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"[...] These creatures you call mice, you see, they are not quite as they appear. They 

are merely the protrusion into our dimension of vast hyperintelligent pandimensional 

beings. The whole business with the cheese and the squeaking is just a front." 

 

The old man paused, and with a sympathetic frown continued. 

 

"They've been experimenting on you, I'm afraid.” 

 

― Douglas Adams 
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I. Abstract  

Stress resilience describes the capability of an individual to maintain mental health 

during or after traumatic, stressful or emotionally challenging situations or to return to a 

mental state similar to that before the crisis onset. The aim of resilience research is to 

identify mechanisms that enables an individual to maintain mental health, rather than 

developing mental disorders and has increasingly come into focus. Studies indicate that 

resilience is an active adaptive process and not just the absence of symptoms observed 

in individuals who are deficient in these defense mechanisms and therefore susceptible 

to stressors. Up to date, no universal concept to grasp resilience exists, but several 

mechanisms that putatively contribute to stress-resilient or -susceptible behavioral 

phenotypes were identified. In humans, psychological and socio-environmental factors 

as adaptive coping and social support can contribute to the maintenance of normal 

psychological function and avoid serious mental illness, but also a wide range of 

neurobiological markers such as changes in the neuroendocrinological system or 

genetic factors have been associated with resilience. Yet, to which extend stress 

resilience is reflected in a differing functional architecture of neuronal network activity 

remained largely unexplored. There is evidence of hyperactive neuronal network 

activity within networks of the primary visual cortex (V1) in animal models of multiple 

sclerosis, Huntington’s or Alzheimer disease, present long before phenotypic changes 

become measurable at the behavioral level. It is hypothesized that changes in network 

activity do not serve the purpose to preserve long-term functionality to achieve 

behavioral functionality but instead aim for short-term stability to maintain the status 

quo of network function, coining the term of a selfish network. There is mounting 

evidence that the historic view on brain architecture of distinct brain regions executing 

well-defined tasks, does not accurately describe brain functionality. Instead, brain 

regions such as the sensory cortices are considered not only to process incoming 

sensory stimuli, but also contribute to action execution and decision making, forming a 
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functionally bound brain. The V1 poses a well suitable brain region to probe for network 

dysregulations as it receives information from other sensory cortices, locomotion and 

areas related to emotion.  

This thesis aims to elucidate the concept of stress-resilience on the level of neuronal 

networks within V1 in a mouse model of chronic social stress. Mice are subjected to a 

behavioral paradigm of chronic social defeat (CSD). The behavioral phenotype is 

assessed by a social interaction-test (SI-test), dividing the population into a resilient and 

susceptible behavioral phenotype. Furthermore, a subgroup of mice which is not 

undergoing CSD is used to answer the question if non-stressed animals show neuronal 

network patterns comparable to resilient or susceptible animals, or whether they 

represent a third distinct network state. Neuronal network activity is measured in the 

awake behaving animal on single cell level in V1 layer II/III employing two-photon 

functional calcium imaging. The assessment of both spontaneous and sensory-evoked 

neuronal activity is used to obtain a fine-grained picture of the local functional 

architecture of a network. For improving the sensitivity of the detection of putative 

network dysregulation, the two-photon functional calcium imaging analysis pipeline has 

been streamlined and improved, for optimizing the correlation of calcium transient to 

underlying neuronal action potentials. Lastly, a three-photon functional calcium imaging 

microscope is implemented and imaging quality is compared with two-photon 

microscopy modalities.  

It was found that the newly developed analysis pipeline outperforms commonly used 

analysis routines. Employed to functional calcium imaging data in a mouse model of 

chronic social defeat, neuronal networks in resilient classified animals exhibit lower 

spontaneous activity and a more accurate representation of visual afferents compared 

to susceptible litter mates. Non-stressed animals exhibit network activity close to the 

dynamics of susceptible animals, both in spontaneous network activity as well as in the 

representation of visual afferents. Lastly, employing three-photon microscopy revealed 
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an increase of the penetration depth at the cost of imaging frequency and size of the 

resolved field of view.  

The findings underline the importance of the development of analysis routines capable 

of accurately capturing single cell activity to describe neuronal network patterns. In the 

field of resilience research, the results suggest that architectures of neuronal networks 

within sensory cortices itself might constitute a resilience mechanism, contributing to 

the outcome of a resilient or susceptible behavioral phenotype. Finally, the first datasets 

collected using three-photon microscopy represent a promising opportunity to resolve 

neuronal networks in deeper regions such as layer V of V1.     
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II. Zusammenfassung 

Stressresilienz beschreibt die Fähigkeit eines Individuums, psychische Gesundheit 

während oder nach traumatischen, belastenden oder emotional herausfordernden 

Situationen aufrechtzuerhalten oder zu einem ähnlichen psychischen Zustand 

zurückzukehren wie vor Ausbruch der Krise. Ziel der Resilienzforschung ist es, 

Mechanismen zu ermitteln, die es einer Person ermöglichen, ihre psychische 

Gesundheit zu erhalten, anstatt psychische Störungen zu entwickeln, die zunehmend 

in den Blickpunkt rücken. Studien deuten darauf hin, dass Resilienz ein aktiver 

Anpassungsprozess ist und nicht nur das Fehlen von Symptomen, die bei Personen zu 

beobachten ist, denen es an diesen Abwehrmechanismen mangelt und die daher 

anfällig für Stressoren sind. Bislang gibt es kein universelles Konzept zur Erfassung der 

Resilienz, aber es wurden mehrere Mechanismen identifiziert, die vermutlich zu 

stressresistenten oder -anfälligen Verhaltensphänotypen beitragen. Beim Menschen 

können psychologische und sozio-ökologische Faktoren wie adaptive Bewältigung und 

soziale Unterstützung zur Aufrechterhaltung normaler psychologischer Funktionen und 

zur Vermeidung schwerer psychischer Erkrankungen beitragen, aber auch ein breites 

Spektrum neurobiologischer Marker wie Veränderungen im neuroendokrinologischen 

System oder genetische Faktoren wurden mit Resilienz in Verbindung gebracht. 

Inwieweit sich die Stressresilienz jedoch in einer unterschiedlichen funktionellen 

Architektur der neuronalen Netzwerkaktivität widerspiegelt, ist noch weitgehend 

unerforscht. In Tiermodellen der Multiplen Sklerose, der Huntington- oder der 

Alzheimer-Krankheit gibt es Hinweise auf eine hyperaktive neuronale Netzwerkaktivität 

in Netzwerken des primären visuellen Kortex (V1), die lange vor den auf der 

Verhaltensebene messbaren phänotypischen Veränderungen auftreten. Es wird 

angenommen, dass Veränderungen in der Netzwerkaktivität nicht dem Zweck dienen, 

die langfristige Funktionalität zu erhalten, um eine Verhaltensfunktionalität zu 

gewährleisten, sondern stattdessen auf eine kurzfristige Stabilität abzielen, um den 
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Status quo der Netzwerkfunktion aufrechtzuerhalten, wodurch der Begriff des „selfish 

networks“ geprägt wurde. Es gibt immer mehr Belege dafür, dass die historische 

Sichtweise auf die Gehirnarchitektur, wonach bestimmte Gehirnregionen genau 

definierte Aufgaben ausführen, die Funktionalität des Gehirns nicht genau beschreibt. 

Stattdessen wird davon ausgegangen, dass Hirnregionen wie die sensorischen 

Kortizes nicht nur eingehende sensorische Reize verarbeiten, sondern auch zur 

Ausführung von Handlungen und zur Entscheidungsfindung beitragen und somit ein 

funktionell verwobenes Gehirn bilden. V1 stellt eine gut geeignete Hirnregion für die 

Untersuchung von Netzwerkdysregulationen dar, da dieser Informationen von anderen 

sensorischen Kortizes erhält, sowie von Bereichen, die mit Bewegungen und 

Emotionen assoziiert sind. Ziel dieser Arbeit ist es, das Konzept der Stressresilienz auf 

der Ebene neuronaler Netzwerke innerhalb von V1 in einem Mausmodell für 

chronischen sozialen Stress zu erforschen. Mäuse werden einem Verhaltensparadigma 

der chronischen sozialen Niederlage (CSD) unterzogen. Der Verhaltensphänotyp wird 

anhand eines sozialen Interaktionstests (SI-Test) bewertet, wobei die Population in 

einen resilienten und einen anfälligen Verhaltensphänotyp unterteilt wird. Darüber 

hinaus wird eine Untergruppe von Mäusen, die keinen CSD durchläuft, verwendet, um 

die Frage zu beantworten, ob die nicht gestressten Tiere neuronale Netzwerkmuster 

aufweisen, die mit denen der resilienten oder anfälligen Tiere vergleichbar sind, oder 

ob sie einen dritten unterschiedlichen Netzwerkzustand darstellen. Die neuronale 

Netzwerkaktivität wird im wachen Tier auf Einzelzellebene in der V1-Schicht II/III mit 

Hilfe der funktionellen Zwei-Photonen-Kalzium-Bildgebung gemessen. Die Bewertung 

sowohl der spontanen als auch der sensorisch evozierten neuronalen Aktivität wird 

verwendet, um ein detailiertes Bild der lokalen funktionellen Architektur eines 

Netzwerks zu erhalten. Um die Sensitivität der Erkennung von 

Netzwerkdysregulationen zu verbessern, wurde die Analysepipeline der funktionellen 

Zwei-Photonen-Kalzium-Bildgebung vereinheitlicht und verbessert, um die Korrelation 
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der Kalziumtransienten mit den zugrunde liegenden neuronalen Aktionspotenzialen zu 

optimieren. Schließlich wurde ein Drei-Photonen-Mikroskop für die funktionelle 

Kalzium-Bildgebung implementiert und die Qualität der Bildgebung mit den Modalitäten 

der Zwei-Photonen-Mikroskopie verglichen.  

Es wurde festgestellt, dass die neu entwickelte Analysepipeline die üblicherweise 

verwendeten Analyseroutinen übertrifft. Bei der Anwendung auf funktionelle Kalzium-

Bildgebungsdaten in einem Mausmodell chronischer sozialer Niederlagen zeigen 

neuronale Netzwerke in resilient klassifizierten Tieren eine geringere spontane Aktivität 

und eine genauere Darstellung der visuellen Afferenzen im Vergleich zu suszeptiblen 

Mäusen. Nicht gestresste Tiere weisen eine Netzwerkaktivität auf, die der Dynamik 

stresssuszeptibler Tiere nahe kommt, sowohl bei der spontanen Netzwerkaktivität als 

auch bei der Repräsentation der visuellen Afferenzen. Schließlich ergab die 

Anwendung der Drei-Photonen-Mikroskopie eine Erhöhung der Eindringtiefe auf 

Kosten der Bildgebungsfrequenz und der Größe des aufgelösten Sichtfelds.  

Die Ergebnisse unterstreichen die Bedeutung der Entwicklung von Analyseroutinen, die 

in der Lage sind, die Aktivität einzelner Zellen genau zu erfassen, um neuronale 

Netzwerkmuster zu beschreiben. Im Bereich der Resilienzforschung deuten die 

Ergebnisse darauf hin, dass die Architekturen der neuronalen Netzwerke in den 

sensorischen Kortizes selbst einen Resilienzmechanismus darstellen könnten, der zum 

Ergebnis eines resilienten oder anfälligen Verhaltensphänotyps beiträgt. Schließlich 

stellen die ersten mit der Drei-Photonen-Mikroskopie gesammelten Datensätze eine 

vielversprechende Möglichkeit dar, neuronale Netzwerke in tieferen Regionen wie der 

Schicht V von V1 aufzulösen.    
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µL Microliter 

µm Micrometer (Micron) 
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OGB-1 Oregon Green Bapta-1 

OPA Optical parametric amplifier 

OSI Orientation Selectivity Index 
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PMCA Plasma membrane Calcium ATPase  

PMT Photomultiplier Tube 

PV Parvalbumin 

RF Resilience factor 

RGC Retinal ganglion cell 

ROI Region Of Interest  

s Seconds 

SBR Signal-to-background ratio 

SC Superior colliculus 

SD Standard Deviation 

SEM Standard Error of The Mean  

SERCA Sarcoendoplasmic Reticulum Ca2+-Atpase 

SERCA Sarco-/Endoplasmatic Reticulum Calcium ATPase  

SI Social interaction 

SLM Spatial light modulator  

SNR Signal-To-Noise Ratio 

SP Sensitive period 

SWE Slow wave event 
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1.1 Motivation 

The prevalence of posttraumatic stress disorders continues to rise in western countries 

(Zhang et al., 2021, Koenen et al., 2017, Global Burden of Disease Study, 2015). While 

a significant portion of individuals respond to traumatic events with the development of 

post-traumatic disorders, another segment achieves mental stability, termed resilience 

(Kalisch et al., 2017). Exploring the characteristics of these resilient individuals could 

provide insights into mechanisms that prevent the transition to disease (Kalisch et al., 

2019). Resilience can be seen as an outcome influenced by resilience mechanisms, 

and, even though no universal concept to grasp resilience exists up to date, several 

mechanisms that putatively contribute to stress-resilient or -susceptible behavioral 

phenotypes were identified. In humans, psychological and socio-environmental factors 

as adaptive coping and social support can contribute to the maintenance of normal 

psychological function and avoid serious mental illness, but also a wide range of 

neurobiological markers such as changes in the neuroendocrinological system have 

been associated with resilience: severe stress exposure is followed a) by an activation 

of the hypothalamic–pituitary–adrenal axis (HPA axis) (Herman and Cullinan, 1997), a 

mediator of the impact of stress on the brain and behavior, b) an increase in 

dehydroepiandrosterone (DHEA) levels and cortisol (Rasmusson et al., 2003), which 

are released from the adrenal cortex, c) a decrease in Testosterone levels, impacting 

the perception of personal success and social status and d) differences in the levels of 

Neuropeptide Y (NPY) (Morgan et al., 2000, Morgan et al., 2002), where an increased 

level is associated with a decrease of symptoms of dissociation. Furthermore, genetic 

factors might play a crucial role in strengthening or weakening an individual’s resilience 

towards stress exposure (Binder et al., 2008, Ressler et al., 2011, Polanczyk et al., 

2009, Stein et al., 2009, Murrough and Charney, 2011, Domschke et al., 2010).    

Traditionally, resilience has been understood and defined based on its observable 

features. However, these behavioral attributes could be seen as reflections of 
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underlying neuronal network dynamics. This thesis seeks to determine whether the 

phenotypic manifestation of resilience is mirrored by a distinct trajectory, a unique 

aspect of local network dynamics, particularly within the cortex. 

To delve into the underlying neurophysiological processes triggered by stress 

exposure, the translation of paradigms for inducing chronic stress in mice is pivotal, 

forming the basis for relevant preclinical research. The chronic social defeat (CSD) 

paradigm, followed by measurement of social interaction (SI), was selected for this 

purpose. Interestingly, even among inbred mice, social interaction varies significantly 

among individuals. This variance hints at an individualized response of neuronal 

networks to stressors. Typically, animals are classified into stress-resilient and 

susceptible groups using a bimodal approach (Krishnan et al., 2007). This classification 

was adopted, using a threshold SI score of 100 to distinguish between stress-resilient 

and susceptible outcomes (Golden et al., 2011). 

Drawing from the concept of a tightly interwoven brain (Singer, 2009, Zatka-Haas et al., 

2021), the hypothesis states that stress resilience should be evident in a cortex-wide 

functional pattern, extending beyond prefrontal circuits. This hypothesis also 

encompasses primary sensory cortices like the visual cortex, especially given the 

contribution of sensory discrimination to resilient outcomes. This research advances 

the notion of resilience from the realm of behavior to the domain of neural networks. 

The primary sensory networks were examined in the context of phenotypic resilience, 

seeking to understand whether network resilience is a broad adaptive network 

characteristic. To investigate this, mice were exposed to the classical CSD paradigm 

and the SI test (Krishnan et al., 2007), followed by two-photon calcium imaging of 

cortical networks in the awake, behaving animal's layer II/III of the visual cortex. 

Assessing both spontaneous and sensory-evoked neuronal activity with single-neuron 

precision offers a finely detailed perspective of the local functional arrangement 
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(Ellwardt et al., 2018, Arnoux et al., 2018, Rosales Jubal et al., 2021) within a resilient 

network. 

The emergence of optogenetics, pioneered over a decade ago, has fundamentally 

transformed our comprehension of the roles played by distinct, genetically defined 

neurons within circuit function. It marked the first instance where we could ascertain the 

causal relationship between a specific genetic component of a network and the broader 

dynamics of the entire brain circuit, ultimately influencing behavior. Optogenetics has 

profoundly impacted every facet of neuroscience, but each field encountered its own 

unique challenges that had to be surmounted based on the core principle of 

optogenetics: the targeted illumination of a defined brain region with high-intensity light 

exceeding 1 mW mm-2(Backhaus et al., 2023, Yizhar et al., 2011, Boyden et al., 2005, 

Aravanis et al., 2007). Various fields tackled distinct hurdles; for instance, single-cell 

electrophysiology addressed the Becquerel effect through specialized electrode design 

(Cardin et al., 2010, Laxpati et al., 2014), while behavioral research sought solutions 

for flexible, untethered light delivery (Yang et al., 2022). Many of these obstacles were 

overcome in the initial years following the advent of optogenetics. 

However, a singular field within neuroscience remains a formidable challenge for 

integrating optogenetics: optical functional imaging. This domain, particularly the 

examination of individual neuron function within intact tissue, relies on detecting subtle 

fluctuations in light intensity. The development of two-photon microscopy combined with 

calcium indicators in the early 2000s enabled functional insights into neuronal circuits 

comprising hundreds of neurons in the rodent cortex (Grienberger and Konnerth, 2012, 

Grienberger et al., 2022, Grewe and Helmchen, 2009, Helmchen and Denk, 2005). This 

breakthrough significantly advanced our understanding of complex circuit dysfunctions, 

especially in the early stages of neurological disorders. The capacity to identify even a 

small fraction of dysregulated neurons within a circuit distinguishes this approach from 

single-cell or population-level analyses. Unsurprisingly, the integration of optogenetics 
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offers considerable potential in this arena, enabling the causal manipulation of 

individual dysregulated neurons while simultaneously monitoring circuit function. This 

convergence of optical imaging and optogenetics, known as "all optical physiology," 

became a reality in 2012 (Deisseroth, 2015, Boyden et al., 2005). However, early proof-

of-concept studies quickly revealed the unique challenges posed by all optical 

approaches, encompassing issues related to system integration, experimental design, 

and, notably, analysis. 

Several challenges emerged. Conventional line-scanning excitation methods proved to 

be inefficient. Additionally, only a limited number of opsins were found to be suitable for 

two-photon excitation (Chen et al., 2019), and predicting which opsins could be 

engineered for modified two-photon cross sections remains elusive, even though 

continuous efforts are taken to examine two-photon excitability of opsins (e.g. see 

(Sridharan et al., 2022)). Moreover, the light intensity required for two-photon 

optogenetics is orders of magnitude higher than that used for fluorophore excitation, 

leading to concerns about indicator bleaching and tissue heating (Papagiakoumou et 

al., 2010). Lastly, analysis hurdles included artifact removal and synchronization issues. 

These collective challenges have hindered the widespread adoption of all optical 

approaches despite their potential. 

What is more, two-photon microscopy reaches its limits when neuronal networks are 

located deeper than 500 µm below pia mater. Due to effects based on the principle of 

nonlinear optics, a maximum penetration depth is inevitably reached when out of focus 

intensities approximate to in focus intensities (Sinefeld et al., 2022, Rodriguez and Ji, 

2021, Takasaki et al., 2020, Rodriguez et al., 2021). This effect cannot be compensated 

by e.g. increasing the laser power, as the background intensity will increase together 

with the intensity in the focal plane (Svoboda and Yasuda, 2006). However, as the brain 

is a highly scattering organ (Al-Juboori et al., 2013) and scattering is depending on the 

applied wavelength (Meschede, 2015), shifting the excitation wavelength to near-
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infrared can overcome the maximum penetration depth used in two-photon microscopy. 

By shifting the excitation wavelength regime into a range of 1300 – 1700 nm, the effect 

of three-photon excitation is exploited to further increase the penetration abilities and 

enables the experimenter to resolve neuronal networks below 500 µm (Xiao et al., 

2023). However, this initially simple-sounding change to the excitation system presents 

the user with new challenges. First of all, commercially available light sources have a 

much lower repetition rate of usually 1 - 4 MHz than light sources employed in two-

photon microscopy, which comprise repetition rates of up to 80 MHz. Although light 

sources with a higher repetition rate do exist, the complexity and maintenance 

requirements of these systems make them unsuitable for (neuro)biological laboratories. 

The reduced repetition rate makes it impossible to use resonant mirror systems, as 

these are too fast for the pulse frequency emitted by the laser. As a result, 

galvanometric mirrors must be employed, which result in a drastic reduction in the 

framerate. Furthermore, excitation of fluorescent dyes by a three-photon absorption 

process requires a photon density even higher compared to a two-photon absorption 

process, resulting in an increased output power of the three-photon light source. Even 

though these obstacles pose major challenges in the application of three-photon 

microscopy, the potential advantages such as increased penetration depth, reduced 

out of focus intensity and decreased photobleaching and toxicity effects, renders this 

technology a promising evolution of the already established two-photon microscopy, 

especially in the face of developing all optical approaches. 

In this context, besides assessing the role of local neural network activity in maintaining 

a resilient behavioral phenotype upon social stress, another focus of this thesis is on 

the comprehensive workflow of an all optical experiment within circuit neuroscience. 

Recent advancements and the distinct requirements of all optical physiology will be 

discussed. In order to get a preliminary impression of the performance of a novel 

prototype light source that can be utilized for three-photon excitation, a microscope is 
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equipped with such a laser and data sets recorded with it are compared with data sets 

from a two-photon microscope in terms of imaging quality. The resulting findings are 

discussed and potential bottlenecks in the technology are identified. 

 

1.2 Processing of visual afferents in the primary visual cortex 

The visual system is one of the most important networks for perceiving our environment. 

We use it to navigate the world, to find food or to find our way in our society. It is a 

complex system that recruits different regions of the brain to represent the environment 

according to our needs (Hooks and Chen, 2020). Mouse models have formed the basis 

for research into the visual system due to the availability of genetic tools for analyzing 

gene functions and the architecture of neuronal circuits of precisely defined cell types 

(Seabrook et al., 2017, Ackman et al., 2012, Zhang et al., 2011). Furthermore, both in 

vitro studies for retinal function and in vivo studies that take the entire organism into 

account can be carried out in the mouse model. In addition, in vivo studies in the mouse 

allow the observation and manipulation of neuronal activity in larger animal cohorts in 

combination with behavior (Ackman et al., 2012, Glickfeld et al., 2013, Glickfeld et al., 

2014, Sohya et al., 2007, Stirman et al., 2016, Zhang et al., 2011, Ko et al., 2014, Roth 

et al., 2016).  

The following chapter shall serve as an overview of the visual stimuli processing. 

 

1.2.1 From the retina to the visual cortex 

Perception of visual afferents begins with photoreception. In the mouse two kinds of 

photoreceptors are present, the rods and cones. However, the rods, which operate best 

at low-light conditions, outnumber the cones (Fu and Yau, 2007, Seabrook et al., 2017). 

There are different subtypes of cones, which differ in their spectral sensitivity (Wang et 

al., 2011, Szatko et al., 2020). The spatial distribution of the cones in the retina is not 

uniform, but was, interestingly, adapted to ethnological needs in order to optimize both 
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contrast and color processing in the perceptive field environment (Applebury et al., 

2000, Baden et al., 2013, Wernet et al., 2014). Rods on the other hand are necessary 

for contrast detection and negligibly contribute to render spectral information (Kelber, 

2018). Photoreceptors convert light into electrical signals, which in turn are transmitted 

via retinal interneurons, called horizontal, bipolar and amacrine cells. They filter and 

shape the signals from the photoreceptors and transmit the signal to retinal ganglion 

cells (RGCs).  

 

Figure 1: Schematic representation of the visual pathway. Photoreceptors located in the retina convert 
light into electrical signals which are transmitted via retinal interneurons to RGCs. The axons of RGCs form 
the optic nerve which is separated in a contralateral and an ipsilateral projection, crossing in the optic 
chiasm (OC). The projections are guided to the thalamus and visual cortex, where visual information is 
initially processed. (from (Seabrook et al., 2017)) 
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The axons of these RGCs form the optic nerve, which is divided in two by each eye into 

an ipsilateral and contralateral projection. These projections cross in the optic chiasm 

(OC) and transmit to the corresponding areas of the brain, namely the Thalamus 

(consisting of the dorsal lateral geniculate nucleus (dLGN), intergeniculate nucleus 

(IGL) and ventral lateral geniculate nucleus (vLGN)), the Midbrain (the superior 

colliculus (SC)) and the visual Cortex (primary visual cortex (V1)). dLGN neurons send 

their axons to V1, which in the mouse consists of two zones: the monocular zone (M) 

receives information from dLGN exclusively from the contralateral eye, while the 

binocular zone (B) receives information from both eyes (Fig. 1) (Seabrook et al., 2017). 

We differentiate between two types of functions within the visual pathway, the “image-

forming visual pathway” and the “non-image-forming visual pathway”. Whereas the non-

image-forming visual pathway is needed for several key aspects necessary for vision, 

e.g. pupil reflexes, involuntary eye movements for image stabilization, regulation of 

hormone rhythms, sleep cycles and pain sensitivity (Dhande et al., 2013, Hattar et al., 

2003, Noseda and Burstein, 2011, Yonehara et al., 2009). However, the focus of this 

work is on the image-forming visual pathways, especially in the visual cortex V1. To 

grasp the environment as precise as possible, information collected by the retina needs 

to be represented in a topographic map, which is termed retinotopic mapping or 

retinotopic organization. 

 

Figure 2: Retinotopic organization and mapping of the visual cortex. (A) Spatial arrangement of 
axonal projections in elevation and azimuth in dLGN (left), SC (center), and cortex (right) (B) The visual 
cortex in mice is subdivided into 9 areas adjacent to V1: V1(VISp), primary visual area; VISa, anterior area; 
VISal, anterolateral visual area; VISam, anteromedial visual area; VISl, lateral visual area; VISli, 
laterointermediate area; VISpl, posterolateral visual area; VISpm, posteromedial visual area; VISpor, 
postrhinal area; VISrl, rostrolateral visual area. Scale bar: 1 mm. (adapted from (Hooks and Chen, 2020)) 
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Retinotopic maps result from the spatial arrangement of axonal projections of RGCs 

onto a receptor target and the extent of postsynaptic neurons that collect synaptic input 

from the RGC axons (Fig. 2 A). Therefore, excitation patterns in the neighboring 

photoreceptors in the retina are also mapped onto neighboring neurons in the brain. 

This physiological organization for the detection of visual stimuli is present across the 

species (Garrett et al., 2014, Marshel et al., 2011, Wang and Burkhalter, 2007, Zeki, 

1993). 

The higher-order visual cortex (HVA) in mice has been parcellated  more and more 

precisely over decades of research: Initial maps of the HVA were drawn by defining 

cytoarchitectural boundaries in terms of cell and fiber density and resulted in mainly two 

adjacent areas next to V1 (identified as Brodmann’s area 17) on lateral (area 18a) and 

medial (areal 18b) side (Caviness, 1975). Applying intrinsic imaging lead to the 

identification of at least 9 distinct subareas (Fig. 2 B) surrounding V1 (Garrett et al., 

2014).  

1.2.2 Processing of visual afferents, orientation selectivity and neuronal 

plasticity in V1 

One of the main tasks of the V1 is the perception of movements in the animal's 

environment. The so-called static and drifting grating stimulation is one way of 

simulating clearly defined movement patterns in in vivo studies. These stimulation 

patterns, consisting of alternating black and white bars arranged at different angles, 

which are either static or moving, i.e. drifting, in turn stimulate neurons that are 

specifically used to detect these high-contrast patterns. Neurons responding to these 

signals are termed direction- or orientation-selective. Orientation-selective neurons in 

V1 in mice, unlike in cats and monkeys, do not follow a clear pattern to one another in 

regards to the retinal surface, but rather show a so-called salt and pepper organization 

(Seabrook et al., 2017). This thesis will only focus on network activity in V1, even though 

recent studies showed that orientation selectivity is already processed in the dLGN shell 
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(Briggman et al., 2011, Huberman et al., 2009, Wei et al., 2011), the SC (Ahmadlou and 

Heimel, 2015, Feinberg and Meister, 2015) and evidence suggests that even some 

RGCs in mice might be orientation selective (Baden et al., 2016, Nath and Schwartz, 

2016). 

The development of the visual system begins in utero and undergoes an initial 

reorganization in early life, where a spontaneous activity- and experience-dependent 

restructuration takes place (Rochefort et al., 2009). The uniqueness of the visual system 

is demonstrated by its resilience to disturbances during and after this early life 

development phase (Hooks and Chen, 2020). Network changes during the 

developmental phase have been the subject of intensive research and namely take 

place during sensitive periods (SPs) and critical periods (CPs). SPs describe windows 

during development where neuronal circuits are altered based on experience-

dependent modifications. It is worth noting, that these changes can also occur outside 

of SPs in later life stages, albeit to a lesser extent. CPs on the other hand are subsets 

of SPs and are characterized by a sharp on and offset in which experience-induced 

changes can model the neuronal network. Furthermore, changes during CPs are 

considered crucial for subsequent normal connectivity and function (Voss, 2013), even 

though substantial plasticity during adulthood beyond CP can be induced by using 

stimulus paradigms that do not resemble experiences gained during CP (Espinosa and 

Stryker, 2012, Fong et al., 2016, Hensch and Quinlan, 2018, Sato and Stryker, 2010). 

In their joint review, Hooks and Chen summarize, that the visual circuit is indelibly 

altered by experience (Hooks and Chen, 2020). 

 

1.3 The bound brain and the selfish network 

The presence of cognitive and executive functions in the brain and higher mental 

abilities that we generally regard as consciousness, at least in humans, by consensus 

of the prevailing view, arise from a complex architecture of neural interactions. Efforts 
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to explain the behavioral patterns ultimately resulting from sequences of neuronal 

activity patterns have been conducted particularly in low-complexity species, such as 

C. elegans (Gottschalk, 2020, de Bono and Maricq, 2005, Atanas et al., 2023) and 

Drosophila (Fisher et al., 2015, Ketkar et al., 2022), which comprise a relatively well-

defined and simple brain structure. Even brains in more highly evolved species, despite 

their increased complexity and refined behavioral capabilities, are still subject to the 

same principles of functionality. However, it must be taken into account that not only 

genetic inheritance determines the underlying pattern of neuronal activity, and thus 

observable behavior, but also epigenetic influences due to the presence of a socio-

cultural environment. These external, behavioral influences have recently emerged as 

a focus of research in translational studies. 

For example, different cortical areas, which perform well-defined neurophysiological 

functions, are based on similar processing algorithms. This is a fundamental necessity 

to guarantee a generalized and abstracted encoding of the environment. The wiring of 

the individual cortical areas does not follow a serial hierarchy, but shows to a 

considerable extent a parallelized structure based on reciprocity and decentralization. 

This results in neurons in sensory cortices being able to communicate directly with 

executive areas. A mesh of connections ultimately creates a highly structured entity that 

has properties of a small world network where representations of the environment are 

reflected by complex spatio-temporal patterns of neuronal activity, rather than a single 

locus or the historical concept of the presence of a homunculus. 

The bottom-up (Britten et al., 1996) and top-down (Nienborg and Cumming, 2009) 

hypotheses have been the common explanations of how the brain processes incoming 

sensory stimuli and, in consequence, how actions are executed. In these classical 

hypotheses of well-defined allocations of tasks, carried out by specific brain regions 

(Strotzer, 2009), sensory cortical brain regions were attributed solely a sensory-

processing function. In the last few years, the notion of sensory cortical areas being 
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associated exclusively with processing input related to its given modality, e.g. the visual 

cortex, attributed to visual perception only, has been challenged. Although the main 

function of the visual cortex unquestionably is the processing of visual input, there is 

evidence that an intensive exchange of different cortico-cortical and sub-cortical regions 

takes place before and during responses upon external stimulation, and that cortical 

regions also contribute to decision making, albeit to a lesser extent (Zatka-Haas et al., 

2021). 

In order to fully comprehend a visual object, physically perceptible properties such as 

shape, color, odor, surface texture, and other types of information are processed in the 

brain. The actual perceptual processing in different sensory cortices requires an 

integration of the multitude of information to fully grasp the entity of an object. There is 

evidence, that this is achieved by a much more complex interaction between sensory 

cortical regions than suggested by traditional theories, such as the conceptualization of 

autogenous cerebral processes (ACPs) as an explanation for the theory of “active 

sensing” highlighting the interplay of various motoric and sensory cortical areas 

(Maldonado et al., 2023). 

What is more, many neurological diseases such as Multiple Sclerosis, Huntington’s 

disease or Alzheimer can already be diagnosed before phenotypical changes that are 

associated with progression of the disease become evident (Dominguez-Fernandez et 

al., 2023, Doroszkiewicz et al., 2022, Mukherjee et al., 2020, Sung et al., 2023, Zarhin 

et al., 2022, Safai et al., 2021, Helson et al., 2023, Ying et al., 2022, McTeague et al., 

2020). For example, it has been shown that early-stage neurological diseases affect 

neuronal activity on the network level before the onset of disease-defined phenotypic 

changes and that an early shift of neural network activity might represent the actual 

onset of the disease (Stroh et al., 2024, Ellwardt et al., 2018, Arnoux et al., 2018). These 

changes can be manifested as neuronal hyperactivity in mouse models of Alzheimer 

and are only associated with subtle behavioral dysregulations (Rosales Jubal et al., 
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2021, Zott et al., 2018) which can even occur in brain regions that were thought to not 

be affected by symptoms during late disease progression (Rosenberg et al., 2015). The 

aim of the shift of network activity is not to preserve or achieve a long-term stable 

architecture, but instead to maintain the momentary status quo of functionality. As this 

procedure can be interpreted as short-sighted and without regard to influences on the 

functionality of other brain regions, these networks are referred to as selfish networks. 

Indeed, a local network dysregulation governed by a selfish network can bidirectionally 

impact other selfish networks who share the same fate and therefore initiate an 

avalanche, forcing the organism so maintain functionality. When certain tipping points 

are reached, a rapid decline in behavioral functions can be observed. It is proposed that 

the principle of selfish networks renders boundaries of a maladaptive network in a 

spatio-temporally dynamic manner and that they can occur in all neuronal network 

spatial scales due to their tight interconnections, reinforcing the theory of a functionally 

bound brain. 

Developed over millions of years of evolution, homeostatic processes within the 

organism are initiated upon network dysregulations and serve the purpose to maintain 

the neuronal set point, or the functionality of a network, and can vary from subject to 

subject (Styr et al., 2019, Wu et al., 2022, Wu et al., 2020, Torrado Pacheco et al., 

2021). Initially, these compensator mechanisms may suffice to maintain functionality 

which will be preserved for a certain amount of time and deficits remain undetected at 

an organismic level, but the networks are inevitably driven away from their evolutionary 

dedicated set point. Only when severe signs of a disease are observable, a tipping point 

of compensation efforts is reached and a new metastable set point is established. 

As mentioned before, early network dysregulations can occur in areas that are not 

associated to the typically affected brain regions of a disease. Therefore, primary 

sensory cortices may offer a promising opportunity to investigate these early 

impairments in local functional architecture. As postulated by the principle of a bound 
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brain (Zatka-Haas et al., 2021, Singer, 2009, Singer, 2013), disruptions in neural 

network architecture of distant regions also impair multiple local networks within the 

whole brain. Since the visual cortex is connected to many other areas and has input 

and feedback to, for example, the motor system, but also connections to areas 

attributed to emotional regulation, it is an ideal candidate to study network 

dysregulation. Indeed, in the presymptomatic phase of a mouse model of HD, with the 

disease onset marked by the occurrence of clinically significant motor symptoms, a local 

shift toward hyperactivity could be found within the visual cortex: an increase of 

synchronicity could be observed which is considered to be an active process in early 

disease progression (Arnoux et al., 2018). Furthermore, in a mouse model of AD, whilst 

amyloid plaque formation was still absent, a new neuronal set point within the visual 

cortex could be identified (Rosales Jubal et al., 2021). The dynamical systems theory 

provides tools suitable to describe and characterize properties of network states such 

as stability and trajectory (Breakspear, 2017). Describing a neural network employing 

systems theory, the network depicts a multidimensional system, mathematically 

translated into coupled differential equations with multiple parameters with 

corresponding multidimensional parameter spaces, which can result in trajectory 

dynamics composing of attractors, which are stable and self-stabilizing solutions, 

repellers, representing unstable solutions and saddles, which are semistable solutions 

(Deco and Jirsa, 2012). The challenge therefore lies in the multitude of potential states: 

Each neuron can be described by a binary functional state of inactive (0) and active (1). 

Taking into account that each neuron may have up to 10,000 synaptic connections, the 

number of potential states is hard to grasp. 

However, when omitting the topological view of a network and instead apply a network-

state-centered approach, where only a low number of network states exist over time, a 

dimensionality reduced approach with a limited set of discrete states can be employed 

(Finkelstein et al., 2021). By moving from neuronal to parameter space, most of the 
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variance of the system can be described in time. The parameters itself contain a subset 

of framework conditions, such as the molecular principle of a disease, network 

compensations or the functional outcome. By modelling the interaction between all 

parameters, a parameter landscape can be generated, containing attractors, repellers 

or saddles, whereas time represents the parameter describing the trajectory of the 

system that is moving through the parameter landscape (Freyer et al., 2012). The 

impact on the systems trajectory and a given outcome can vary: If certain boundaries 

are not crossed, the system will trace back to the given state. In case the impacts 

exceed these boundaries, the system can be driven into a different attractor state 

associated with change in functionality. These changes can be maladaptive in 

character, e.g. if strong risk factors hit the system in a vulnerable state, or, in case of 

an intervention, render an attractor state considered beneficial (Kaiser et al., 2022, Stiso 

et al., 2019).  

Considering the bound brain theory that postulates a highly dynamic connectivity of 

brain areas in combination with the novel concept of selfish networks explaining the 

transition of a neuronal network upon exposure to adverse conditions, together with the 

high plasticity of the visual cortex even in adulthood that is formed on the basis of 

experience, renders the visual cortex a promising region to describe influences of 

chronic social stress on cortical micronetworks.  

 

1.4 The importance of translational models for stress assessment 

1.4.1 The concept of resilience 

The concept of stress resilience describes an individual’s capability to maintain or 

recover mental health during and after adversity (Kalisch et al., 2017). In 2019, Kalisch 

and colleagues proposed, to omit the generally prevailing view that resilience is a 

uniform personality construct that protects the individual from the progression into 
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mental illness and replaced it by a view that describes resilience as complex dynamic 

processes. These processes include adaptation to stressors by activation of 

independent protective factors, covered by biological, psychological and social levels 

and take stable predispositions like genotype or personality traits into account as well 

as alterable characteristics, abilities, capacities or external factors. In this fine-grained 

explanatory approach, psychiatric disorders are described by dynamic network nodes 

of interacting symptoms which might drive an individual into a stable and maladaptive 

state of disease, while on the other hand, resilience factors comprise of additional, 

independent network nodes which are able to weaken symptom-symptom 

interconnections.  

In these symptom networks, each node represents a symptom (Fig. 3 A, symptom 1-

4). These symptoms can be strongly statistically associated and are able to influence 

each other determined by the strength of interconnection. The network in Fig. 3 A a) 

represents a healthy network in which symptom interaction is low. The network in Fig. 

3 A b) represents a symptom network with several symptoms showing high, correlated 

activation.  

Since each node can undergo changes in its severeness of expressed symptoms, the 

network underlies dynamic changes. Measuring symptoms at different timepoints t 

allows for estimating cross-sectional contemporaneous which occur at the timepoint t 

(Fig. 3 B a)) and longitudinal symptom connections which undergo a time-delayed 

change from t to t+1 (Fig. 3 B b)). Temporal connections are directional, as indicated 

by the arrowheads and are shown here in a reciprocal manner. However, it has to be 

noted, that temporal symptom-symptom connections certainly can be unidirectional and 

the strength of the connection can differ. Furthermore, the model assumes that the time 

points of the evaluation of symptom severity and interconnection strength take place at 

regular intervals, but is in principle not restricted to it and could even consist of a 

continuous assessment of time processes.  
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An explanatory progression of a dynamic system into a maladaptive state is shown in 

Fig. 3 C:  The considered network is free of high active nodes at the timepoint t, the 

system is in a stable state of “mental health” (Fig. 3 C “t”). At timepoint t+1, an external 

stressor (E) is introduced which leads to an increase of severeness of symptom S1 (Fig 

3 C “t+1”). Due to the postulated node interconnection, symptoms S2 and S3 are now 

also driven into a strong co-activation, exhibiting severe activity themselves (Fig 3 C 

“t+2”). The system state thus achieved can be characterized as “reaching mental 

disorder” and, in some cases, can be stable or self-sustaining in its persistence (Fig 3 

C “t+3”) even in the absence of the stressor (E).  

 

Figure 3: Illustration of a novel approach to grasp resilience factors upon stress exposure. S1-S4 
represent nodes of psychiatric symptoms with the filling grade of the circle as a description of 
distinctiveness. Line thickness indicates the interaction between separated symptoms and their ability to 
increase each other. E represents the presence of a stressor and RF poses a resilience factor. (adapted 

from (Kalisch et al., 2019)) 
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The question arises, how the variation of outcomes regarding mental health in different 

subjects can be explained while being exposed to the same stressors. Certainly, not 

only the strength of symptom-symptom interconnections plays a crucial role how an 

individual maintains mental health in the face of adversity, but also the presence of 

resilience factors poses a fundamental coping mechanism. These resilience factors are 

introduced as dynamic nodes themselves into the “hybrid symptom-and-resilience 

factor” (HSF) termed model (Fig 3 D). Resilience factors are activated in stressful 

situations and can be trained over time: The time-variant degree of 

efficiency/effectiveness of a resilience factor (RF) increases over time (Fig 3 D “t” to 

“t+1”), indicated by the green filling, and becomes stronger while effectively reducing 

symptom auto-connections (Fig 3 D “t+2”) or symptom-symptom interconnections (Fig 

3 D “t+3”) (Kalisch et al., 2019). 

The here presented refined HSF model, depicting maintenance of mental health as 

interplay of several symptom and resilience factor nodes, allows to grasp the complex 

network in a mathematical model. These models can be based on parametric stochastic 

Lotka-Volterra systems (van Nes and Scheffer, 2004), bifurcation theory (Scheffer et 

al., 2012) and auto-regressive models (Scheffer et al., 2009), as well as non-parametric 

methods, e.g. regularized partial correlation analysis for continuous variables 

(Friedman et al., 2008) or Ising models for binary data (van Borkulo et al., 2014). 

However, it has to be noted, that mathematical and computational limits occur due to 

the large number of resilience factors already identified (Kalisch et al., 2017, Bonanno 

et al., 2015) and the continuous increase of datasets in temporal dimensions and 

number of subjects. Furthermore, it still remains elusive, how to define the nodes and 

which ones need to be included in a given model, as an incorrect implementation into 

a mathematical model will inevitably lead to inconclusive results. 
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1.4.2 Mimicking traumatic experiences in mice – Chronic Social Defeat 

and Social Interaction Tests 

The development of animal models to study depression poses a major challenge in 

psychiatric research. A vast variety of paradigms were developed to mimic forms of 

chronic stress to induce behavioral adaptations relevant to depression, e.g. chronic 

unpredictable stress, restraint stress and foot-shock stress, which are often followed by 

behavioral measures related to anhedonia or despair (Krishnan and Nestler, 2010, 

Krishnan and Nestler, 2008, Nestler and Hyman, 2010). However, there is a limited 

availability of animal models that address the dynamic ranges of reactions an individual 

can show in response to stressors and, what is more, can be employed to investigate 

the resiliency towards the exposure to stressors (Yehuda et al., 2006). Social stressors 

are known to drive affective behavioral responses in a variety of mammalian species. 

A repeated social stress exposure of rodents can for example lead to behavior linked 

to anhedonia, anxiety or social-avoidance (Kudryavtseva et al., 1991, Rygula et al., 

2006a, Rygula et al., 2006b, Rygula et al., 2005, Berton et al., 2006).  

In particular, Chronic social defeat (CSD)-induced social avoidance is considered to 

model a feature of stress-related mental dysfunction, while its absence can be used as 

a proxy of resilience in rodents (Ayash et al., 2020). In a chronic social defeat paradigm, 

the experimental mouse is forced to intrude the territory of a larger mouse of a more 

aggressive genetic strain, which ultimately leads to attacking behavior towards the 

intruder. In order to avoid a context-related aversion to a single attacker or a habituation 

of the aggressor towards intruders, this is carried out between 10 (Leschik et al., 2022, 

Wendelmuth et al., 2020, Krishnan et al., 2007) and 15 (Grandjean et al., 2016, Kumar 

et al., 2014, Azzinnari et al., 2014) days, depending on the paradigm, with changing 

residents in each trial (Golden et al., 2011). During an encounter phase the aggressor 

is allowed to attack the intruder, which is limited to an initial attack of a few seconds 

(Azzinnari et al., 2014, Wendelmuth et al., 2020, van der Kooij et al., 2018) or can last 
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up to minutes (Krishnan et al., 2007, Leschik et al., 2022). This phase is followed by a 

sensory phase in which both mice are separated from each other, e.g. by a metal grid, 

but sensory perception is still possible. To assess the level of social-avoidance, which 

is supposed to be related to a rather resilient or susceptible behavioral outcome of the 

experimental mouse, a social interaction test (SI-test) is carried out either on the 

following day of the final defeat trial, or up to 10 days later (Krishnan et al., 2007, van 

der Kooij et al., 2018, Wendelmuth et al., 2020). Here, the experimental animal is placed 

in an unfamiliar cage containing a separate container, which is surrounded by the so-

called interaction zone. This container allows for sensory but not physical interaction 

and is either empty or contains a mouse of the aggressive substrain. By comparing the 

time a mouse spends in an interaction zone with an aggressive mouse within the 

container to the time it is empty, a social interaction value (SI-value) is calculated (Fig. 

4).  

 

 

Figure 4: Social interaction test for classifying stress resilient or susceptible phenotypes. Outcome 
and classification of stress resilient and susceptible mice by carrying out a SI-test upon chronic social 
defeat (adapted from (Krishnan et al., 2007)). 

It has been shown that when analyzing a large number of chronically defeated mice, 

there is a wide spread of responses, with 40-50% of the defeated mice showing similar 

interaction values to the non-defeated control subjects. Since the vast majority of control 

mice spend more time interacting with a social target than with an empty target 

enclosure, an interaction ratio of 100 (equal time in the presence and absence of the 
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aggressive substrain) was set as a cut-off value. Mice with values <100 are labeled 

"susceptible" and those with values ≥100 are labeled "resilient" (Krishnan et al., 2007).  

 

1.5 Physiological basis of calcium imaging as a surrogate marker of 

neuronal activity 

Neurons are surrounded by a cell membrane, a phospholipid bilayer, in which a variety 

of channels are embedded. These channels allow for the active and passive transport 

of ions into or out of the cell. While neurons are inactive, a potential difference of -70 

mV results between the cytosol and the extracellular medium, termed resting potential 

(Fig. 5 B-I). When a neuron receives a stimulus, voltage gated Na+ channels begin to 

open and sodium can enter the cell. Here, a threshold potential of – 50 mV needs to be 

reached in order to open additional Na+ channels. Should the threshold potential not be 

reached, the excitation is reversed.  

 

Figure 5: The action potential. (A) Historical measurement of an action potential by Huxley and Hodgkin. 
Recorded in the axon of a squid. (Hodgkin and Huxley, 1939). (B) Exemplary signal waveform of the 
membrane potential during an action potential. The neuron receives a stimulus (I) and Na+ channels begin 
to open. When a threshold of -50 mV is reached, more Na+ channels open and during the depolarization 
phase the membrane potential increases up to +30 mV. At +30 mV, the Na+ channels close (II) and K+ 
channels open (III), allowing potassium ions to migrate to the extra cellular, initializing the repolarization 
phase (IV). The slow kinetics of K+ channels lead to a membrane potential below resting potential, termed 
hyperpolarization (V). During hyperpolarization, no action potential can be carried out. By activation of 
Na+/K+ pumps, which transport sodium ions out and potassium ions inside the cell until the resting potential 
(VI) is reached again (adapted from (Sanei and Chambers, 2007)). 

If the membrane potential surpasses the -50 mV, a rapid change of potential is initiated, 

which is referred to as action potential. It has to be mentioned that the generation of an 



Page | 23  
 

action potential follows an all-or-nothing principle: either the incoming stimulus is strong 

enough to evoke an action potential – or not. Upon surpassing the threshold potential, 

the depolarization phase is initiated and more sodium enters the cell until the membrane 

potential reaches +30 mV. At the peak of the action potential, most of the voltage gated 

Na+ channels close again (Fig. 5 B-II), preventing further sodium ions to enter the cell. 

At commencement of the repolarization phase, K+ channels open (Fig. 5 B-III), which in 

turn enable positive charged potassium ions to migrate from the cytosol to the 

extracellular medium, causing the membrane potential to recede towards the resting 

potential (Fig. 5 B-IV).  

 

 

Figure 6: Neuronal calcium signaling. Calcium influx into the cell is mediated by NCX, NMDA, calcium 
permeable AMPA receptors, VGCC and TRPC channels. In addition, internal calcium storages in the ER 
are controlled by IP3R and RyR receptors, but also storages in Mitochondrion release calcium. Calcium 
efflux into the extracellular medium is mediated by PMCA and NCX. (from (Grienberger and Konnerth, 

2012))  

As a consequence of the potassium efflux and the longer closing kinetics of K+ channels 

compared to Na+ channels, the membrane potential reaches for a short time potentials 
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below the resting potential, called refractory period or hyperpolarization (Fig. 5 B-V). 

During hyperpolarization, Na+/K+ pumps are activated and restore the resting potential 

by pumping sodium ions out of the cell and potassium ions into the cell (Fig. 5 B-VI). 

While the neuron is hyperpolarized it is not excitable (Kandel, 2013, Schmidt and 

Schaible, 2006).   

Calcium is an essential intracellular messenger. At rest, most neurons have an 

intracellular Calcium concentration of approximately 50-100 nM, which can increase 10- 

to 100-fold when an action potential is occurring, and can therefore be utilized as a 

surrogate marker of action potential occurrence, at least in the neuronal soma (Berridge 

et al., 2003). Some of the key mechanisms are illustrated in Fig. 6: at each time point, 

cytosolic Calcium concentration is defined by the ratio of Calcium in- and efflux, as well 

as by the release and uptake of Calcium by internal storage units. In addition, Calcium-

binding proteins such as parvalbumin, calbindin-D28k, or calretinin act as Calcium 

buffers and thus regulate the temporal dynamics of free Calcium in a neuron (Schwaller, 

2010). It is worth mentioning that only free Calcium ions are relevant for cellular signal 

transduction. Many mechanisms lead to the influx of Calcium from the extracellular 

milieu into the cell, such as the opening of voltage-gated Calcium channels, ionotropic 

glutamate receptors, nicotinic acetylcholine receptors (nAChR), and TRP channels type 

C (TRPC, transient receptor potential channels type c) (Fucile, 2004, Higley and 

Sabatini, 2008, Ramsey et al., 2006). Efflux of Calcium from the cytosol is regulated by 

plasma membrane Calcium ATPase (PMCA) and by Na+-/Calcium exchangers (NCX) 

(Berridge et al., 2003). Release from internal storage units, mainly from the 

endoplasmic reticulum (ER), is controlled by IP3 receptors (IP3: inositol triphosphate) 

and ryanodine receptor (Berridge, 1998). In this process, inositol triphosphate can be 

formed in neurons themselves, for example, through the activation of metabotropic 

glutamate receptors (Niswender and Conn, 2010). The high Calcium concentration 

within the ER is provided by the Sarco-/Endoplasmatic Reticulum Calcium ATPase 
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(SERCA), which transport Calcium ions from the cytosol to the lumen of the ER. In 

addition to the ER, mitochondria are important for neuronal Calcium homeostasis 

because they act as buffers during the cytosolic Calcium rise by taking up Calcium 

through a uniporter and then slowly releasing it back into the cytosol through Na+-

/Calcium exchangers (Duchen, 1999).  

 

1.6 Making the brain glow – the revolutionary concept of genetically 

encoded calcium indicators 

Functional calcium imaging utilizes the action-potential related calcium influx into a cell 

as a correlate of neuronal activity (Boiroux et al., 2014, Chen et al., 2012, Adelsberger 

et al., 2014). For this, an indicator is injected into the brain region of interest. One of the 

indicators used is Oregon Green Bapta-1 (OGB-1), which is based on the molecule 1,2-

bis-(2-amiophenoxy)ethane-N,N,N,N-tetraacetate (BAPTA). In addition to the Calcium-

binding molecules, the dye consists of fluorophores, whose structure is responsible for 

the spectral property. OGB-1 is excited by light with a wavelength of 488 nm. The 

emission spectrum reaches its maximum at 520 nm (Paredes et al., 2008). The intensity 

of the emitted fluorescence of this dye increases with increasing Calcium binding. It has 

been shown that simultaneous recording of spontaneous Calcium transients using 

OGB-1 and current-clamp techniques (Fig. 7 A), in which a single cell attached to 

electrodes allows the membrane potential to be recorded and thus provides direct 

information as to whether a cell is performing an action potential (Fig. 7 B), leads to a 

linear increase in the intensity of fluorescent light (Rochefort et al., 2009). This indicates 

that the change in fluorescence is correlated directly with the number of action 

potentials carried out (Fig. 7 C). 
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Figure 7: OGB-1 allows for an accurate representation of APs. (A) Simultaneous recordings of Calcium 
transients and underlying action potential firing of a neuron in layer 2/3 of the visual cortex. (B) Correlating 
fluorescence intensity of the indicator and single cell activity, measured using the current-clamp technique. 
(C) a linear relationship exists between AP's of a cell and the increase of changes fluorescence. (from 
(Rochefort et al., 2009)) 

However, only the invention of genetically encoded calcium indicators (GECIs) truly 

revolutionized the field of in vivo fluorescence microscopy: here, viral transduction is 

used to express the GECI in a cell over a prolonged period of time. Currently, the most 

commonly employed GECIs are from the GCaMP-family. The first version of GCaMP 

was introduced by Nakai et al. in 2001(Nakai et al., 2001) and has been further 

developed since then. To date, the GCaMP family has been developed up to version 

GCaMP8, even though its predecessor, GCaMP6, is still widely used today. In principle, 

all members of the GCaMP-family consist of a circularly permuted green fluorescent 

protein (cpGFP), Calcium binding calmodulin (CaM), and an M13 peptide that interacts 

with CaM (Chen et al., 2013a). A calcium-dependent conformational change in the 

CaM-M13 complex leads to a change in fluorescence properties with increasing 

Calcium concentration. Although GCaMP does not have the sensitivity and temporal 

resolution in detecting single action potential as (Fig. 8), for example, OGB-1, it offers 

the advantage that measurements can be made weeks after the vector is injected 

(Huber et al., 2012, Tian et al., 2009, Peters et al., 2014, Margolis et al., 2012). 

Furthermore, specific cell types and populations can be investigated by using 
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1.6.1 Have you tried to turn it off and on again? Circuit manipulation by 

optogenetics 

The development of optogenetics enables the investigation of neuronal microcircuits 

through the possibility of cell-specific manipulation upon light exposure of individual 

neurons with millisecond temporal precision and minimal invasiveness (Boyden et al., 

2005). Moreover, this method can be combined with other well-established methods for 

the detection of neuronal activity, for example single-cell electrophysiology, 

microelectrode arrays (MEA) (Yang et al., 2017), functional magnetic resonance 

imaging (Schmid et al., 2017, Schmid et 

al., 2016, Schwalm et al., 2018), or 

optical methods such as two-photon 

calcium imaging. Within the opsins, a 

distinction is made between excitatory 

and inhibitory opsins. A commonly used 

representative of the excitatory opsins is 

channelrhodopsin-2 (ChR2), a cation-

selective ion channel that is activated by 

light of a wavelength of 460 nm (Nagel et 

al., 2003, Nagel et al., 2002). In the 

absence of light, the channel remains 

closed and does not allow any influx of 

ions (Fig. 9 A, left). When the channel is 

excited with light at a wavelength of 460 

nm, it opens due to an underlying 

conformational change upon photon 

absorption and allows the passive flow of 

different cations into the cell according to 

Figure 9: Principle of optogenetics. (A) An 
excitatory channel (left) and inhibitory ion-pump (right) 
prior excitation by light in their inactive state. (B) Upon 
excitation with 460 nm light, ChR2 undergoes a 
conformational change and ions can stream into the 
cell, whereas HR pumps chloride ions into the cell 
when excited with a wavelength of 570 nm. (C) This 
results in a depolarization (left) of the cell and 
generates an action potential, while activation of HR 
leads to an inhibition of the cell (right). (from (Luan et 
al., 2014)) 
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the electrochemical gradient (Fig. 9 B, left), leading to a light mediated depolarization 

of the cell (Fig. 9 C, left).   

An example of an inhibitory opsin is NpHR, a member of the Halorhodopsin family, 

which can be described as a hyperpolarizing light-driven chloride pump. Similar to 

excitatory opsins, the chloride pump stays inactive while not exposed to light (Fig. 9 A, 

right). Upon light exposure of a wavelength of 570 nm, chloride ions are pumped into 

the cell via the membrane pump (Fig. 9 B, right), ultimately suppressing neuronal 

activity by hyperpolarization (Fig. 9 C, right) (Schobert B, 1982, Han and Boyden, 2007, 

Zhang et al., 2007). Another inhibitory opsin, ArchT (Chow et al., 2010, Han et al., 

2011), enables neuronal inhibition by pumping protons out of the cell after absorption 

of excitation photons, thereby changing the pH between intra/extra cellular space. What 

is more, all opsins can be fused with a promoter, allowing for well targeted, cell-specific 

perturbation of neuronal microcircuits.  

 

1.7 Microcircuit mapping by multi-photon microscopy 

Circuit neuroimaging historically originated in invertebrate species, and, alongside with 

the technique maturation and development, has been introduced in application of 

various model organisms, such as Zebrafish, allowing e.g. for the whole body imaging 

of transparent zebrafish larvae (Kim et al., 2017). In recent years, optical imaging of 

local circuits has been predominantly applied in mouse models. This is on the one hand 

due to the fact of the availability of mouse models of human disorders, and also due to 

the rather preserved cortical cytoarchitecture in comparison to humans. The limitation 

of penetration depth and of course the invasiveness of the method currently seems not 

to allow the implantation in human preclinical research. Here, we focus on the 

implementation of all optical approaches in mouse cortex. Cortical networks are 

critically involved in fundamental tasks of the brain, starting from sensory processing 

(Zagha et al., 2013, Crochet and Petersen, 2006, Petersen and Crochet, 2013), to 
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decision making (Francis et al., 2018, Gire et al., 2013, Chen et al., 2017) and 

mechanisms involved in consciousness (Redinbaugh et al., 2020, van Vugt et al., 

2018). Optical neuroimaging using genetically encoded calcium indicators (Chen et al., 

2013a) can resolve the activity of local neuronal population even with single-AP 

resolution of sparsely firing neurons. Recent advances (Ghanbari et al., 2019a, 

Ghanbari et al., 2019b) even allow for the detection of cortex-wide activity of thousands 

of neurons in real time. Certainly, despite these advances, genetically encoded calcium 

indicators are inherently slow, so single APs can only be resolved if the inter-AP interval 

is sufficiently long, preventing the resolution of individual spikes e.g. of fast spiking 

interneurons such as PV interneurons (Chen et al., 2013a). What is more, the frame 

rate of current commercially available two-photon microscopes is around 30 Hz for full-

field imaging, at least for the majority of microscopes equipped with resonant scanners 

(Boiroux et al., 2014). Using random access scanning, the temporal resolution can be 

increased, but at the expense of a limited ability to do post-hoc operations for movement 

correction. While inertia free acousto-optic modulator (AOM) systems allow for a much 

higher framerate (Chen et al., 2012), the current standard in the field is single-plane full 

field imaging at 30 Hz, a good trade-off between speed, SNR and field of view size. 

This has important implications for the integration of optogenetics in an optical 

microcircuit imaging framework, and designing a framework which avoids the loss of 

even a single imaging frame is highly advisable. Here, with these limitations in mind, a 

concept is proposed that is focusing on artefact avoidance or removal, to retain the 

utmost temporal resolution. Even more so, for the relation of a per se unspecific signal 

i.e. the increase of fluorescence intensity to an underlying AP, specific criteria need to 

be met in terms of the temporal dynamics of an AP-related event. The entire work flow 

of an optical functional imaging approach has to be tailored, starting from the design of 

the hardware, to the experiment itself, and the subsequent analysis. This chapter does 

not strive for giving an overview of all possible solutions of the integration of 
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optogenetics for all-optical experiments, but rather focused on a few tried-and-tested 

pipelines. 

1.7.1 Principles of fluorescence: one-photon excitation 

Fluorescence describes the emission of light by a previously excited atom or molecule 

(Meschede, 2015). A photon hits an electron in the shell of the atom to be excited and 

raises it to the next higher energy level (Fig. 10 A, B). This electron then falls back to 

its basic level by emitting a photon, and the photon energy absorbed by the electron is 

converted into the fluorescence photon. According to the Stokes rule, the energy of the 

emitted photon is lower than the energy of the exciting photon. This can be explained 

by kinetic collision processes between the atoms. The difference in wavelength 

between the exciting photon and the emitted photon is known as the Stokes difference 

or Stokes shift (Fig. 10 C). 

 

Figure 10: Principles of fluorescence excitation. (A) A photon hits an electron which in turn is shifted to 
the next higher shell, reaching the excitation state. Afterwards, the electron falls back to its original state 
while emitting a photon. (B) Representation of the absorption and emission by a Jablonski chart. (C) The 
emitted photon comprises a longer wavelength compared to the excitation photon. The difference between 
these wavelengths is called Stokes shift. Figure by Hendrik Backhaus. 
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1.7.2 Principles of fluorescence: two-photon excitation 

An atom can also be excited under certain conditions, when two photons hit the target. 

Utilizing mechanisms of non-linear optics, two photons can be absorbed by the atom 

and contribute to the excitation if they hit the target within 10-15 to 10-18 s (Svoboda et 

al., 1997). The short duration is explained by the Heisenberg uncertainty principle: since 

there is no intermediate level between the two energy levels in the Jablonski diagram, 

a virtual intermediate level is used whose lifetime corresponds approximately to the 

duration of the absorption process (Baym, 2018). The process of two-photon absorption 

was first described by Maria Goeppert-Mayer in 1931 (Fig. 11).  

 

Figure 11: Initial description of multiphoton absorption by Maria Goeppert-Mayer. From left to right: 
Stokes-Raman effect, Anti-Stokes-Raman effect, double absorption effect, double emission effect. Dotted 
lines describe the energy level of the atom, lines in up direction indicate absorbed photons, lines in down 
direction indicate emitted photons. (Göppert-Mayer, 1931) 

For two-photon absorption to take place, the sum of the energies of the absorbed 

photons must be the energy difference between the two energy states: 

∆𝐸 =  𝐸1 + 𝐸2 = ℎ𝜐1 + ℎ𝜐2 

However, such a process is very unlikely, as a very high temporal and spatial photon 

density is required. This could only be technically realized through the development of 

lasers emitting temporally and spatially coherent photons of long-wavelengths, which is 

particularly advantageous when working with in vivo samples. The penetration depth 

using the principle of 1-photon excitation is limited, inter alia caused by light scattering 

in the brain which requires a pinhole to avoid detection of scattered light that does not 

derive from the focal point (Helmchen and Denk, 2005, Svoboda et al., 1997). 

Furthermore, the deposited energy in the brain by photons of this wavelength can lead 
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to phototoxicity and bleaching of the indicator (Song 

et al., 1995). The development of microscopes using 

the principles of two-photon excitation combined 

with raster scanning approaches (Denk et al., 1990) 

overcame these limitations and therefore 

revolutionized functional neural circuit imaging 

(Stosiek et al., 2003). However, two-photon imaging 

reaches its limit in terms of penetration depth when 

out-of-focus intensity reaches intensity values of the 

imaged plane (Fig. 12) around 500 µm (Wang et al., 

2020). Furthermore, pinhole solutions became 

dispensable since all emitted photons necessarily 

originate from the fluorophores excited at the focal 

point. The emitted fluorescence light is collected by 

the objective and is deflected to a photo-multiplier 

tube (PMT). In front of the PMT, a spectral bandpass 

filter ensures that only light in the bandwidth of the 

fluorophore’s emission band is detected (Fig. 13 A).  

When recording a specimen employing two-photon microscopy, the laser is deflected 

by a galvo-resonant mirror system to the specimen (Fig. 13 A, B), in a raster scanning 

principle, covering the field of view (FOV). The dimensions of the FOV depend on the 

chosen objective and its numerical aperture (NA). The duration of the laser focusing a 

pixel is defined as the pixel dwell time. For fluorescence excitation, a pixel dwell time of 

1 µs is commonly applied, resulting in frame rates of 30 Hz for galvo-resonant systems. 

Note, that this temporal resolution is critical for the subsequent identification of AP-

related calcium transients based on their temporal dynamics.  

 

Figure 12: Cerebral blood vessels (in 
vivo) imaged using a two-photon 
fluorescence microscope. The 
coordinate at 0 μm represents the brain 
surface. Left: XZ projection, Right: 
Selected examples of the corresponding 
XY projections. The influence of the 
excitation photons, which lie outside the 
focal point and contribute to background 
fluorescence, becomes clear (> 500 μm 
penetration depth) (Theer et al., 2003). 
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Figure 13: Illustration of a two-photon microscope and the raster-scanning principle. (A) A 
femtosecond-pulsed laser is guided to a beamshaper (BS) to optimize the illumination pattern and deflected 
by mirrors until it reaches the x/y-scanner, which is either a galvo-galvo mirror or a galvo-resonant mirror 
system. After the light passed the x/y-scanner, it is further guided through a lens and the dichroic mirror, 
comprising of spectral properties to let light of a wavelength in the range of the laser pass through, while 
photons of a wavelength as the fluorescence light are deflected. The laser light then is hitting the back 
aperture of the objective and is focused in the sample, exciting the fluorophores. The emitted fluorescence 
photons are collected by the objective and get deflected by the dichroic mirror towards the PMT where the 
photons are transformed into electrical signals. A spectral filter in front of the PMT guarantees only light of 
a certain wavelength can be detected. Especially for measurements in the awake animal, a spherical 
treadmill in combination with a virtual reality platform (VR) is essential to enable the animal to move freely 
while being fixated by a headholder below the objective. (B) The x/y-scanner causes the focal point of the 
laser to scan the sample lane by lane, starting from the top left corner until it reaches the lower right corner. 

Figure by Hendrik Backhaus, partially published in (Backhaus et al., 2023) 

 

1.7.3 Principles of fluorescence: three-photon excitation 

The principle of three-photon absorption fluorescence was first described in 1964 by 

Singh and Bradley (Singh and Bradley, 1964), who estimated the three-photon 

absorption cross section of naphthalene crystals, while the first application was in 1996 

by Hell et al. who provided proof of concept using raster scanning microscopy under a 

three-photon regime (Hell et al., 1996).  

The underlying effect that enables the absorption of 3 photons is similar to that of two-

photon absorption, although there are small differences, e.g. the reduced cross section 

in three-photon absorption processes: while the cross section under a two-photon 

regime is about 10−49 cm4s/photon, it is reduced to 10−83 cm6(s/photon)2 in three-photon 

absorption (Cheng et al., 2014). To overcome the reduced cross section, the use of 

high-power lasers is required to deliver the necessary photon density (Toda et al., 

2017). However, the advantage of three-photon fluorescence microscopy lies in the 
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greater penetration depths into the tissue, which allows regions below 500 µm in the 

cortex, such as layer V of V1 in mice, or the hippocampus to be examined. As 

mentioned in the previous chapter, two-photon fluorescence microscopy does not 

require a pinhole to block out-of-focus signals during measurements. However, the 

excitation power increases exponentially with image depth, so that the background 

intensity converges to the signal intensity, which not only reduces contrast but also 

creates an additional noise component that overlays the actual calcium transient signal. 

As a result, no evaluable signal is generated above a certain imaging depth (Wang et 

al., 2020) as the two-photon signal-to-background ratio (SBR) reaches a value of 1 at 

4.7 attenuation lengths while the labeling density of the stained region is around 2% 

(Kobat et al., 2011, Theer et al., 2003, Theer and Denk, 2006). Consequently, functional 

two-photon imaging while employing GECIs faces technical challenges when imaging 

deep brain regions, which is usually overcome by removing superficial layers of the 

cortex or the insertion of penetrating optical elements like GRIN lenses (Attardo et al., 

2015, Dombeck et al., 2010, Low et al., 2014, Pilz et al., 2016). The use of three-photon 

regimes offers the possibility of avoiding these limitations, partly because of the lower 

tissue attenuation due to longer excitation wavelengths and the background 

suppression provided by three-photon excitation (Ouzounov et al., 2017).  

Technical realizations of a three-photon microscope are similar to two-photon 

microscopes: a pulsed laser source is guided via a mirror system and focused by an 

objective onto the specimen, which is scanned by a raster scanning principle. The 

emitted fluorescence light is collected by the objective and guided to a PMT, covered 

with a bandpass filter to block wavelengths that are not associated to the signal of 

interest. The downside of the principle is, that commercially available three-photon laser 

sources comprise of a limited repetition rate and the required light intensity for reliable 

fluorophore excitation. For example, a widely used light source for two-photon excitation 

is a Chameleon Vision II Ti:Sa laser (Coherent Systems, CA, USA), which has a 
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repetition rate of up to 80 MHz at a maximum power output of 3 W, while in comparison  

a Carbide I-OPA system (LightConversion, Luthania) only reaches a repetition rate of 

2 MHz. To reach the required pixel dwell time of 1µs for GCaMP, a galvo-resonant 

mirror system operates at a velocity which is too high for the mentioned repetition rate. 

Therefore, three-photon microscopy systems require the use of galvo-galvo mirror 

systems, resulting in a drastically reduced framerate which can only be compensated 

by either reducing the field of view or sacrificing image quality by lowering the matrix of 

pixels to 256x256 or lower that represent the field of view.  
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2. Material & Methods 
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2.1 Chronic Social Defeat and Social Interaction Test 

All experiments were carried out along institutional animal welfare guidelines and were 

approved by the Landesuntersuchungsamt Koblenz, State of Rhineland-Palatinate, 

Germany. 

Male C57/BL6 mice were used for experiments. Mice were group housed until the 

beginning of the Chronic Social Defeat paradigm. Afterwards, animals were single-

housed. During the whole experiment, mice had access to food and water ad libitum. 

Mice were subjected to a CSD paradigm according to established protocols (Golden et 

al., 2011, Krishnan et al., 2007). Mice were introduced into a home cage of an older, 

larger, and retired male CD1 breeder. During a physical exposure phase of 2 min, the 

CD1 mouse was allowed to attack the BL6 experimental mouse. For the consecutive 

sensory exposure phase, a mesh wall was introduced in the middle of the cage between 

the two mice allowing sensory but not physical contact for 24 h. The procedure was 

reiterated for 10 days and experimental mice were encountering different CD1 

aggressors daily. On the last day of the CSD, all mice were housed individually in new 

cages and left to rest until the social interaction test took place one week later. The CD1 

aggressors were trained for 3 days before beginning CSD to standardize attack's 

latency. The group of non-stressed mice were handled throughout 10 days and being 

placed for 1.5 min in an empty cage before being returned to their individual cages 

separated in half by identical mesh walls. 

The SI-test was performed 7 days later (Krishnan et al., 2007, Golden et al., 2011). A 

mesh enclosure was presented at the center of an arena and the interaction zone was 

defined as 1 cm. Mice were introduced twice into the arena for 2.5 min, first with an 

empty mesh enclosure, followed by re-introduction with a novel CD1 mouse under the 

enclosure. The SI score was calculated by forming the quotient of the dwell time of the 

BL6 mouse within the interaction zone while a CD1 animal is in the mesh vs. an empty 

mesh.  
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2.2 Preparation 

Mice were placed on a stereotactic frame (David Kopf Instruments, CA, USA) and were 

anesthetized with isoflurane/oxygen (2% vol/vol) by inhalation while placed on a heat 

plate (ATC 2000, World Precision Instruments, FL, USA) to maintain body temperature 

at 37°C. The skull was exposed and thoroughly cleaned from any remaining tissue. A 

craniotomy of 2 mm diameter was conducted at the coordinates of the primary visual 

cortex V1 (posterior −3 mm and lateral −2.5 mm to Bregma) using a dental drill (Ultimate 

XL-F, NSK, Trier, Germany, and VS1/4HP/005, Meisinger, Neuss, Germany) under a 

dissecting microscope (Leica M80 stereo microscope, Leica, Wetzlar, Germany). For 

expression of the genetically encoded calcium indicator GCamP6f via viral gene 

delivery, a total volume of approximately 1.0 µl of 

AAV1.CamKII.GCamP6f.WPRE.SV40 solution was manually pressure injected with a 

30° angle in 3 depths (150, 200 and 250 µm) into V1. The craniotomy was sealed with 

a transparent cover slip (3 mm diameter, 0.1 mm thickness) and glued to the skull using 

super glue (Vetbond, 3M, MN, USA). A ring-shaped headholder with an outer diameter 

of 14 mm and an inner diameter of 7 mm was implanted onto the skull using UV-glue 

(Polytec UV-Glue 2195, Polytec PT GmbH, Karlsbad, Germany) that the notch is facing 

to the rear of the animal. After the procedure, mice were allowed to recover for 3 weeks 

prior to habituation. A detailed description of surgical methods is available at 

(Guimaraes Backhaus et al., 2021). 

 

2.3 Habituation 

Mice were habituated over 5 consecutive days to avoid stress exposure during imaging. 

On day one, mice were handled for at least 15 min to get familiar with the experimenter. 

On day 2 and 3, mice were constrained after at least 15 min of handling by manually 

holding the headholder. On day 4, mice were constrained upon handling using the 

retaining device that is mounted below the microscope during imaging sessions. Mice 
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were undergoing a mock experiment on day 5 by constraining them with the headholder 

and mounting them onto the spheric treadmill (JetBall-TFT, PhenoSys, Berlin, 

Germany) under the microscope. A 15 min recording session was simulated by 

activating the microscope but keeping all shutters closed to avoid photobleaching.   

 

2.4 In vivo awake two-photon imaging 

Mice were head fixated and mounted on a spheric treadmill, surrounded by a 270° 

screen system for presenting visual stimuli.  

In vivo recordings were conducted using a custom-built two-photon microscope 

equipped with a resonance scanner (TrimScope II, LaVision Biotec, Bielefeld, 

Germany) and indicator excitation was achieved by a femtosecond pulsed Ti:Sapphire 

laser (Chameleon II, Coherent Systems, CA, USA). A 40× water immersion objective 

(0.8 NA; NIRAPO, Nikon, Tokyo, Japan) was used for imaging, resolving a field of view 

(FOV) of 277 x 277 µm represented in a matrix of intensity values with 512x512 pixel. 

Image acquisition was controlled by ImSpector Pro software (LaVision Biotec, Bielefeld, 

Germany) at a frame rate of 30.8 Hz. Relevant information from all subsystems were 

collected by a multichannel-data-acquisition interface (CED Power3, Cambridge 

Electronics, Great Britain) and exported subsequently to each imaging session using 

the software package Spike2 (Cambridge Electronics, Great Britain).  

Initially spontaneous activity of a neuronal microcircuit for 15 min in layer II/III of V1 was 

recorded, followed by 12.5 min of visually evoked activity by employing a visual 

stimulation paradigm. The paradigm consisted of initially 5 sec of grey screen, followed 

by the presentation of 8 randomized static- and drifting grating directions lasting 5 sec 

each. The paradigm was repeated 10 times, every time with a novel randomization. 
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2.5 In vivo anesthetized two- and three-photon imaging 

Two-photon imaging was conducted using the system as described in chapter 2.4, 

employing resonance scanning with a Ti:Sapphire laser operating at 920 nm 

wavelength as light source (Coherent). A 20x DIC VIS-IR water immersion objective 

(NA = 1.0) was used for imaging at a frame rate of 30.8 Hz resulting in a field of view of 

458 x 458 μm2. 

three-photon imaging was carried out with a novel light source consisting of a 

femtosecond laser system (CRONUS-3P, Light Conversion, Vilnius, Lithuania) 

equipped with an optical parametric amplifier (OPA) tunable between 1250 nm – 1800 

nm wavelength at a repetition rate of 2 MHz. For imaging, a wavelength of 1300 nm 

was chosen, resulting in an output power of approximately 160 mW. The framerate was 

5.46 Hz for a field of view of 159 x 54.5 µm². 

For both, three-photon and two-photon imaging, animals were slightly anesthetized with 

Isoflurane at a dose of 0.6 – 1.0 % and body temperature was maintained at 37°C. 

Image acquisition was controlled by ImSpector Pro software (LaVision Biotec). 

  

2.6 Imaging data analysis 

All data sets were motion corrected to address x-y-movement artefacts using the moco 

(Dubbs et al., 2016) plugin in FIJI ImageJ (Schindelin et al., 2012). As reference image, 

an average intensity projection was calculated using the z-project function of ImageJ.  

A custom written MATLAB (The MathWorks, Natick, MA, USA) script was used for 

segmentation of all visible neuronal somata within the FOV. The algorithm created an 

average intensity projection of all single images of the timeseries and neurons were 

marked with a polygon shaped outline and defined as ROIs. All intensity values of all 

pixels within each ROI for every image of the series were subsequently averaged, 

resulting in an intensity trace per ROI. A 10 s long period of quiescence free of calcium 



Page | 42 
 

transients or signal fluctuations was defined as baseline F0 for each ROI separately. 

The relative change of fluorescence ∆F/F was calculated for each sample point F with 

∆𝐹/𝐹 =
𝐹−𝐹0

𝐹0
 (Hendel et al., 2008). 

In the next step the intensity traces were exported to a custom-written IGOR Pro 

(Wavemetrics Inc., OR, USA) procedure to detect putatively AP-related calcium 

transients. First, intensity traces were smoothed by a Gaussian Kernel 20-30 times, 

high-pass filtered with a pass band at 0.12/Fs where Fs is the sampling frequency, and 

inspected for the presence of calcium transients. Intensity traces that did not exhibit 

transients or falsely identified structures were excluded from further analysis in this step. 

Second, a threshold-based algorithm automatically detected signal peaks exceeding 

2.5 – 3 SD above the mean. Furthermore, the first and second derivatives were 

calculated, which had to be 0 and negative, respectively, to meet the criteria of an AP-

related calcium transient. The typical decay of the calcium deflection was modeled by 

fitting an exponential curve using the CurveFit tool of IGOR Pro between the peak and 

the tail. If necessary, peak locations were corrected manually. Lastly, the onset of a 

given calcium transient was defined as the first datapoint prior the identified peak that 

dropped below 0.5 SD, the offset when the fitted exponential curve reached 0.5 SD of 

the baseline. Intensity traces were binarized by representing periods of quiescence as 

0 and the sample points of a transient from on- to offset as 1.  

The Circular Variance (CV) was calculated as the variance of the cell’s response to all 

orientations:  

𝐶𝑉 = 1 − |
∑ 𝑟𝑘𝑒𝑖2𝜃𝑘

𝑘

∑ 𝑟𝑘𝑘
| 

Where 𝑟𝑘 is the cells response to a given orientation, 𝜃𝑘 is the angle of the grating in 

radians (Ringach et al., 2002).  
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To test for synchronicity, activity intervals for each neuron were refined by defining the 

onset and offset of each identified peak as the first frame to the left and right of the peak 

frame, respectively, that had a ∆F/F intensity < 0.5 times peak intensity. Activity 

intervals were defined as all data points between onset and offset. Peaks occurring 

during an identified activity interval were not considered in a subsequent estimation of 

onset/offset but were instead considered part of the existing activity interval. The 

computation of ∆F/F traces in this step was adapted from the Allen Brain SDK 2.14 as 

a windowed median filter detrending, employing a long filter of 5401 frames and a short 

filter of 101 frames (Allen Institute for Brain Science, 2022, Software Development Kit 

[2.14]. Available from https://allensdk.readthedocs.io/en/latest/). 

The binarized activity matrix of all ROIs was used to create pairwise correlations 

between each pair of ROIs to visualize the connectivity between neurons within 

timeframes in which at least one ROI showed activity. In the resulting connectivity map 

neurons were depicted as nodes based on their x and y positions and were assigned a 

color value that corresponded to their activity frequency. Edges between nodes were 

represented as lines whose linewidth were defined by the achieved correlation value. 

2.7 Statistical tests 

Recordings with no cell activity were excluded from the analysis. Data was tested for 

normal and non-normal distributions using the MATLAB function for one-sampled t-

tests. Statistical tests for equal distributions were performed by employing the built in 

MATLAB function for two-sided Kolmogorow-Smirnow tests. For analysis of variance, 

Levene's test for equality of variance was done using SPSS. The significance level was 

set at p < 0.05 for all statistical tests and exact p-values were noted. Box-and-whisker 

plots indicate the median value (center line), the 25–75th percentiles (box) and the 10–

90th percentiles (whiskers). All errors were stated as mean ± standard error of the mean 

(SEM).  
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3. Results 
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3.1 A Roadmap for processing functional calcium imaging data 

Regardless of the chosen technical implementation of a functional optical imaging 

system, the goal of any pipeline for subsequent data processing is to extract a subset 

of features from the raw data, either based on a priori hypotheses or by data-driven, 

unsupervised methods. The pipeline presented here is intended to be based on an 

event-related analysis: the mapping of a functional circuit of a neuronal ensemble 

ultimately serves only as a tool to extract the underlying action potential train of each 

individual neuron. Accordingly, a step-by-step guide must be established to extract 

putative AP-related calcium transients from the raw images. Furthermore, tuning the 

Figure 14: Workflow of a pipeline for an event related analysis of all-optical data. Raw data is 
segmented into ROIs and intensity traces are extracted. A binarization of transients is carried out and a 
temporal and spatial classification of the recorded microcircuit is applied. (Figure by Hendrik Backhaus, 
published in (Backhaus et al., 2023)) 
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microscopy system towards an all-optical approach, enabling the experimenter to 

manipulate the recorded microcircuit employing optogenetic tools, poses the challenge 

to reduce or at best avoiding photostimulation artefacts and requires a custom-tailored 

approach. In addition to the technical implementation of the data collection system, the 

necessary steps include motion correction of raw images, the segmentation of neuronal 

somata within the field of view, trace extraction of each labeled somata, potential artifact 

corrections, binarization to reduce the multitude of information and a connectivity 

analysis to draw conclusions about the functionality of the microcircuit (Fig 14). 

Once this optically derived matrix of AP-related events is generated, e.g., by converting 

an extracted intensity trace into a binarized sequence of zeros and ones, already well-

established correlation or interaction concepts can be applied to these dimensionality-

reduced datasets.  

 

3.1.1 System integration 

Before commencing an experiment, the synchronization of all required subsystems 

must be ensured: all relevant trigger and stimulation pulses must be exported to an 

interface for multi-data acquisition. These signals include the frame trigger of the 

microscope, the logic level that controls the light source for opsin excitation, and 

biomonitoring signals such as respiratory rate and body temperature, as well as 

systems for recording the animal's movements, the administration of rewards such as 

sucrose water or punishments such as airpuffs. The system used in this work consists 

of a CED Power 1401-3 with a Spike2-expansion box (Cambridge Electronics, UK), a 

multi-data acquisition interface consisting of 24 ADC input channels, 6 ADC output 

channels, as well as 24 digital input channels and 16 output channels. The sampling 

rate of the channels is 2 kHz. The signals are imported, synchronized and digitized 

here. After digitization, the signals are displayed centrally by control software and a 

master file is created for each experiment. Reading out the master files enables a post 
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hoc exact assignment of each raw image to a specific point in time and, for example, 

the status of the stimulation regime. 

 

3.1.2 Image data acquisition 

Regardless of whether a measurement was carried out in the awake or anesthetized 

animal, the data sets created should be subjected to motion correction. Movement 

artifacts can have a variety of causes: for example, the heartbeat leads to a pulsation 

of the brain tissue (Paukert and Bergles, 2012) but breathing also leads to 

displacements in the field of view (Presson et al., 2011). Motion artifacts are particularly 

pronounced when the measurement is carried out in an awake animal, as locomotion 

on a trackball or treadmill often leads to changes in the field of view. Motion artifacts 

can be divided into two categories: Displacements caused by movements in the x-y 

plane and those occurring in the z plane. Correction of changes in the x-y plane is 

possible post hoc by algorithms based on the hidden Markov model (Dombeck et al., 

2007) or the discrete Fourier transform (Kaifosh et al., 2014), provided that the field of 

view is big enough. It is important to note that the potential for correction of x-y motion 

is the main reason why random-access scanning is not always advisable. Conversely, 

handling motion in the z-plane is more complicated. Since resonance imaging in one 

plane has been used predominantly in the field of optical imaging, if a neuron's soma is 

moved out of the current x-y imaging plane, the lost information cannot be recovered. 

A possible solution to this dilemma is to capture a 3D volume. However, this inevitably 

leads to reduced temporal resolution for each recorded neuron. Particularly when using 

common resonance systems with a frame rate of 30 Hz, it is not advisable to acquire 

3D volumes, as temporal resolution is critical for later identification of putatively action 

potential-related calcium transients.  

This case highlights the need for analytical requirements that must underlie the 

preceding technical implementation steps: every effort should be made to minimize 
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movements by developing mechanical stability - this point cannot be overemphasized. 

To ensure utmost stability, a headholder needs to cover both hemispheres of the skull 

and a maximum adhesive surface is required. The headholder in this thesis is adapted 

from Hefendehl et al. (Hefendehl et al., 2012). It is a flat cylinder made of titanium, the 

inner edge of which is tapered in order to maximize the adhesive surface and to bring 

the objective as close as possible to the optical window. 

3.1.3 Segmentation 

The use of raster scan methods to excite fluorophores requires a post hoc 

representation of the time course of the fluorescence changes. This is done by 

displaying the individual focus points in a matrix of pixels. Strictly speaking, the size of 

this matrix can be freely chosen, although within the community a representation of the 

FOV in a matrix of 512x512 pixels has been established. The recorded raw images 

comprise of various biological compartments like neuronal somata, axons, dendrites, 

blood vessels, and a multitude of non-neuronal cells such as astrocytes.  The vast 

majority of these components do not contribute to the signal of interest and therefore it 

is advisable to segment only the components that contribute to the signal of interest. 

The goal of optical imaging of neuronal microcircuits employing calcium indicators is to 

identify neuronal suprathreshold activity which is reflected by a change of fluorescence 

in neuronal somata. Consequently, each neuronal soma needs to be labeled and 

segmented as a Region of Interest (ROI) and thereby being defined as a functional unit 

within the microcircuit. Furthermore, demarcating neuronal somata allows for merging 

several pixels within each ROI, increasing the number of pixels that contribute to the 

signal course of each functional unit versus its background. 

In recent years a rapid growth in applications that assist researchers in ROI 

segmentation has been taking place. Especially the rise of mathematical models 

utilizing deep learning algorithms have significantly simplified the time-intensive 

process of manually identifying neurons within recorded images (Soltanian-Zadeh et 
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al., 2019). In particular, minimizing human bias through a tool that is subject to 

systematic errors, which in turn can be characterized, has led to better comparability 

between different measurements.  A multitude of deep learning-based techniques have 

been established which analyze the average of all images or methods which also take 

temporal information of neuronal activity into account by utilizing subsets of images to 

segment active ROIs (Soltanian-Zadeh et al., 2019, Klibisz et al., 2017). 

The approach reported by Soltanian-Zadeh's and colleagues is based on a neural 

network and uses a subset of images as a predictor to generate 2-dimensional 

probability maps for active neurons. A threshold is subsequently applied to exclude low-

probability regions from each map and high-probability regions are extracted, depicting 

possible somata locations (Soltanian-Zadeh et al., 2019). In the last step, all identified 

soma positions from each probability map in the sequence are combined to yield a final 

output of active soma areas. 

A major problem in functional calcium imaging is the variability of data quality: as soon 

as a data set has a low signal-to-noise ratio, deep learning algorithms reach their limits. 

This is why manual segmentation by labeling neuronal somata through polygonal 

marking is still a commonly used approach. Therefore, when analyzing datasets 

exhibiting a weak GCaMP expression, a refinement of ROIs containing neuronal 

somata might be useful when targeting changes in calcium concentrations. A useful tool 

to achieve this is the FISSA toolbox: here, a given ROI is expanded in cardinal and 

diagonal directions beyond the soma region, subsequently splitting them into multiple 

neuropil regions surrounding the initial ROI. The neuropil subregion's size is equivalent 

to the size of the initial ROI. In theory, a given ROI’s intensity trace comprises of a 

mixture of different underlying signal components, where one signal component 

represents the actual somatic signal of interest. A non-negative matrix factorization or 

an independent component analysis is carried out and a blind source separation is 

employed. This results in the identification of the underlying signal components that 
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contribute to the time course of the initial ROI. Under the assumption that each 

component is present in the central ROI and expecting that the somatic signal is the 

predominant signal component, the most potent signal is defined as the somatic signal 

(Keemink et al., 2018). Datasets comprising of a particular low SNR can be denoised 

with this procedure, simplifying the consecutive analysis steps. 

 

3.1.4 Trace extraction  

After all neuronal somata within the FOV are identified and marked as a ROI, the signal 

course over time is extracted for each ROI. The temporal resolution is determined by 

the employed frame rate throughout data collection. First, signal intensities of all pixels 

within a given ROI are averaged for each frame, resulting in an intensity trace for each 

ROI. Second, as the absolute level of intensity is depending on several criterions, e.g. 

GECI expression levels, autofluorescence, stray light that enters the objective, which 

can fluctuate even in different ROIs within the same measurement, the relative change 

of fluorescence needs to be calculated.  Changes in dynamics, depending on their 

temporal characteristics, are likely to be associated with changes in intracellular calcium 

levels, termed calcium transients.  

Furthermore, when extracting the signal time course, bleaching artefacts need to be 

addressed which cause a drift in baseline levels, especially at the beginning of 

measurements. There is a multitude of approaches available and a universally agreed-

upon method does not exist. However, only linear operations can be employed to 

guarantee the preservation of calcium transients. A simple yet straight forward method 

is to define a sufficiently long period of quiescence within the time course of a ROI 

where no calcium transients are observable and to label this interval as baseline F0. 

This is done for each ROI separately (Ellwardt et al., 2018, Arnoux et al., 2018). 

Subsequently, the relative change in fluorescence is computed by relating the intensity 



Page | 52 
 

of each time point (F) to the baseline fluorescence, following the formula ∆𝐹 =
𝐹−𝐹0

𝐹0
 

(Hendel et al., 2008). 

 

3.1.5 Artefact removal 

Prior to binarizing the obtained intensity traces, it is necessary to identify and potentially 

correct any photostimulation artifacts that might be masking the signal. Defining 

characteristic properties of these artifacts can facilitate their reliable identification and 

subsequent adjustment. 

To discern between an artifact and a physiological response, an essential distinction 

lies in the inherent variability of physiological signals. Artefacts, with few exceptions, 

tend to exhibit consistency. Overlaying and averaging individual responses thus offer 

valuable insights into the likelihood of a physiological origin. This is achieved by 

assessing the temporal section of a trace following photostimulation using an 𝑛∗𝑚 

matrix 𝑀, where 𝑛 represents stimulus intervals and 𝑚 equals total frames per 

stimulus/n. Figure 15 B portrays an overlay of intensity traces from all photostimulation 

periods in Figure 15 A (shown as grey lines). 

Photostimulation artifacts typically showcase distinct characteristics: Firstly, they 

demonstrate both a rapid onset and a sharp offset. While physiological calcium 

transients might also display a sharp onset due to calcium's affinity to the indicator 

(represented by a small dissociation constant Kd) and the steep calcium influx gradient, 

they exhibit a gradual decay, a consequence of the indicator's high affinity to calcium. 

The off kinetics does not accurately mirror the actual time course of somatic calcium 

concentration decrease. Secondly, if the intensity deflection duration matches the light 

administration duration, a physiological origin is highly implausible. As shown in Figure 

15 B, intensity traces during photostimulation exhibit both these features. 

Additionally, depending on the imaging setup used, the latency between the stimulation 

pulse onset and the putative response plays a critical role: A latency < 3 ms cannot be 
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deemed a physiological response, considering the time required for action potential 

initiation and calcium influx into the cytosol. It is important to note that this criterion 

applies only if the sampling rate of the GCaMP emission channel is high enough to 

resolve durations less than 3 ms. 

Lastly, a physiological response might exhibit adaptation and might not occur with every 

stimulus, possibly due to changes in local inhibition (Stroh et al., 2013). Hence, while a 

signal deflection could indeed arise from a physiological response if it occurs with every 

stimulus, if the response's amplitude drastically changes or if it's intermittently absent, 

it is more likely to be of physiological origin. To test this, modulating the light intensity 

of the optogenetic stimulus could be informative: If reducing stimulation leads to the 

sudden disappearance of a transient, an AP-related origin is probable. However, a 

technical artifact would simply scale with light intensity, though nonlinear correlations 

can also occur. Certainly, conducting a control experiment involving indicator-only 

expressing cells is essential in any scenario. 

 

Figure 15: Evaluation of photostimulation artefacts. (A) Artefacts caused by photostimulation do not 
represent a physiological signal. Onsets of photostimulation are indicated by black triangles (B) By 
overlaying (grey) and averaging (red) periods of photostimulation, an estimation on the impact of the 
artefact can be made. Here, 100 sample points prior and 200 sample points after the photostimulation 
onset, indicated by the black triangle, are considered. The averaged signal waveform can be used in an 
algorithm to minimize the photostimulation artefact. (C) Subtracting the averaged waveform depicted in (B) 
at each stimulation onset can reduce the intensity of the photostimulation artefact. Note that signal 
components containing the physiological signal of interest can be altered by the algorithm as well and, in 
the worst-case scenario, will be completely eliminated. (Figure by Hendrik Backhaus, published in 
(Backhaus et al., 2023)). 

Correcting photostimulation artifacts in the intensity trace is a meticulous task that 

requires careful execution. One possible strategy involves utilizing non-negative matrix 

factorization (Pnevmatikakis et al., 2016) to isolate the background noise present in a 

specific ROI containing the stimulation artifact. In the subsequent step, the isolated 

noise component is subtracted from the ROI's signal (Yang et al., 2018). For illustrative 
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purposes, an averaged intensity trace is extracted from all photostimulation time 

periods (Fig. 15 B). This value is then subtracted from the raw intensity trace (Fig. 15 

A). This operation yields an intensity trace that is largely free from non-physiological 

signal sources (Fig. 15 C). It's important to exercise caution with the processed intensity 

trace, as fluctuations in the signal still persist, which might be misconstrued as 

functional calcium transients. Moreover, methods based on intricate mathematical 

models often appear as opaque solutions, posing difficulties for non-experts in 

understanding their underlying mechanisms. The importance of devising experimental 

setups that minimize the occurrence of stimulation artifacts during measurement and 

reducing the necessity for extensive post-processing of raw data is advisable whenever 

possible. The distinct temporal dynamics and latencies of the employed GECI, as 

discussed earlier, can serve as a validity check. Consequently, proceeding with an 

event-based identification of action potential-related calcium transients becomes 

essential. 

 

3.1.6 Towards cross-talk-free experimental designs  

a) Assessing the impact of continuous illumination for calcium imaging on opsin 

excitation 

While the strong light intensities needed for an effective excitation of an opsin pose the 

aforementioned problems for simultaneous functional calcium imaging, it is also 

necessary to consider a putative impact on the constant excitation of the calcium 

indicator in terms of unwanted activation of opsins. Firstly, the activation of an opsin 

requires a distinct quantal energy, in case of the ChR2-based opsins or the cis-trans 

isomerization of retinal, this threshold ranges at 0.1 to 1 mW mm-2. All optical one-

photon experiments, even using the same wavelength for imaging and opsin activation, 

is therefore possible, as long as the excitation wavelengths intensity ranges below this 

threshold (Adelsberger et al., 2014, Stamatakis et al., 2018, Stroh et al., 2013). 
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However, for two-photon raster scanning conditions, the effective light intensity per pixel 

can well exceed this barrier. Fortunately, there is also a temporal barrier. It so seems, 

that any pixel dwell times below 3.2 µs are not sufficient for opsin excitation (Packer et 

al., 2012). Pixel dwell times of regular resonant scanning ranges well below that 

number.  

 

b) Increasing the spectral separation between opsin and indicator to minimize 

optogenetic stimulation artefacts on the imaging data   

 

Figure 16: A selection of calcium indicator opsin pairs and their spectral properties under a two-
photon regime. Cross-talk between indicator and opsin can be avoided by choosing a pair with non-
overlapping excitation and emission wavelengths. For example, we used the combination of GCaMP6f, 
excited at 920 nm, and C1V1T/T was excited above 1100 nm to reach cross-talk free imaging. (Figure by 
Hendrik Backhaus and , published in (Backhaus et al., 2023)) 

Avoiding cross-talk in the GECI emission channel is an important criterion in the design 

of all-optical experiments. Both for one-photon and two-photon regimes, the excitation 

light can be rather easily prevented from entering the PMTs, e.g. by notch filters. But 

nonetheless, the strong light pulse might lead to a broadband increase in 

autofluorescence, also in the emission band of the fluorescence calcium indicator, 

leading to a decrease in signal-noise-ratio. While in principle, the utmost spectral 
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separation of opsin and indicator excitation wavelengths is advisable (Fig. 16), there 

might be good reasons to choose an opsin indicator pair with similar or even identical 

excitation wavelengths, if e.g. both indicator and opsin are best suited for the scientific 

question at hand. Post-hoc identification of photostimulation artefacts are manifold and 

should be conducted with utmost care. Common approaches compare the dynamics of 

the signal’s intensity during photostimulation to the expected dynamics of calcium 

transients (Carrillo-Reid et al., 2016) to make an assumption of the presence of a 

physiological response. As a consequence, the specificity of the analysis towards the 

detection of action-potential related calcium transients is reduced. Other approaches 

sacrifice pixels that are considered to contain signal components that represent an 

artefact (Chen et al., 2019, Marshel et al., 2019) at the cost of a reduction of the field of 

view. Another option, if a spectral separation of excitation and emission wavelengths 

cannot be implemented, is to perform gating of light sources, inevitably leading to a loss 

of data (Mardinly et al., 2018). Yet, it is possible to avoid any stimulation artefact 

altogether, which has to be tailored for each opsin / GECI pair. For the pair GCaMP6 / 

C1V1, artefact free all optical physiology experiments are possible if using excitation 

wavelengths at or exceeding 1100 nm while simultaneously imaging GCaMP6-

fluorescence at 920 nm (Fu et al., 2021). 

 

3.1.7 Event-related binarization 

Action potential-related calcium transients exhibit characteristic signal dynamics and 

waveforms. From a methodological standpoint, the rather predictable dynamics of 

somatic calcium influx and re-uptake, as well as the binding dynamics of the fluorescent 

calcium indicator (Mank et al., 2008), are intertwined. Consequently, each binarization 

approach must be meticulously tailored to the specific calcium indicator employed. The 

resulting calcium transients tied to action potentials can be characterized based on 

parameters such as rise time, decay, and duration. Alternatively, an idealized transient 



Page | 57  
 

waveform can be employed for deconvolution methods (Friedrich et al., 2017, Kerr et 

al., 2005, Pachitariu et al., 2017). 

An important aspect in the process of binarizing functional calcium transients is the 

avoidance of false positively identified events. Therefore, the chosen algorithm needs 

to be capable not only to identify the presence of functional calcium transients, termed 

sensitivity, but also be utmost specific in the detection and avoid to identify events that 

are not underlying any neuronal activity. The accuracy of the chosen method should be 

tested in datasets where the ground truth of ongoing neuronal activity is known, e.g. by 

a combining measurement of neuronal activity employing juxtacellular recordings and 

two-photon microscopy. Only then a conclusion can be drawn how accurate the 

binarization represents the actual neuronal network activity.  

A relatively straightforward yet highly effective method, known for its low false positive 

rate (Arnoux et al., 2018, Ellwardt et al., 2018, Fu et al., 2021), involves a threshold-

based algorithm. In this approach, the standard deviation of the noise band within the 

trace is first determined, ideally in a section of the trace devoid of the signal of interest. 

In cases of all-optical experiments, time periods outside of stimulation events and 

featuring minimal spontaneous activity should be selected. When the signal surpasses 

this threshold, and if additional criteria like minimal duration are fulfilled, a potential 

event is identified. Furthermore, given that the decay of an action potential-related 

calcium transient generally follows an exponential pattern — true for commonly used 

indicators like GCaMP6 and OGB-1 — a trace regression employing an exponential 

function can be executed. The goodness of fit for this regression provides further 

evidence of the physiological nature of the identified transient. By identifying the onset, 

peak, and offset for each detected transient, a fluorescence signal can be represented 

as a binarized event array. It is worth noting that deconvolution-based methods also 

generate such binarized arrays. Subsequent analyses are performed on these 

condensed datasets. 
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3.2 Accuracy assessment: Verifying putatively Action Potential-

related calcium transient representation in an analysis pipeline 

3.2.1 Probing the algorithm for accuracy of sensitivity and specificity 

To test for the specificity and sensitivity of the detection algorithm, here, simultaneous 

juxtacellular electrophysiological recordings and two-photon calcium imaging in the 

visual cortex of the lightly anesthetized mouse was carried out (Fig. 17 A). The bimodal 

recordings comprise of a stable calcium trace with large-scale deflections which was 

synchronized with juxtacellular recordings in voltage clamp mode (Fig. 17 B), exhibiting 

typical sparse spontaneous AP firing (Rochefort et al., 2009). The peak detection 

criteria was adjusted to avoid the detection of false positives, to ensure that calcium 

peaks were not detected in the absence of temporally locked APs. Sensitivity and 

specificity plots for calcium transient detection were based on the chosen standard 

deviation threshold. Applying a threshold of 0.05 standard deviation resulted in a mean 

sensitivity of 80 ± 9%, reaching a specificity of 30 ± 13%. An increase of the threshold 

to 0.2, 0.5 SD, and 1 SD is reducing the sensitivity to 75 ± 10%, 75 ± 14%, and 73 ± 

15% respectively. The corresponding specificity for an SD threshold of 0.2 and 0.5 

increases to 40 ± 19% and 66 ± 21%, respectively; a threshold of 1 SD reaches 100% 

specificity (n = 7 neurons, 3 mice, Fig. 17 C). The Sensitivity/Specificity plot utilizing the 

OASIS deconvolution toolbox was generated by employing a variation of the limit of the 

peak detection of the estimated noise band. A to 100 % limit results in a mean sensitivity 

of 91 % ± 12 % at a specificity of 15 % ± 9 %. Increasing limits to 300, 500, 700 and 

1000 % of the noise band reduces the sensitivity to 84 % ± 13 %, 72 % ± 14 %, 63 % ± 

18 %, and 53 % ± 21 % while the specificity increases to 30 % ± 9 %, 48 % ± 16 %, 54 

% ± 18 %, and 67 % ± 25 % (Fig. 17 D). 
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Figure 17: Comparison of a threshold-based algorithm with a deconvolution approach in terms of 
sensitivity and specificity in the detection of putatively AP-related calcium transients. (A) 
Simultaneous two-photon imaging and juxtacellular recordings of GCaMP6f-expressing neuron (green). 
Patch pipette filled with AlexaFluo594 (red), scale bar: 20 μm. Experiment conducted by  

. (B) Spontaneous activity of a GCaMP6f-expressing neuron. Calcium trace acquired with 2-P 
imaging (upper) and current trace (lower) obtained by juxtacellular recording of the same neuron. AP-
associated calcium transients as detected by the algorithm are marked by a red circle. APs not 
accompanied by detected calcium transients are marked by a red cross in the calcium trace. Numbers of 
APs are indicated below the trace. Experiment conducted by . (C) Sensitivity and 
specificity for calcium transient detection based on the chosen standard deviation threshold. Applying a 
threshold of 0.05 standard deviation (SD) results in a mean sensitivity of 80 ± 9%, reaching a specificity of 
30 ± 13%. An increase of the threshold to 0.2, 0.5 SD, and 1 SD is reducing the sensitivity to 75 ± 10%, 75 
± 14%, and 73 ± 15% respectively. The corresponding specificity for an SD threshold of 0.2 and 0.5 
increases to 40 ± 19% and 66 ± 21%, respectively; a threshold of 1 SD reaches 100% specificity (n = 7 
neurons, 3 mice). (D) Sensitivity / Specificity plot employing OASIS deconvolution toolbox. Setting the limit 
of the peak detection to 100 % of the estimated noise band results in a mean sensitivity of 91 % ± 12 % at 
a specificity of 15 % ± 9 %. Increasing limits to 300, 500, 700 and 1000 % of the noise band reduces the 
sensitivity to 84 % ± 13 %, 72 % ± 14 %, 63 % ± 18 %, and 53 %± 21 % while the specificity increases to 
30 % ± 9 %, 48 % ± 16 %, 54 % ± 18 %, and 67 % ± 25 %. (Figure by Hendrik Backhaus and  

, published in (Fu et al., 2021)). 
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3.2.2 Characterization of neuronal single cell activity during slow waves 

Excursus: Am I awake, am I asleep or neither? 

Periods of rhythmically occurring slow wave activity (< 1 Hz) during physiologically 

induced slow wave sleep (SWS, refers to a sleep stage with the typical slow delta 

oscillations), as well as induced by administration of anesthetics, are known across 

species (Destexhe et al., 2007, Buzsaki et al., 2013) and are among the most popular 

activity patterns during sleep in the human brain (Achermann and Borbely, 1997, 

Massimini et al., 2004). This activity pattern is characterized by the occurrence of active 

states (up states or slow wave events (SWE)), in which cells are depolarized and fire 

synchronously, alternating with inactive resting periods (down states), during which 

hardly any neuronal activity takes place and membrane potentials tend to be 

hyperpolarized. At least during SWS, this oscillatory activity has been associated with 

the repetition of activity patterns that occurred in connection with task learning or 

processing of waking experiences (Ribeiro et al., 2004) and thus probably plays a 

crucial role in memory consolidation and synaptic plasticity. The underlying mechanism 

may be the slow wave itself (Euston and Steenland, 2014), as it has been shown that 

Calcium activity following sensory stimulation that occurs during an up state controls 

synaptic excitation (Chen et al., 2013b). The importance of slow waves in relation to 

learning ability and memory consolidation in the human brain has already been 

confirmed (Marshall et al., 2006). In rats (Mölle et al., 2006) and humans (Staresina et 

al., 2015), rapid field potential fluctuations, so-called sharp wave ripples, and sleep 

spindles were observed in the hippocampus due to slow waves. This supports the 

hypothesis that the excitation associated with slow waves has a synchronizing function 

in corticohippocampal coupling. The long-range coherence of slow waves forms the 

temporal framework for linking spatially separated neurons into functional units (Gray 

and Singer, 1989) and could thus indirectly modulate spatially localized, faster rhythms 

such as beta and gamma oscillations (Compte et al., 2008). 
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Figure 18: Functional two-photon calcium imaging reveals neuronal activity during slow wave 
events. (A) Schematic representation of the location of the region of interest for data acquisition employing 
functional two-photon calcium imaging in layer II/III of the visual cortex in mice. Scale bar represents 50 
µm. (B) Segmentation of the field of view for signal extraction. Black dots represent active neurons and 
gray dots inactive neurons. Slow wave events are obtained by averaging the signal from the entire field of 
view while excluding signal contributions of ROIs representing neuronal somata, depicted as green frame. 
Scale bar is 50 µm. (C) Overlay of the slow wave signal (green line) with binarized intensity traces of 
individual neurons (black lines). The identified slow wave events are highlighted as green boxes and were 
superimposed over the signal curves. (D) Histogram of all detected functional calcium transients during 
slow wave events. The slow wave depicted (green line) is the averaged time course of all identified slow 
wave events. The dashed line represents the onset of the slow wave events. (E) Out of 64 identified 
neurons, at least one functional calcium transient was detected in 38% of the neuronal population within 
the field of view, which occurred in 100% during the presence of a slow wave event (F). (Figure by Hendrik 
Backhaus, figure 18 A modified by ). 
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To investigate the relation of single neuron activity to population SWEs in neuronal 

networks, two-photon calcium imaging in visual cortex layers II/III of head fixed mice 

was performed (Fig. 18 A). To obtain a slow wave dominated brain state, animals were 

anesthetized with isoflurane. Integrating all neuronal activity over the entire FOV, typical 

SWEs followed by network quiescence were observed, indicative of slow wave activity 

(Fu et al., 2021; Schwalm et al., 2022) (Fig. 18 B, C). Within the FOV, only 38 % of 

neurons exhibited spontaneous calcium transients under these conditions (Fig. 18 E). 

The onset and offset of all FOV-wide SWEs were identified This SWE population then 

was overlayed with the binarized single cell activity (Fig. 18 C). 

 

 

 

 

 

 

 

 

 Figure 19: The 
relationship of single-
cell activity with slow 
wave events persists 
across different 
animals. (A, B) 
Histogram of all 
detected functional 
calcium transients 
during slow wave 
events within animal 2 
and 3. The slow wave 
is depicted as green 
line and the dashed line 
represents the onset of 
the slow wave events. 
The vast majority of 
neuronal activity (100% 
in animal 2 and 98,05% 
in animal 3) occurs 
during slow wave 
events. (Figure by 
Hendrik Backhaus). 
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3.3 Stress resilience is reflected in cortical microcircuit architecture 

3.3.1 Combining the behavioral paradigms of chronic social defeat and 

social interaction with awake two-photon neuronal microcircuit 

recordings in the visual cortex 

To simulate severe stress exposure, male BL6 mice were subjected to a chronic social 

defeat (CSD) paradigm. This involved exposing the experimental mice to different 

aggressors each day over a span of 10 consecutive days. On a daily basis, the 

experimental mouse was introduced into the retired CD1 breeder's home cage (Fig 20 

A-I), which resulted in the aggressor attacking the intruder (Fig 20 A-II). After a 2-minute 

physical exposure phase, the animals were separated by a mesh that allowed sensory 

perception but prevented physical interaction (Fig 20 A-III). The experimental mouse 

then stayed in the aggressor's cage for the subsequent 24 hours. Following the CSD 

period, a social interaction (SI) test was conducted (Fig 20 B). In this test, the 

experimental mice were placed in an unfamiliar cage, with an initially empty mesh 

placed in one corner. The time spent in close proximity to the mesh was measured. The 

test was repeated with a retired CD1 breeder introduced into the mesh. The SI score, 

calculated as a measure of stress resilience, indicates whether the mouse spent more 

time near the separated aggressor. A higher SI score signifies increased stress 

resilience, suggesting that the mouse can differentiate between contexts (Krishnan et 

al., 2007, Lyons et al., 2023). This indicates that the aggressor is not seen as a threat, 

allowing the mouse to engage in social interaction. 
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Figure 20: Experimental design of intertwining the chronic social defeat and social interaction 
paradigms with awake two-photon calcium imaging. (A) Chronic social defeat paradigm in naïve male 
black6 mice. (A-I) The experimental animal is introduced to an unfamiliar cage containing a retired CD1 
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post-surgery to ensure stable and strong GCaMP6f expression (Guimaraes Backhaus 

et al., 2021). 

Animals were systematically habituated to head fixation and displayed no signs of 

discomfort during the imaging experiments (Fig 20 E). Functional fast full-field two-

photon calcium imaging was performed on awake animals using a spherical polystyrene 

treadmill to monitor locomotion (Fig 20 F). The setup included a 270° monitor ring for 

visual stimulation. Fluctuations in intracellular calcium were detected and used as a 

proxy to identify potentially action-potential related calcium transients in layer II/III of V1 

(Fu et al., 2021, Backhaus et al., 2023) (Fig 20 G, H). 

 

3.3.2 Susceptible mice exhibit higher spontaneous activity levels in 

neuronal microcircuits of the primary visual cortex 

In every animal encompassed by this study, the functional patterns of local networks 

were successfully identified within layers II/III of V1 (Fig 21 A-D). There were no 

observable differences in terms of cellular density among the animals, and no 

indications of heightened cellular disintegration were present. The average cell density 

was 61 ± 11 neurons in the group of resilient animals and 64 ± 5 neurons for susceptible 

littermates. The excitatory neurons exhibited sparse spontaneous calcium transients, 

meeting the criteria for putatively action-potential-related events (Guimaraes Backhaus 

et al., 2021). The average activity rate on a per-neuron basis was quantified, all 

recorded somata pooled together. Based on this assessment, the animals were 

categorized into the aforementioned stress-resilient and stress-susceptible groups, 

considering n = 237 somata (R) and n = 277 somata (S) respectively, revealing a 

significant positive shift in cortical microcircuit activity when applying a 2-sided 

Kolmogorow-Smirnow-Test (p = 0.0478, Fig 20 E, F). These findings suggest a 

correlation between social interaction parameters and spontaneous activity rates within 

the primary visual cortex. 
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Figure 21: Local network activity in V1 reflects social stress vulnerability. Micrographs of microcircuits 
in layer II/III of the primary visual cortex, recorded by two-photon microscopy, of a resilient (A) and 
susceptible (C) animal (Scale bars are 50 µm), and the corresponding intensity traces of somata within the 
microcircuit (B, D). The average cell density was 61 ± 11 neurons in the group of resilient animals and 64 
± 5 neurons for susceptible littermates. Boxplot of the activity frequency of all recorded somata pooled 
together in resilient and susceptible groups, considering n = 237 somata (R) and n = 277 somata (S) 
respectively (E). A significant difference in the cumulative distribution (F) of activity frequencies is observed 
(2-sided Kolmogorow-Smirnow-Test, p = 0.0478). (Figure by Hendrik Backhaus).    
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3.3.3 Non-stressed animals exhibit activity dynamics close to the 

dynamics of susceptible animals 

To determine whether the network dynamics in non-stressed animals resemble those 

of either resilient or susceptible animals, or if they signify a distinct third network state, 

mice that had not undergone the CSD paradigm were subjected to the SI test. Apart 

from this alteration, the non-stressed mice underwent the same experimental 

procedures as their stressed counterparts. The recorded microcircuits (Fig 22 A) 

displayed a neuronal density strikingly akin to that of the resilient and susceptible 

groups with an average cell density of 66 ± 7 neurons. As seen in both other conditions, 

the typical sparse activity of potentially action-potential-related calcium transients was 

observed (Fig 22 B).  The activity frequencies of neurons within microcircuits of non-

stressed mice to the outcomes of the treated groups were compared subsequently. 

Interestingly, the non-stressed group exhibited similarities more aligned with the 

susceptible group: pooling together all neurons within the non-stressed group led to a 

consideration of n = 171 somata, and employing a 2-sided Kolmogorow-Smirnow-Test 

revealed a significant difference when compared to the susceptible group. In contrast, 

the resilient group displayed activity dynamics notably diverging from both the non-

stressed (p = 0.0004) and susceptible groups (Fig 22 C, D). 

The question arose, if these newly identified network properties emerged following 

stress exposure, or a stratification that was already present in the pre-stressed 

population was observed? While pre-stressed measurements were not conducted, so 

as not to impact the CSD/SI paradigm by the presence of the head holder and cranial 

window, the activity signatures of both the resilient and susceptible groups were pooled. 

Even when comparing these two stressed groups to the non-stressed controls 

employing a 2-sided Kolmogorow-Smirnow-Test, a significant difference remains 

evident (p = 0.0067) — both in terms of mean activity state and activity distribution (Fig 

22 E, F). 
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Figure 22: Non-stressed animals show similar activity levels as susceptible animals. Recorded 
micrograph of a non-stressed animal (Scale bar is 50 µm) (A) and the extracted intensity traces of areas 
in the field of view containing neuronal somata (B) do not show any morphological difference to the two 
stressed groups. The average cell density was 66 ± 7 neurons. Boxplots (C) and cumulative distributions 
(D) of activity frequencies of all somata pooled in a non-stressed group considering n = 171 somata show 
no difference towards the group of susceptible somata but significantly differ to the resilient group (2-sided 
Kolmogorow-Smirnow-Test, p = 0.0004, n = 171 somata). Boxplots (E) and cumulative distributions (F) of 
activity frequencies of all somata of the resilient and susceptible group show a significant difference to the 
non-stressed group (2-sided Kolmogorow-Smirnow-Test, p = 0.0067). (Figure by Hendrik Backhaus). 
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3.3.4 Resilient microcircuits surpass susceptible and non-stressed 

microcircuits in the accuracy of the representation of visual afferents 

It was further investigated whether the distinct signature of network activity observed in 

resilient mice is adaptively or maladaptively related to the representation of visual 

afferents. 

To achieve this, both static- and drifting-grating stimulation paradigms were utilized, 

while simultaneously assessing single cell activity in layer II/III of V1 (Fig 23 A). In light 

of the findings previously presented, the question emerges whether a modulatory effect 

following chronic stress exposure leads to a modification of activity patterns in resilient 

mice. However, to ascertain whether this effect is adaptive or maladaptive, relying solely 

on stimulus-free network behavior does not yield a conclusive answer. 

A noteworthy increase in the proportion of neurons within resilient microcircuits that 

exhibited finely-tuned responses during drifting grating stimulations, in comparison to 

susceptible and non-stressed microcircuits, was discovered. In contrast, susceptible 

and non-stressed microcircuits contained a similar number of identified neurons that 

displayed an expanded orientation selectivity tuning (Fig 23 H, I). 
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3.3.6 The stability of systemic resilience mechanisms - a permanent 

state? 

Subsequent measurements of the same microcircuit were conducted one week later in 

both a resilient and a susceptible mouse. The activity levels of all neurons within an 

individual that could be co-localized were compared across both measurement time 

points. Although single neurons demonstrated shifts in their activity rates, the overall 

activity signature of the microcircuit remained unchanged, regardless of the behavioral 

consequences of chronic stress exposure (Fig 25). This indicates that the functional 

architecture remains at least meta-stable. 

 

 

Figure 25: Assessment of the long-term stability of the local network activity. A two-photon 
micrograph of a resilient and a susceptible animal, each measured at a one-week interval (T1, T2). The 
transition of the activity levels for all neurons that could be identified at both time points indicate shifts in 
firing frequencies of a subfraction of neurons. The cumulative distributions of all pooled neurons of the 
respective animal show no significant difference between the two imaging timepoints. (Figure by Hendrik 
Backhaus). 
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two-photon regime, while measurements using three-photon microscopy show a 

constant contrast, which allows a clearly differentiable resolution of the neuronal 

somata to the neuropil even at penetration depths of up to 650 µm. Colocalization of 

the neuronal somata between two-photon and three-photon microscopy measurements 

from a penetration depth of 350 µm proves to be challenging, as the contrast reduction 

when using the two-photon microscopy system already makes it difficult to differentiate 

between neuronal somata and neuropils. From a penetration depth of 450 µm, 

colocalization can no longer be performed accurately, which is why the FOVs shown 

should serve as a qualitative comparison.  

 

3.4.2 The imaging quality using three-photon excitation is comparable to 

two-photon excitation 

The qualitative representation of putatively action potential related functional calcium 

transients was investigated by measuring a neuronal network at a depth of 250 µm 

below pia mater in both setups (Fig. 27 A). Both excitation methods enabled the 

recording of an ensemble of neurons that, labeled with ROIs as functional units, 

exhibited signal components within the intensity traces expected from putative AP-

related calcium transients (Fig. 27 B, C). The density of resolved neuronal somata did 

not differ between the two excitation methods (three-photon excitation: 878.31 ± 

231.79; two-photon excitation: 998.1808 ± 20.3591). Neuronal somata in both imaging 

modalities exhibited the typical signal characteristics that are to be expected when 

functional calcium transients occur. The frequency of activity did not differ between the 

two methods (three-photon excitation: 1.43 ± 0.20; two-photon excitation: 1.46 ± 0.12), 

nor was there any difference in the relative number of active neurons (three-photon 

excitation: 34.02 ± 17.86; two-photon excitation: 41.95 ± 5.47). 

 



Page | 78 
 

 

Figure 27: Three-photon imaging is comparable to two-photon imaging in terms of assessment of 
single cell activity. (A) Micrograph of the recorded neuronal ensemble. Scale bar represents 15 µm. 
Intensity traces of recorded neurons (left) employing two-photon imaging (B) and three-photon imaging (C) 
and the corresponding binarized activity trains (right). (D) No difference in cell density of recorded 
microcircuits is observable. The recorded microcircuits show no difference in the amount of active cells (E) 
and their activity frequency (F). Error bars indicate standard error of the mean. Figure and analysis by  

 (A – C) and  (D – F). 
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4. Discussion 
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4.1 The success of neurophysiological experiments using optical 

methods relies on an appropriate analysis pipeline 

The field of all-optical physiology in neuroscience, which involves concurrent recording 

and manipulation of individual components within a microcircuit, offers exciting new 

possibilities (Marshel et al., 2019). Particularly in preclinical rodent models of 

neurological disorders, these groundbreaking experiments can shed light on how the 

(dys)function of individual neurons and neuronal ensembles impacts network 

performance and behavior. Nonetheless, the full potential of all-optical physiology 

remains largely untapped. There are various reasons for this. Firstly, an ideal opsin for 

effectively inducing action potentials to mimic physiological inputs' temporal dynamics 

is still not available, despite significant progress. While efficient two-photon excitation 

has made substantial strides, efficient two-photon-based inhibition, particularly, is in its 

early stages (Bovetti et al., 2017). However, the opsin and stimulation methods are only 

parts of the whole process. This requires to move beyond synthetic, non-physiological 

stimulation patterns that often trigger unnatural responses due to network 

hypersynchronization caused by simultaneous activation of multiple neurons. To 

achieve this, not only neuronal activity needs to be recorded but also activity patterns 

need to be analyzed in real-time. This will allow to replay and meaningfully modify the 

endogenous ensemble activity, completing the loop. 

In this thesis, crucial aspects of system integration and the fundamental concept of 

analyzing all-optical functional data were presented. In conclusion, the entire 

workflow—from capturing raw images to identifying and binarizing events and designing 

stimulation patterns—needs to shift towards real-time closed-loop execution (Jin et al., 

2018). This necessitates fast dedicated hardware. Every component of the system—

microscope, optogenetic pattern generator, signal acquisition, and signal 

computation—must operate in real time. While this is attainable for the microscope, 

optogenetic pattern generator, and signal acquisition components, achieving it for 
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event-based signal processing and analysis in real time remains a challenge. Realizing 

real-time capability for this critical analysis step requires close collaboration between 

neuroscientists, mathematicians, and (bio)informaticians. Initially, the 

neurophysiological events of interest need to be meticulously identified and described. 

For instance, in previous studies on local population state transitions, these events had 

to be distinguished from a vast array of neurophysiological signal components and 

characterized in terms of their spatiotemporal dynamics and variability. Subsequently, 

mathematicians can leverage statistical methods or novel unsupervised machine 

learning algorithms. The advent of artificial intelligence holds the potential to accelerate 

analysis routines, traditionally taking weeks or months, to mere seconds or milliseconds 

(Soltanian-Zadeh et al., 2019, Pnevmatikakis, 2019, Richards et al., 2019). 

Collectively, the rapidly advancing field of all-optical physiology for neuronal 

microcircuits can only flourish within a multidisciplinary framework, reliant on the 

optimization and integration of each component.  

 

4.2 Single cell activity during SWEs can be grasped by two-photon 

microscopy 

Understanding how information is represented and processed in the mammalian 

neocortex requires measurements from single-cell dynamics of local microcircuits up to 

macroscopic whole-brain readouts, enabling to identify spatiotemporal activity patterns 

in local to global networks of neurons across scales. 

During isoflurane induced slow wave activity, calcium transients in layer II/III were rarely 

observed, even though the slow wave rhythm was detectable in the neuropil, likely 

reflecting activity from deeper layers. But, if the neurons are active, they are exclusively 

active in active periods, i.e., the population slow wave event SWE. These results were 

in line with previous findings of the neuropil being able to serve as an “optical 
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encephalogram”, representing bulk calcium signals in axonal structures, thus providing 

a measure of input from deeper cortical layers (Kerr et al., 2005), as SWE originate 

mainly from layer V (Sanchez-Vives and McCormick, 2000). 

 

4.3 Resilient phenotypes are reflected in their network activity 

within the visual cortex 

In the course of this thesis, an experimental design that integrates awake optical 

microcircuit imaging with a behavioral paradigm to stratify social stress resilience was 

introduced, focusing on the effects and outcomes of social stress on visual networks. 

This exploration unveiled a distinct network phenotype spanning both spontaneous, 

ongoing activity and stimulus-evoked responses. Clear differentiation emerged 

between resilient and susceptible animals across nearly all network metrics. Notably, 

resilient animals exhibited heightened accuracy in representing visual afferents 

compared to non-stressed animals. 

A robust network signature underlies any phenotypic representation, delineating a 

unique network state (Niell and Stryker, 2010, Speed et al., 2020, Yuste, 2015, Pakan 

et al., 2016, Henschke et al., 2020, Vaidya and Gordon, 2013, Misic and Sporns, 2016). 

Depending on the temporal scale and definition of behavioral motives, these distinct 

states can be subdivided into substates that contribute to specific phenotypic outcomes. 

For instance, a generalizable network state of motor response could harbor embedded 

smaller motives. Assigning a singular network state to a particular phenotypic outcome, 

especially one as broadly termed as social stress resilience, is intricate. Yet, smaller 

aspects in well-defined brain regions can be observed. Efforts to analyze network 

dynamics have been undertaken in prefrontal areas involved in decision-making and 

emotional regulation, such as the HPA axis (Colyn et al., 2019, Xu and Sudhof, 2013, 

Lopresto et al., 2016, Myers et al., 2014, Banerjee et al., 2017, Abe et al., 2019). 
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The prevailing notion of brain networks operating in isolation, each performing specified 

tasks, necessitates revision. Instead, understanding the brain as a tightly interwoven, 

interconnected network should be embraced (Zatka-Haas et al., 2021, Singer, 2009, 

Buzsaki and Voroslakos, 2023). Growing evidence suggests that sensory cortical areas 

are not solely influenced by the behavioral state of the organism (Niell and Stryker, 

2010), but they also relay sensory information to other sensory cortices and prefrontal 

areas beyond the classical visual information processing streams, such as the rostral 

and ventral streams. 

The conventional bottom-up (Britten et al., 1996) and top-down (Nienborg and 

Cumming, 2009) hypotheses explaining sensory stimulus processing and subsequent 

decision-making have attributed distinct tasks to specific brain regions. However, in 

recent years, the concept of singular sensory cortical areas, like the visual cortex, 

having only one dedicated task has been challenged. Although the primary role of the 

visual cortex is undeniably processing visual stimuli, evidence suggests an intricate 

exchange of information between various cortico-cortical and sub-cortical regions 

before and during action execution in response to external stimuli, with cortical regions 

also contributing to decision-making, albeit to a lesser extent (Zatka-Haas et al., 2021). 

In the context of social stress resilience, sensory cortical areas play a vital role, 

especially concerning several aspects of resilience. One crucial aspect is sensory 

discrimination. Animals, including humans, with better sensory context identification 

and discrimination may be more adept at distinguishing contexts associated with prior 

social stressors from non-threatening environments. Visual parameter spaces, which 

encompass the visual environment, are crucial in this regard. Visual afferents are 

initially represented in the primary visual cortex along the visual pathway. Within this 

cortex, particularly layers II/III are highly interconnected, responsible for representing, 

computing, and disseminating the visual parameter space. The accuracy of this 

parameter space's encoding can be assessed by determining the precision of tuning 
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for specific movements, such as orientation tuning. This parameter is highly sensitive 

to early neurodegenerative impacts and forms the basis for our inquiry. This thesis 

examined whether socially resilient animals might possess a heightened ability to map 

the visual parameter space. Remarkably, the results demonstrate that resilient animals 

achieve a more precise representation of the external visual world. This enhanced 

representation subsequently informs higher-order circuits, which in turn differentially 

affect the phenotypic response. Particularly within the realm of stress resilience, 

enhanced discrimination ability could constitute a resilience mechanism (Tran et al., 

2016, Sep et al., 2019, Banerjee et al., 2017, Krueger and Sangha, 2021, Lopresto et 

al., 2016). 

While it cannot be definitively determined whether this performance-enhancing network 

state is due to the social stressor or was already present prior to stress exposure, the 

identification of an altered network state in both resilient and susceptible animals 

suggests network plasticity. Resilient animals exhibit a network that is more capable of 

accurately perceiving the visual world, a pivotal resilience mechanism. 

The reflection of social stress resilience within primary sensory cortices carries 

implications not only for the understanding of social stress resilience as a brain-wide 

adaptive outcome, but also for informing intervention strategies. A network 

representation of social stress resilience, applicable across species, can overcome 

translational challenges. Concepts like training or enhancing sensory discrimination, 

which render networks more resilient, could prove to be cross-species strategies. 
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4.4 What comes first? The chicken or the egg? 

Despite the differences found between susceptible and resilient animals on group level, 

the larger inter-individual variability within the groups currently prevents single-subject 

prediction based on the network activity alone. This variability underscores the 

complexity of stress resilience and suggests that individual differences may play a 

significant role in shaping neuronal responses to stress (for an overview of spontaneous 

network activity per animal, see Supplement Figure 1). 

Understanding the factors contributing to this variability could provide valuable insights 

into the mechanisms underlying stress resilience and vulnerability, potentially paving 

the way for more targeted interventions or treatments aimed at promoting resilience in 

the face of stress. 

It's important to acknowledge that the small sample size employed in this study may 

present limitations in robustly assessing the outcomes. Given the proposed variations 

in resilience mechanisms among individuals, the modest sample size may not 

adequately capture the full spectrum of responses. To mitigate this limitation and 

enhance the reliability of the findings, future studies could benefit from significantly 

increasing the sample size (n) to encompass a broader range of individuals. By doing 

so, the statistical power of the analyses can be improved and a more comprehensive 

understanding of the neuronal mechanisms underlying stress resilience can be 

achieved. 

Additionally, it's worth noting that the experimental design utilized a relatively unspecific 

and context-free stimulus, employing static and drifting grating stimuli. While this 

approach is valuable for assessing fundamental baseline functionality, it may not fully 

capture the dynamics of neuronal networks under conditions of stress or adversity. To 

address this limitation and better simulate real-world stressors, I propose an 

experimental paradigm where visual grating stimulation is paired with an olfactory 
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stimulus. For instance, introducing urine extracts from a CD1 male during the 

experiment could serve as a relevant stressor. By incorporating such a stimulus, it can 

be investigated how neuronal networks respond in the presence of a stress-inducing 

cue, providing valuable insights into the adaptive mechanisms underlying stress 

resilience. 

 

4.5 Examining cortical micronetworks by three-photon microscopy 

– a game changer? 

The advent of functional three-photon microscopy for calcium imaging represents a 

significant advance in the study of neuronal activity deep within the brain. With its 

extraordinary depth of penetration, three-photon imaging surpasses the limits of its 

predecessor, allowing researchers to visualize neuronal dynamics in previously 

inaccessible regions such as the hippocampus (Horton et al., 2013, Wang et al., 2018, 

Streich et al., 2021, Ouzounov et al., 2017). When investigating neuronal networks in 

vivo, two-photon microscopy is mainly applied in the neocortex, as the penetration 

depth is limited to around 500 µm. Beyond 500 µm, the out of focus intensity increases 

and results in a blurry image, impeding the identification of neuronal somata as regions 

of interest or, in the worst case, making it impossible. When neuronal microcircuits in 

deeper brain regions shall be examined, such as the hippocampus, researchers 

overcome the imaging depth limitations by removing parts of the neocortex and either 

implant a canula, glass plug or GRIN lens (Velasco and Levene, 2014, Jung and 

Schnitzer, 2003, Levene et al., 2004, Barretto et al., 2011) to enable data collection 

employing a two-photon approach. However, these methods result in an invasive 

preparation procedure, ultimately destroying the natural internal environment of a 

functioning brain. The reduction of out of focus excitation as well as the reduced 

scattering of longer wavelengths enables the method of three-photon excitation to open 
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up new insights into the intricacies of neural circuits and their functions, and could 

unravel secrets previously beyond our reach. 

However, despite its groundbreaking capabilities, three-photon imaging is not without 

its drawbacks, especially when compared to established two-photon imaging. One 

notable limitation is the reduced field of view offered by three-photon microscopy. This 

smaller spatial coverage leads to a reduced ability to resolve neuronal somata within 

the imaging field. As a result, the assessment of neuronal networks becomes a real 

challenge as only a fraction of the neuronal population is captured in each image, 

limiting the ability to comprehensively analyze network dynamics and interactions. 

Several research groups addressed this limitation and developed solutions to increase 

the resolved field of view by employing adaptive optics (AO), which is used to measure 

and correct the distortion of an excitation wavefront that is scattered in tissue 

(Rodriguez et al., 2021, Streich et al., 2021, Qin et al., 2022, Sinefeld et al., 2022). This 

two-step approach firstly requires a determination of the wavefront, where either direct 

or indirect methods can be applied. Afterwards, a phase modulation device such as a 

spatial light modulator (SLM) or deformable mirror (DM) can be used to correct the 

specimen-induced aberrations. As an example for an indirect method, Streich et al 

presented a three-photon microscope equipped with a continuous membrane DM and 

a modal based AO optimization with automatic shift correction. Furthermore, the system 

comprises of a field-programmable gate array (FGPA) which synchronizes the scanning 

mirrors with an echo-cardiogram (ECG), enabling the observation of the cardiac cycle 

in real time and pausing the scanning during peaks of the ECG. Thus, motion artifacts 

caused by the heartbeat can be minimized and the acquisition of stable temporal 

images is improved. The axial resolution reached by the system is stated with 3.1 µm 

in the cortex at a depth of 653 µm and 7.9 µm axial resolution when imaging the 

hippocampus at a depth of 1054 µm. Similar approaches were developed by the groups 

of Chris Xu (Sinefeld et al., 2022) and Na Ji (Rodriguez et al., 2021)  reaching similar 
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results. However, to acquire a frame with this method typically requires 20 – 30 s which 

is a far too slow frame rate for functional calcium imaging applications. This leads to a 

further circumstance that currently limits further expansion of the use of three-photon 

microscopy, especially for functional imaging: while three-photon imaging is excellent 

for examining deep brain structures, its temporal resolution lags behind that of two-

photon imaging. With a frame rate of 5 Hz, three-photon microscopy is inferior 

compared to the fast temporal sampling possible with two-photon techniques, which 

typically achieve frame rates of 30 Hz. This discrepancy in temporal resolution is a 

significant limitation, especially when capturing fast neuronal events such as single 

action potentials. Despite advances in calcium indicators aimed at improving temporal 

kinetics and signal fidelity, the inherent limitations of a 5 Hz frame rate led to 

uncertainties in the accurate resolution of these transient events. To overcome this 

issue, Li et al introduced an adaptive excitation source (AES) and used it for high-speed 

neuroimaging in the awake mouse. Initially, a structural image of the region of interest 

is acquired by employing a uniform pulse train, resolving high-resolution image where 

all pixels are equally excited by the laser source. The high-resolution image is used to 

label all neuronal somata as regions of interest which are converted to a digital binary 

sequence in the next step. The matrix, where a neuronal soma is labeled as 1 and all 

remaining structures as 0, such as blood vessels or neuropil, is used by an arbitrary 

waveform generator to drive a fiber-integrated electro-optic modulator (EOM), encoding 

the ROI position into a laser pulse pattern. By ensuring an accurate synchronization of 

the scanners and the laser source, an increase of the imaging speed is possible while 

omitting the collection of information considered unnecessary. It has been shown, that 

a three-photon microscope equipped with an AES system can achieve a representation 

of a 620 x 620 µm² FOV at a resolution of 512 x 512 pixels with a temporal resolution 

of 30 Hz, recorded 750 µm below dura mater. Even if the performance is on a par with 

that of a two-photon microscope, there are inevitable disadvantages of this method: As 
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already elaborated in a previous chapter of this thesis, a random-access measurement, 

which is required by the system, represents a considerable disadvantage in the 

subsequent analysis of the recorded data sets, as the initial motion correction of the 

data is rendered more difficult.  

To improve the fame rate without omitting parts of the FOV, temporal focusing (TF) can 

render a promising solution (Toda et al., 2017, Escobet-Montalban et al., 2018): a 

diffusive or dispersive optical element is positioned in a plane conjugate to the objective 

focal plane, resulting in a dispersion and reduction of absorption in out-of-focus planes. 

The emitted fluorescence by the excited FOV, comprising the neuronal somata of 

interest, is collected by an epi-detection and a camera. Thereby, the temporal resolution 

of excitation is improved and higher imaging framerates can be applied, but at the cost 

of a reduction of imaging depth. Toda et al showed a successful sectioning capability 

and improved TF from 2.1 to 1.6 µm. However, this method is also incomparable with 

the performance of currently available two photon microscopes (Toda et al., 2017). 

To ultimately lift the performance of three photon microscopes to a comparable level of 

two photon microscopes, the undeniable bottleneck is the repetition rate of 

commercially available lasers while ensuring temporal and spatial emission of light 

pulses and their user-friendly application in a neuroscience-based laboratory. A wide 

variety of lasers used in two photon microscopy comprises of repetition rates of up to 

80 MHz at a pulse width of 140 fs while covering a wide range of applicable wavelengths 

(Chameleon Ultra II, Coherent). On the other hand, commercially available light sources 

capable of three photon excitation reach repetition rates of up to 4 MHz at a pulse width 

of < 50 fs but at a fixed wavelength (Monaco 1300, Coherent) or, as an example of a 

tunable light source, reach repetition rates of 2 MHz at a pulse width of 100 – 300 fs 

with a possible tuning bandwidth between 1050 – 2500 nm (Carbide, LightConversion). 

The low repetition rate requires the use of galvanic mirrors for raster scanning, 

drastically limiting the achieved frame rate. Only the development of laser sources 



Page | 90 
 

emitting light pulses in the wavelengths required for three photon excitation with a 

repetition rate comparable to lasers used in two photon microscopy can lead to the 

application of fast resonant mirrors for imaging, enabling for image acquisitions similar 

to established two photon microscopes while exploiting the benefits of deeper tissue 

penetration.  

Additionally, it is noteworthy to mention that advancements in imaging technology by 

other research groups have yielded systems capable of achieving even larger field of 

views and higher frame rates. Some systems developed by these groups boast field of 

views of up to 350 µm² while maintaining frame rates of 8 Hz (Takasaki et al., 2020). 

This represents a significant improvement over the current limitations of three-photon 

imaging, offering a wider spatial coverage and slightly improved temporal resolution. 

Such developments highlight the ongoing efforts within the scientific community to push 

the boundaries of imaging capabilities, paving the way for more comprehensive and 

detailed investigations into neural activity and circuit dynamics. 

In essence, while three-photon functional calcium imaging microscopy offers 

exceptional depth penetration and the potential to uncover hidden neural dynamics, it 

must contend with trade-offs in spatial coverage and temporal resolution compared to 

its two-photon counterpart. As research continues to push the boundaries of calcium 

imaging technology and signal processing techniques, addressing these limitations will 

be crucial in unlocking the full potential of three-photon imaging for unraveling the 

complexities of the brain's inner workings. 
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“So once you do know what the question actually is, you'll know what the answer 

means.” 

 — Douglas Adams. 
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7.3 Spontaneous activity per animal 
 

 

 

Supplement Figure 1: Boxplot of spontaneous activity frequency per animal. R1-R5 represents 
animals classified as stress resilient and S1-S6 their stress susceptible litter mates. Even though a 
tendency towards lower spontaneous activity in the most resilient classified animals (R1-R2) versus an 
increased activity within the group of most susceptible animals (S1-S3) is observable, also resilient animals 

can exhibit neuronal activity rates similar to susceptible animals (R3, R4) and vice versa (S6, S5).  

 

  










