be distinguished from axonal action potentials of RGCs based 

on their spatiotemporal waveforms profile (Sibille et al., 2022a) (Figure 5d, see Methods): 

axonal waveforms of RGCs show a triphasic shape with a larger spatial spread (Figure 

5d left) while somatic SC neurons show a characteristic biphasic waveform profile (Figure 

5d right). To verify that the recorded axonal signals actually originate from retinal axons, 

and thus rule out the origin from other sources, e.g. V1, we performed a series of phar-

macological experiments (Sibille et al., 2022a). Having discovered that we can measure 

input and output along the retinogeniculate pathway simultaneously at sub-millisecond 

resolution, we were interested in how the SC neurons integrate information from inner-

vating RGC axons. To this end, we identified monosynaptically connected retinocollicular 

pairs. To do so, we employed established cross-correlation analysis methods (Alonso et 

al., 2001; Bereshpolova et al., 2020; Sibille et al., 2022a) to detect synaptic connectivity 

between RGC axons and SC neurons. A significant transient peak and short-latency in-

crease in the spiking probability are hallmarks for monosynaptic connectivity (Fig 5e, f). 

The yield of monosynaptic connections varied across individual recordings and was de-

pendent on the number of measured RGC axons (Figure 5g). Across multiple experi-

ments, our approach allows us to measure hundreds of connected pairs (Figure 1h). This 

high number of measured neural connections is due to the close proximity of RGC axons 

https://zenodo.org/record/3925903
http://atlas.brain-map.org/
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and SC neurons on the high-density electrode probe. In summary, our technique of re-

cording RGC axons simultaneously with SC neurons using a single electrode probe over-

comes current limitations and allows to characterize the retinocollicular pathway and its 

functional properties in vivo on a large scale. 

 

Figure 5: Recording RGC axons simultaneously with SC neurons in vivo. 

(a) Recording configuration to record from retinal ganglion cell (RGC) axons and SC neurons 

simultaneously in mouse SC. A standard set of protocols is presented. (b) Schematic of RGC 

afferents (orange) terminating in the SC. (c) Electrode probe placement allows to capture both, 

signals from RGC axons and somatic signals from SC neurons, of due to high- density sampling 

of the Neuropixels electrode probe. (d) Spatiotemporal profiles of multi-channel waveforms for 

RGC axons (left) and SC neuron (right). Insets show single-channel waveforms identified at the 

peak channel. (e, f) Cross-correlograms and raster plots for examples of connected (e) and un-

connected (f) RGC-SC pairs (right). Raster plots of SC neural activity triggered on RGC spiking 

(left). The short latency peak in the connected pair example is a characteristic of synaptic con-

nectivity. Connected pair shows overlapping RFs. (g) Connectivity matrix between RGC axons 

and SC neurons measured in a single experiment. (h) Cross-correlograms of connected RGC-

SC pairs across multiple experiments, sorted by peak latency (n = 11 experiments, n = 9 mice). 

Source: Adapted with permission from Sibille et al., 2022a, mouse head schema in (a) adapted 

from https://zenodo.org/record/3925903 

The above experiments were performed in anesthetized mice. However, the SC serves 

as a center for multisensory integration and is increasingly studied in the context of visu-

ally guided behaviors in awake behaving mice (Ito and Feldheim, 2018). To verify that our 

recording approach can be applied during awake conditions, we recorded in awake mice 

https://zenodo.org/record/3925903
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while monitoring the pupil position (Figure 6a). The pupil dilation is a standard measure-

ment to assess the animalsô level of arousal (Hess and Polt, 1964) (Figure 6c). As in the 

anesthetized recordings, characteristic axonal waveforms were detected post hoc (Fig 

6b) and connected neuron pairs were identified via cross-correlation analysis (Figure 6d, 

e). Taken together, applying the tangential recording approach during awake conditions 

opens up the possibility for assessing how retinal information is integrated in SC neurons 

in awake behaving mice and allows to address long-standing questions about the role of 

SC in visually guided behaviors and attention.  

 

 

Figure 6: Recording retinocollicular connected neuron pairs in mouse SC during awake 

conditions. 

(a) Recording configuration to record RGC axonal signals simultaneously with somatic signals in 

SC in awake mice. Pupil tracking is performed during awake conditions. (b) Multi-channel wave-

forms for RGC axon (left) and SC neuron (right). (c) Pupil size (top) and firing rates (bottom) of 

RGC axon and SC neuron during different stimulus conditions (dark and light background). (d) 

CCG of a monosynaptically connected RGC-SC pair measured in awake conditions. (e) CCGs of 

connected RGC-SC pairs sorted by peak latency. Data from multiple experiments (n = 45 con-

nected pairs from n = 3 mice). Source: mouse head schema in (a) adapted from https://ze-

nodo.org/record/3925903, panels adapted from Sibille et al., 2022a.   

 

https://zenodo.org/record/3925903
https://zenodo.org/record/3925903
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3.3.  Retinal input integration in excitatory and inhibitory SC neurons  

While the high density of GABAergic neurons in the upper layers of mouse SC (Ranney 

Mize, 1992; Whyland et al., 2020) has been known for a long time, our understanding of 

how inhibitory neurons integrate retinal input is still limited. In this follow-up study, I set 

out to investigate how excitatory and inhibitory SC neurons are recruited by their retinal 

input and whether the two cell types use different encoding principles. Despite rich 

knowledge about the cell type-specific differences of afferent input integration in the 

thalamocortical system, where inhibitory neurons are recruited more strongly by thalamic 

afferent inputs compared to excitatory neurons (Bruno and Simons, 2002; Cruikshank et 

al., 2002; Gabernet et al., 2005; Gibson et al., 1999; Inoue and Imoto, 2006; Swadlow, 

2003), the examination of whether the retinocollicular system adheres to similar or distinct 

principles has been relatively understudied.  

To study retinal input integration on a cell-type specific level, I combined the tangential 

recording approach with optotagging to target inhibitory neurons and differentiate them 

from excitatory neurons (Figure 7a, b). In total, I recorded 326 RGC axons and 680 SC 

neurons (n= 11 recordings). Around one third of the recorded SC neurons (31.2%) were 

GABAergic (Figure 7d). The cell types showed differences in their mean firing rates which 

was highest in RGC axons. Among SC neurons, the mean firing rate was on average 1.8 

times higher in inhibitory neurons compared to excitatory neurons (Figure 7d). 

To elucidate whether the retinocollicular system follows integration principles similar to 

the thalamocortical system, I set out to explore whether inhibitory neurons are more 

strongly activated by the retina compared to excitatory neurons. RGC axons connected 

onto both, excitatory and inhibitory SC neurons. In total, I identified 305 RGC-SC pairs of 

which 29.8% of RGC axons connected onto GABAergic SC neurons (RGC-SC INH, Fig-

ure 7f). The connection strength between RGC-SC EXN and RGC-SC INH pairs was 

assessed by a standard measurement, the connection efficacy. The connection efficacy 

reflects the probability of a RGC spike triggering an action potential in the postsynaptic 

SC neuron (see Methods). Across the population, there was no significant cell type- spe-

cific difference in retinal innervation strength. This finding suggests that both, excitatory 

and inhibitory SC neurons, receive comparably strong input from RGC axons.    
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Figure 7: Combining tangential SC recordings with optotagging to study retinocollicular 
connectivity on a cell-type specific level. 

(a) Recording configuration for tangential electrode insertion and optotagging in the visual SC 

layers of VGAT-ChR2 mice. Inhibitory neurons are activated upon blue light (LED) stimulation. 

RGC axons project onto excitatory and inhibitory neurons in the SC. (b) Responses evoked upon 

blue light stimulation allows to identify the different cell-types. Receptive fields (left) confirm visual 

responsive neurons. The RGC axons (orange) shows a characteristic triphasic waveform. Single 

neurons responses to 100ms blue light pulses, 100 trials, are shown in raster plots and peri-

stimulus-time histograms (PSTHs). RGCs (top) and excitatory SC neurons (bottom) do not re-

sponse to LED pulses, while inhibitory neurons (middle) show an increase in spiking activity. The 

optogenetic stimulation period is highlighted in blue. (c) PSTHs and raster plots for the different 

neurons shown in (b) in response to a naturalistic movie stimulus (10 sec, 30 trials). Scale bar 

represents 20 Hz firing rate. (d) Pie chart representing proportion of identified inhibitory (blue, 

n=212) and excitatory (gray, n=468) SC neurons and RGC axons (orange, n=326). (e) Mean firing 

rates for the 3 different cell types. Note the high firing rate in RGC axons (median = 7.55 

spikes/s, Q1=2.39 spikes/s, Q3=17.93 spikes/s, n=326 RGCs, INs: median = 3.63 

spikes/s, Q1=1.6 spikes/s, Q3=8.02 spikes/s, n=212 INs, EXNs: median = 1.38 spikes/s, 

Q1=0.49 spikes/s, Q3=4.19 spikes/s, n=468 EXNs; SC EXN vs SCIN p=3.1567 ³ 10-15, SC 

EXN vs RGC p=4.8362 ³ 10ï40, SC IN vs RGC p=2.7388³ 10ï8, two-sided Wilcoxon rank-sum 

test). (f) Proportion of identified connected RGC-SC pairs (n= 214 RGC-SC EXN, n= 91 RGC-SC 

IN, n= 11 recordings). (g) Connectivity matrix showing connected RGC-SC EXN (gray) and RGC-

SC IN (blue) pairs from a single recording. RGC axons and SC neurons are sorted by their peak 

channel on the electrode. (h) Spiking activity of SC neurons in response to presynaptically con-

nected RGC spikes (1000 trials). Strong (top) and weak (bottom) connections can be found. (i) 

Synaptic efficacy as a measure for connection strength for connected RGC-SC EXN and RGC-

SC IN pairs (p= 0.053, n= 214 RGC-SC EXN, n= 91 RGC-SC IN, two-sided Wilcoxon rank-sum 

test). Modified from Gehr et al., 2023, eLife.   
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Although substantial recent work has explored the response properties of neurons in var-

ious brain areas, it still remains challenging to infer the effect of how the response prop-

erties of presynaptic neurons modulates the response properties e.g. receptive field prop-

erties of a postsynaptic target neuron. Employing our technique to study connected neu-

ron pairs, it becomes possible to shed light on this question.  

In sensory cortices, inhibitory neuros show less selectivity and receive a more diverse 

and nonspecific set of thalamic inputs (Alonso and Swadlow, 2005; Bereshpolova et al., 

2020; Bruno and Simons, 2002), compared to excitatory cortical neurons. How function-

ally similar RGCs are to their target populations in SC and whether there are cell type-

specific differences among SC neurons remains largely unknown (Shi et al., 2017), mainly 

due to challenges of measuring connected pairs. Despite that both SC populations are 

activated comparably strong by the retina (Figure 7i), inhibitory neurons could sample 

from a functionally more diverse pool of RGCs. The functional similarity between RGCs 

and their postsynaptic target neurons in SC was estimated from the correlation coeffi-

cients between trial-averaged visually evoked activity of the connected RGC-SC pairs in 

response to different visual stimuli (see Methods). The correlation measures from all stim-

uli were averaged to reveal the functional similarity index. While a similarity value of 1 

reflects perfectly correlated visually driven response, a value of 0 corresponds to uncor-

related responses. RGC-SC EXN and RGC-IN pairs (Figure 8b) did not show a significant 

difference in functional similarity. We found that the connection efficacy was positively 

correlated to the similarity index, indicating that functionally similar pairs are more strongly 

connected. Despite that, some pairs that were strongly connected (~10%) showed low 

similarity (Figure 8).  

Taken together, these findings reveal that retinal spikes efficaciously drive neural activity 

in both, excitatory and inhibitory SC neurons with functionally more similar pairs being 

reflected in a stronger connection.  

 

Temporal dynamics of presynaptic activity are known to modulate postsynaptic re-

sponses (Zucker, 1989) and connection strength (Kara and Reid, 2003; Usrey et al., 

1998). To explore to what extent the temporal pattern of RGC firing sculpts retinotectal 

signaling, I looked into paired-spike dynamics of RGC activity and its effect on postsyn-

aptic SC neurons, whether connections are facilitating or depressing. To this end, a 

paired-spike analysis approach was applied as described by Usrey and colleagues in 

1998 (Usrey et al., 1998). A pair of retinal spikes was defined based on 2 parameters: the 
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inter-spike interval (ISI) and the dead time to ensure a minimum period of silence before 

the 1st RGC spike (Figure 8d). The majority of retinocollicular connections were facilitating 

(86.45% [185/214] RGC-SC EXN pairs, 80.22% [73/91] RGC-SC IN pairs, Figure 8e) 

reflected in the higher efficacy of 2nd retinal spikes in driving SC activity, an effect referred 

to as paired- spike enhancement (Usrey et al., 1998).  

 

Despite the retinal drive onto both SC cell types is similarly strong (Figure 7i), inhibitory 

neurons show higher mean FR (Figure 7e). These findings open the possibility that the 

activity of SC inhibitory neurons is less coupled to RGC inputs. To assess the retinal 

coupling strength, we used the connection contribution (Levick et al., 1972; Sibille et al., 

2022a; Usrey et al., 1999) that reflects the fraction of postsynaptic spikes evoked by pre-

synaptic retinal spikes within a short time window. Interestingly, the contribution of indi-

vidual retinal spikes on SC activity was higher for excitatory compared to inhibitory SC 

neurons (Figure 8h). This finding supports the notion that excitatory SC neurons might be 

more strongly specifically linked to the retinal input compared to inhibitory SC neurons.  

 

 

Figure 8: Functional similarity and facilitating effects between retinocollicular pairs. 

(a) Functional similarity between RGC axons and SC neurons is measured by the correlation 

coefficients (Pearson correlation r) during different stimulus conditions: spatiotemporal receptive 

field (STRFs) evoked by a dark sparse noise stimulus (top), naturalistic and phase scrambled 

movies and dense noise stimulus (bottom). (b) The Functional similarity between presynaptic 
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RGC and postsynaptic SC neurons is described by a similarity index calculated from the averaged 

correlation coefficients (p= 0.118, two-sided Wilcoxon rank-sum test). (c) The functional similarity 

is higher in pairs with stronger connection efficacy (Pearson correlation coefficient, r = 0.37 for n= 

85 RGC-SC EXN, r = 0.44 for n= 29 RGC-SC IN pairs). (d) Schematic illustrating the temporal 

dynamics and parameters for a pair of two successive RGC spikes (defined by a minimum dead 

time of 30ms and an inter-spike interval (ISI) of 5-30ms. (e) Scatter plot illustrating paired spike 

dynamics: the majority of SC neurons (185/214 RGC-SC EXN pairs, 73/91 RGC-IN pairs) shows 

stronger activation in response to a 2nd RGC spike, compared to 1st RGCs spike. (f) Raster plots 

of RGC responses triggered on 1000 spikes of a presynaptically connected SC neuron (n=214 

RGC-SC EXN and RGC-SC IN pairs, p=0.0003, two-sided Wilcoxon rank-sum test). (g) Negative 

correlation between mean FR and contribution reveals a negative relationship (Pearson correla-

tion coefficient r). Modified from Gehr et al., 2023, eLife.   
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4. Discussion 

4.1  Short summary of results 

The primary objective of this PhD thesis project was to elucidate the mechanisms under-

lying retinal input integration within the mouse SC at a cell-type specific level. To achieve 

this goal, we developed a recording approach to study retinocollicular connectivity and 

employed optogenetic techniques for cell-type identification. This work revealed insights 

on how inhibitory and excitatory SC neurons process visual information originating from 

the retina. The findings allow the following conclusions: (1) The tangential recording ap-

proach, developed by my colleague and me, allows to measure axonal action potentials 

from RGC axons simultaneously with somatic signals from SC neurons and study their 

connectivity in vivo. (2) Combined with optotagging, this technique enabled us to study 

retinocollicular connectivity at a cell-type specific level. (3) The retinal innervation strength 

(represented by the connection efficacy) is comparably strong for RGCs connecting onto 

excitatory and inhibitory SC neurons. (4) Functionally similar pairs are reflected in a 

stronger connection. (5) Paired-spike enhancement in response to retinal activity was a 

signature for both excitatory and inhibitory SC neurons. (6) Finally, the contribution of a 

retinal spike to the overall spiking activity in SC is higher in excitatory neurons compared 

to inhibitory collicular neurons.   

4.2  Interpretation of results 

To date, an understanding of the mechanisms that govern retinocollicular signaling still 

remains fragmented, although recent studies propose that feedforward inhibition might 

play a pivotal role (Villalobos et al., 2018; Whyland et al., 2020). However, measuring 

RGC-SC connected neural pairs in vivo on a large scale is technically demanding. The 

methodological approach presented here overcomes the challenges of precise electrode 

alignment, and provides the foundations for studying retinocollicular connectivity and its 

underlying functional organization.  

 

The higher firing rate observed in RGC axons compared to SC neurons is in line with 

previous studies reporting that RGCs are highly active (Kara and Reid, 2003; Usrey et 

al., 1998). Among the SC neurons, firing rates were higher in inhibitory cells despite the 

retinal activation onto both SC cell populations being comparably strong. Recent work in 
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other midbrain areas has clearly demonstrated these differences between the two cell 

types, showing overall higher firing rates in GABAergic compared to glutamatergic neu-

rons (Ono et al., 2017). Substantial work has explored the connectivity patterns in the 

thalamocortical (TC) system in vitro (Agmon and Connors, 1991; Cruikshank et al., 2002; 

Ji et al., 2016; Porter et al., 2001) and in vivo (L. Li et al., 2013; Y. Li et al., 2013; Lien 

and Scanziani, 2018, 2013; Liu et al., 2007). In sensory cortices, the interplay between 

excitation and inhibition plays a key role in signal processing (Isaacson and Scanziani, 

2011) and cortical inhibitory neurons are driven more strongly by thalamic afferents com-

pared to excitatory neurons (Bruno and Simons, 2002; Cruikshank et al., 2007; Gabernet 

et al., 2005; Gibson et al., 1999; Inoue and Imoto, 2006; Swadlow, 2003). This difference 

in thalamic drive on excitatory and inhibitory neurons guarantees to maintain balance 

between excitation and inhibition (Isaacson and Scanziani, 2011) and to sharpen stimulus 

feature selectivity (Lee et al., 2012). The stronger thalamic afferent drive on cortical in-

hibitory neurons can be partly linked to the response properties, e.g. higher firing rates 

and lower selectivity in cortical inhibitory compared to excitatory neurons (Alonso and 

Swadlow, 2005; Kyriazi et al., 1994; Simons and Carvell, 1989).  

The findings in the retinocolliculuar system observed in this thesis reveal that both excit-

atory and inhibitory neurons can be efficaciously driven by RGC afferent inputs, support-

ing the evidence that effective feedforward inhibition might be at play.  

The strength of afferent input onto target structures depends on a complex interplay of 

several parameters, e.g. response properties (Alonso et al., 2001), the degree of conver-

gence (Kara and Reid, 2003), synaptic mechanisms (Cruikshank et al., 2007) or spiking 

patterns (Usrey et al., 1998). In contrast to collicular neurons, typically receiving input 

from a relatively number (4-6) of RGCs (Chandrasekaran et al., 2007; Furman et al., 

2013), cortical neurons receive inputs from a larger number, approximately one order of 

magnitude more, thalamic afferent inputs with reduced efficacy (Bruno and Sakmann, 

2006; Jin et al., 2011; Lien and Scanziani, 2018). The strong retinal drive onto SC neurons 

we observed (Gehr et al., 2023; Sibille et al., 2022a) does not exclude the possibility that 

RGCs may be sufficiently strong to drive the SC neurons, despite a low convergence of 

retinal axons on SC neurons. Overall, we observed a trend that functionally similar reti-

nocollicular pairs showed stronger connectivity, for both excitatory and inhibitory SC neu-

rons. This finding provides evidence that functional features such as tuning properties 
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and retinotopy have a profound effect on the connection strength of retinocollicular con-

nections, similar to what has been observed for other systems (Alonso et al., 2006, 2001; 

Alonso and Swadlow, 2005; Usrey et al., 1999). 

Previous work has explored the effects of presynaptic activity patterns in modulating 

postsynaptic firing and connection strength (Usrey et al., 1998; Zucker, 1989). However, 

these studies have focused on the thalamocortical system, and our understanding of the 

connectivity motif underlying retinocollicular signalling remains relatively rudimentary. We 

set out to determine how efficaciously SC neurons are driven by a first versus second 

retinal spike that follows within a defined time window. Our results reveal new insights on 

that aspect: both types of retinocollicular connections (excitatory and inhibitory) showed 

paired-spike enhancement in a sense that second RGC spikes were more efficient in 

driving SC neurons. This is similar to what has been reported for retinogeniculate con-

nections (Usrey et al., 1998). While retinogeniculate and retinocollicular connections ex-

press mostly facilitating dynamics, thalamocortical and corticotectal connections are 

mostly depressing (Bereshpolova et al., 2006; Swadlow et al., 2002; Swadlow and Gusev, 

2001), but see (Usrey et al., 2000). Taken together, the temporal integration of RGC in-

puts by SC neurons may resemble those of the visual thalamus.  

Despite the comparably strong retinal drive on excitatory and inhibitory SC neurons re-

flected in the connection efficacy, the connection contribution was higher in excitatory 

cells. The connection contribution reflects to what extent the RGC activity contributes to 

the postsynaptic firing of a connected SC neurons. The cell type-specific differences in 

the connection contribution suggests that excitatory SC neurons are more strongly cou-

pled to retinal afferent inputs compared to inhibitory SC neurons. A possible explanation 

for the weaker retinal coupling in inhibitory SC neurons, given the higher firing rate we 

observed in inhibitory SC neurons, might be that these neurons integrate additional inputs 

from other sources apart from the retina. An extensive discussion on which other sources, 

e.g. V1 input, convergence, or the deeper SC layers, could give rise to the enhanced 

excitation in inhibitory neurons is provided in the respective publication (Gehr et al., 2023).  

4.3  Embedding the results into the current state of research 

Until now, studying long-range connectivity was technically challenging. This is mainly 

due to the precise placement of electrodes necessary to target connected neurons with 
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overlapping receptive fields in different brain areas. Previous studies, consequently, yield-

ing only small numbers of connected pairs (Liew et al., 2021). The recording approach 

established and employed in this thesis lifts long-range connectivity studies on a new 

level by allowing to measure up to >100 connected neuron pairs within a single recording 

by simultaneously recording afferents and target neurons on the same high-density 

probe. This advances our understanding of how SC neurons communicate along the ret-

inocollicular pathway, and, combined with optogenetics, enables to measure connectivity 

at a cell-type specific level to reveal the integration and convergence principles of different 

neuron subpopulations. 

The visual SC layers have been reported to contain one of the highest densities of GA-

BAergic neurons in the brain (Liu et al., 2023; Ranney Mize, 1992). In line with previously 

reported results (Whyland et al., 2020), our study identified that around one third (31.2%) 

of the measured SC neurons in VGAT-ChR2 mice are GABAergic (Figure 7d). A recent 

study using single nucleus RNA-sequencing identified that around 60% of neurons in the 

visual SC layers express the inhibitory marker VGAT and that this number of inhibitory 

neurons decreases with depth along the dorsoventral (DV) axis (Liu et al., 2023). How-

ever, the tangential insertion used in our study, measures neural activity across the ante-

rior-posterior (AP) axis and thus does not allow to draw conclusions on the cell-type dis-

tribution along the dorsoventral axis. Overall, the spatial distribution of excitatory and in-

hibitory SC neurons along the DV axis was not significantly different from each other 

(Gehr et al., 2023). Looking into retinal axon projections onto SC neurons, the finding that 

around one third of postsynaptic targets of retinocollicular terminals are GABAergic (Fig-

ure 7f) is also in line with previous results (Boka et al., 2006; Whyland et al., 2020).  

A general trend was observed that functionally similar pairs exhibited stronger connec-

tions, although we found connected neuron pairs displaying a high connection efficacy 

despite having low functional similarity. This findings reflects that visual response prop-

erties are well correlated between the RGCs and their postsynaptic targets in the SC and 

that these response properties could be inherited from the innervating RGCs (Shi et al., 

2017). It further suggests that SC neurons might either exhibit high projection specificity 

by integrating inputs from a functional more homogeneous population of RGCs (Li and 

Meister, 2022; Shi et al., 2017; Sibille et al., 2022a) or receive diverse inputs from multiple 

functional RGC types (Li and Meister, 2022; Sibille et al., 2022a). In addition, recent evi-

dence has demonstrated that projection specificity is maintained to a significant degree 
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even disynaptically to brain regions downstream of the SC (Reinhard et al., 2019). Con-

sequently, one crucial role of the RGC-SC projection might be to preserve the represen-

tation of the various functionally distinct retinal channels  (Baden et al., 2016). 

A substantial body of work proposes that in midbrain neurons, the cell-type specific dif-

ferences between excitatory and inhibitory neurons in terms of visual response properties 

and selectivity might not be as strongly separated as in the cortex (Inayat et al., 2015; 

Kasai and Isa, 2016; Shi et al., 2017, but see Barchini et al., 2018; Li and Meister, 2022). 

A recent study (Liu et al., 2023) identified vasoactive intestinal polypeptide (VIP)-positive 

neurons in the SC to be excitatory. This is in contrast to VIP neurons in the cortex or 

hippocampus, which are inhibitory (Gonchar et al., 2008; Klausberger and Somogyi, 

2008; Staiger et al., 2002; Tremblay et al., 2016). Moreover, PV neurons in the SC have 

been shown to be excitatory (Villalobos et al., 2018) supporting evidence that there exist 

substantial differences in physiological properties between collicular and cortical neurons 

and their roles in collicular and cortical function.  

4.4  Strengths and weaknesses of the studies 

The recording technique used in this work allows to measure long-range connectivity on 

a large scale in vivo and overcomes previous technical limitations such as precise align-

ment steps between the two connected neurons. Despite this noteworthy advantage, the 

approach has limitations in the sense that it does not capture the total pool of converging 

RGC inputs on individual SC neurons. This might induce a sampling bias (ósurvivor biasô) 

that tends to primarily capture signals from high firing RGCs. From previous studies it is 

known that different RGC types can have different axonal diameters (Perge et al., 2009) 

and that this diameter can influence how cells relay information. Therefore, it is possible 

that signals from RGCs with larger axons are more likely to be measured by the electrode 

probe. To obtain an estimate on the axonal diameter, other measures such as imaging 

techniques would be necessary which is beyond the scope of this thesis. Nonetheless, 

employing this approach provides a general understanding on the converging and diverg-

ing mechanisms along the retinocollicular pathway (Sibille et al., 2022a). 

The cross-correlograms (CCGs) calculated to identify synaptic connections and applied 

to measure connection strength were calculated from spike trains throughout the total 

recoding duration. It is known that paired-spike dynamics can change with the target pop-

ulation (Bereshpolova et al., 2006) or be modulated by the visual stimulus presented 
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(Kara and Reid, 2003). Thus, the overall facilitating effects observed for retinocollicular 

connections could vary for defined neuronal subpopulations albeit us finding no differ-

ences between excitatory and inhibitory neurons.  

We used the VGAT-ChR2 mouse line which targets a homogeneous population of inhib-

itory SC neurons. This enabled a first impression on how inhibitory SC neurons are re-

cruited by their inputs. However, given the high interneuron diversity within the SC, the 

VGAT-ChR2 mouse line used in this study does not shed light on how specific inhibitory 

subpopulations are driven by their retinal inputs and highlights the necessity of selectively 

targeting defined inhibitory cell types using specific Cre-lines in future studies. 

4.5  Implications for practice and/or future research 

This thesis work sets a first basis for how excitatory and inhibitory neurons in the mouse 

SC integrate visual information from the retina. A critical next step towards a deeper un-

derstanding would be to bridge tracing, e.g in vivo circuit labelling (Tsai et al., 2022), and 

transcriptomics studies (RNA sequencing) with recording neural connectivity in vivo, in 

order to get a finer characterization of the collicular interneuron diversity (Ayupe et al., 

2023; Liu et al., 2023) and how they are recruited by their presynaptic inputs. One possi-

ble strategy to dive into this specificity is to map retinocollicular connectivity by targeting 

defined RGC-SC circuits employing a novel approach (Trans-seq). This enabled us to 

study how specific SC cell types are innervated by a genetically defined pool of RGC 

types (Tsai et al., 2022). Likewise, investigating how optogenetically manipulating the 

activity of inhibitory populations modulates the functional properties of excitatory neurons 

(Gale and Murphy, 2016) would reveal important insights on the mechanistic level of vis-

ual processing within the SC circuitry.  

Moreover, future studies exploring the connectivity dynamics under awake conditions and 

whether connectivity is modulated by the animalsô behaviour would reveal important in-

sights on the behavioural level and on visual attention (Schröder et al., 2020; Wang et al., 

2022). 

It is known that the synchronous activity of thalamic inputs boosts the thalamic drive 

(Alonso et al., 1996; Bruno and Sakmann, 2006). The recording approach can be em-

ployed to measure multiple RGC afferents simultaneously making it possible to study the 

influence of synchronously active RGCs on postsynaptic SC neuronsô activity in future 

work.  
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Finally, the results open up the possibility that retinal input integration in the SC might 

follow principles similar to the dLGN. However, the majority of dLGN neurons consists of 

relay neurons while only approximately 6% of the dLGN neuron population is inhibitory 

(Butler, 2008; Evangelio et al., 2018). The difference in interneuron density creates a 

challenge when attempting a direct comparison of collicular and thalamic circuits. Despite 

this contrast, a shared synaptic motif can be observed between the dLGN and the SC. 

The axons of RGCs that innervate the dLGN establish triadic arrangements with both 

excitatory and inhibitory neurons (Sherman, 2004; Wilson et al., 1984). This same ar-

rangement can also be identified in the SC (Whyland et al., 2020). GAD67 has been 

validated as an effective marker for targeting the inhibitory neurons involved in the triadic 

motif within the SC (Whyland et al., 2020). Given the presence of triadic arrangements of 

retinal terminals with excitatory and inhibitory neurons, possibly in both thalamic and col-

licular circuits, it would be intriguing to investigate retinal connectivity within the context 

of these triads in the SC using GAD67 mice in future research. This would offer a deeper 

exploration of their converging motifs and potential similarities with the retinogeniculate 

system.  

Taken together, we are at an enthralling stage where a clearer picture on neural diversity 

in the SC becomes attainable based on gene expression levels, similar to the cortical 

circuit (Tremblay et al., 2016).  
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5. Conclusions  

The findings of this PhD thesis reveal a foundation of how excitatory and inhibitory neu-

rons in the mouse SC integrate incoming retinal information. To study long-range con-

nectivity along the retinocolliculuar pathway in vivo, we developed a recording approach 

to simultaneously measure connected RGC-SC neuron pairs. Employing this approach 

combined with optotagging in VGAT-CHR2 mice enabled to gain a detailed insight on the 

integration principles of the different SC neuron types. Both excitatory and inhibitory SC 

neurons received comparably strong input from RGCs, reflected by the connection effi-

cacy. Despite this, excitatory neurons were more strongly coupled to retinal activity com-

pared to inhibitory SC neurons. Further studies are required to shed light on what sources, 

aside from the retina, excite inhibitory SC neurons. 

This study provides a first characterization of how strongly SC neurons are activated by 

retinal afferents. Further research can expand upon these findings and, when integrated 

with novel techniques such as transcriptomics studies, can delve deeper into exploring 

the diversity among collicular neuronal subtypes, their received inputs and projection pat-

terns. This endeavour will advance our understanding of their roles in visual processing 

and visually guided behaviors, shedding light on how these functions are distributed 

among various neuron types.  
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