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Abstract

In this work, the development of a platform for long-term optogenetic stimulation of neuronal
networks in vitro is described. The aim of this platform is to investigate the effects long-term
optogenetic stimulation has on neurons during homeostatic, activity-dependent network de-

velopment.

The subjects of stimulation are networks of around 2 - 10° neurons, which are to be cultivated
on standardized 12-well cell carrier substrates. Each culture (one per well) of the carrier should
be continuously stimulated by one LED and not be affected by other LEDs in the array. Dif-
ferent LED pulse timings and frequencies should be possible. Additionally, the stimulation
must be carried out under predefined incubator conditions (95 % humidity and 37 °C) and
must not significantly increase the temperature in the local microenvironment of developing

cultures.

The first part of this work describes the development of the platform, from its functional re-
quirements to the construction, programming and realization of two prototypes. The second
part of this work discusses an experiment conducted with both prototypes as well as experi-
ments conducted with a micro-electrode array (MEA). The purpose of the MEA experiment
was to assess the effectiveness of optogenetic stimulation in dependence of the distance be-
tween LED and neuronal network. The electrophysiological, optogenetic and microanatomic
processes and analysis methods used in this work are described. Similarly, the morphological
effects of long-term stimulation with the platform on developing neuronal networks are dis-

cussed.
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Zusammenfassung

In dieser Arbeit wird die Entwicklung einer Plattform zur optogenetischen Stimulation neuro-
naler Netzwerke in vitro beschrieben. Ziel dieser Plattform ist es, die Auswirkungen zu unter-
suchen, die langfristige optogenetische Stimulation auf Neuronen wéhrend der homdoostati-

schen, aktivititsabhdngigen Netzwerkentwicklung haben.

Gegenstand der Stimulation sind Netzwerke von etwa 2 - 10> Neuronen, die auf standardisier-
ten 12-Well-Zellkulturplatten kultiviert werden sollen. Jede Zellkultur (eine pro Senke) der
Zellkulturplatte sollte von einer LED fiir eine kontinuierliche Stimulation beleuchtet werden
und nicht durch andere LEDs im Array beeinflusst werden. Verschiedene LED-Pulszeiten und
-frequenzen sollten mdglich sein. Auflerdem muss die Stimulation unter vordefinierten Inku-
bationsbedingungen (95 % Luftfeuchtigkeit und 37 °C) erfolgen und darf die Temperatur in

der Mikroumgebung der sich entwickelnden neuronalen Zellkultur nicht signifikant erhdhen.

Im ersten Teil dieser Arbeit wird die Entwicklung der Plattform beschrieben, von den funkti-
onalen Anforderungen bis hin zur Konstruktion, Programmierung und Realisierung von zwei
Prototypen. Der zweite Teil dieser Arbeit beschreibt ein Experiment, das mit beiden Prototy-
pen durchgefiihrt wurde, sowie Experimente, die mit einem Multi-Elektroden-Array (MEA)
durchgefiihrt wurden. Der Zweck des MEA-Experimentes war es, die Wirksamkeit optogene-
tischer Stimulation in Abhéngigkeit des Abstandes zwischen LED und neuronaler Zellkultur
zu ermitteln. Die in dieser Studie eingesetzte elektrophysiologische, optogenetische und mik-
roanatomische Verfahren und Analysemethoden werden beschrieben. Ebenso werden die mor-
phologischen Auswirkungen der Langzeitstimulation mit der Plattform auf die sich entwi-

ckelnden neuronalen Netze erortert.
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1 Introduction

1.1  Optogenetic Interference with Homeostatic Network Development in vitro

Cultured neurons form electrically active networks during development and undergo a similar
maturation process as neurons developing in vivo (Okujeni and Egert 2019; Ramakers et al.
1990). During their early growth, neurons migrate and elaborate their axons and dendrites,
connecting to one another to form synapses. Herein, neuronal migration and neurite outgrowth
are regulated by neuronal activity-related Ca" influx. Such influx act on cytoskeletal dynamics
via complex biochemical pathways (Lambert de Rouvroit and Goffinet 2001). Optogenetic
stimulation of neurons via channelrhodopsins induce indirect or direct increases in Ca?* influx
(Nagel et al. 2002). This suggests possible means to shape the structure and connectivity of
developing neuronal networks by influencing with the morphological differentiation process
(Lignani et al. 2013). However, the interactions between chronic stimulation and homeostatic

network growth are currently poorly understood.

In this work, we developed a platform for the optogenetic stimulation of developing neuronal
networks and analyzed the morphological effects of long-term optogenetic stimulation. Cur-
rent models of neuronal activity-dependent outgrowth and migration suggest that during de-
velopment, neurons regulate their interconnectivity to reach a homeostatic set point of activity
and Ca" influx (Okujeni and Egert 2019; van Ooyen et al. 1995). Neuronal activity emerges
spontaneously by the end of the first week in vitro (WIV). Stable levels of activity are reached
in the fourth WIV (van Pelt et al. 2005). When neurons spontaneously fire such action poten-
tials (AP), these signals are transmitted between neurons via synapses, the connections be-
tween neurons. Such synaptic transmission excites postsynaptic neurons and may evoke action

potential firing in them.

As the number of synapses per neuron increases during in vitro development, these processes
eventually generate recurrent activity dynamics. These are reflected in periods of synchronous
action potential firing across the network, so-called “network bursts” (van Pelt et al. 2005).
Network bursts not only arise in vitro but can be found in organotypic slices and in the intact
nervous system. Synchronous network activities such as these bursts have been implicated in
learning and memory consolidation as well as synaptic transmission efficacy (Stevens and

Zador 1998). It is especially involved in slow-wave sleep (Steriade and Timofeev 2003).



As neuronal networks grow, network bursts evolve depending on the spatiotemporal summa-
tion of synaptic events. To what degree of synchronization network bursts adhere to has been
shown to be regulated by the degree of clustering and modularity in network connectivity
(Maeda et al. 1995). These parameters, in turn, depend on the interaction of neuronal migration
and neurite outgrowth during activity-dependent network development. Both of these pro-
cesses contribute to increases in connectivity and thus activity in the network (Okujeni and
Egert 2019). By providing an activity-offset via optogenetic stimulation, we predicted that
such stimulation would inhibit development at normally premature connectivity levels and

diminish the degree of neurite outgrowth as well as neuronal migration and clustering.

Figure 1 shows the evolution of firing dynamics in a neuronal network at 18 days in vitro
(DIV) and at 30 DIV. Importantly, the emergence of network bursts is illustrated. At 18 DIV,
sites fire in a pattern with three phases: low-level firing, synchronized firing and a silent net-
work recovery phase. At 30 DIV, the sites fire almost exclusively synchronically in network

bursts (van Pelt et al. 2005).
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Figure 1 shows data from a cell culture at 18 DIV (top)
and 30 DIV (bottom). The upper graphs show spike tim-
ings at individual recording sites as well as a trace for the
summed activity, marked by “all.” The lower graphs fea-
ture traces of the total number of network spikes per sec-
ond. These examples illustrate the nature of network
spikes with active and inactive phases. Network bursts
occur during active phases. (van Pelt et al. 2005)

Figure 2 shows activity profiles of neu-
rons stimulated at frequencies between 1
and 60 Hz. Spikelettes occur during con-
stant stimulation at medium frequencies
(20 Hz). In this regime, post-depolariza-
tion diminishes the availability of volt-
age-gated Na' channels by preventing
them from deactivating, lowering the am-
plitude of APs. At high frequencies
(60 Hz), this effect ultimately denies the
triggering of APs and deactivates ChR2
(Lignani et al. 2013).




1.2  Optogenetics Explained

Optogenetics is a biological technique used to interact with neurons and other cell types with
light. Cells are genetically altered (transfected) to express light-sensitive proteins called chan-
nelrhodopsins which function as light-gated ion channels (Nagel et al. 2002). Such ion chan-
nels regulate the membrane potentials of neurons and can bring about depolarization (Egert,
Okujeni 2020). If a certain voltage potential threshold is reached, the neuron fires an action

potential.

Concerning channelrhodopsins, light radiation in specific parts of the spectrum causes a con-
formal transformation in the protein, leading to an inflow of ions into the neuron. Such an
influx depolarizes the cell. These channelrhodopsins, therefore, act as sensory photoreceptors
for cells, allowing them to be activated by light. Channelrhodopsins have many variants, from
being sensitive to different wavelengths of light to selectivity for different ions (Lin 2011). A
variant of Channelrhodopsin 2 (ChR2) is used in this work. As ChR2 is best stimulated by
light with a wavelength of 450 nm, most optogenetic researchers use blue or UV LEDs to

stimulate their targets (Valley et al. 2011; Lin 2011).

In the current study, neurons are meant to be stimulated via ChR2 expressed in their mem-
branes. This expression is regulated by the CaMKII promoter following transfection with the

viral vector pAAV-CaMKIla-hChR2(H134R)-mCherry.

Stimulation via channelrhodopsin requires precise control of the stimulation pulse duration
and frequency. Due to an effect called post-depolarization, channelrhodopsins are somewhat
sluggish (Lignani et al. 2013). They always stay open longer than the duration of stimulation,
which allows for ion flow after stimulation. As the frequency of stimulation pulses grows, it
becomes increasingly difficult for the channel to close itself. At a certain point, further increase
in stimulation frequency does not increase AP firing, rather, it diminishes AP firing rates (see
figure 2). Therefore, to reliably stimulate optogenetically treated neuronal networks, we must
stimulate them with frequencies below 20 Hz. Likewise, stimulation with low pulse durations
fails to sufficiently stimulate ChR2, as the channel is given insufficient time to open (Lin

2011).

Research into optogenetics has been on the rise in the past decade (Valley et al. 2011; McAlin-
den et al. 2013; Reddy et al. 2019; Keppeler et al. 2020). Usually, experimental optogenetic
setups are unique and time-consuming to design and realize. A ready-made platform such as
the one described in this work would save scientists much time and effort. While this first

design is built for a specific experiment type, its programmable nature increases its possible



applications. Max Wechlin designed a much larger LED array for optogenetic stimulation,
however, it was designed for a different use-case: stimulating single cell cultures with high
stimulative resolution. This platform was never tested with real neuronal networks (Max Jiir-

gen Wechlin 2022).

1.3 Scientific Objective

The scientific objective: a programmable platform for optogenetic long-term stimulation of
neuronal networks in vitro. Studying such networks should be possible in a reliable and re-
peatable manner. The goal of such research is to study the changes in neuronal networks
brought about by long-term stimulation. Therefore, it is vitally important that the networks be

preserved after experimentation for analysis.

Why is it interesting at all to study the effects of optogenetic stimulation? The real-world use-
cases of optogenetic biomedical technology are ever on the rise. Increasing the resolution in
cochlear implants is one such application (Keppeler et al. 2020). Research into epilepsy is also
a large sub-field of optogenetics. Concepts exist in which patients with traumatic brain injuries
could be treated with optogenetics to interfere with pathological brain reorganization (Tennant
et al. 2017). However, possible influences of optogenetic long-term stimulation on brain con-
nectivity and general health are unknown. Optogenetic stimulation could also help scientists
gain new insights into activity-dependent network development. So far, this has only been
done by pharmacological intervention (Okujeni and Egert 2019; Okujeni et al. 2017; van Pelt

et al. 2005). Optogenetics offers a cleaner, more specific stimulation paradigm.

The platform should be used for an optogenetic experiment to fully test the system. Further,
the aim of such an experiment should be to study the effects of long-term optogenetic stimu-
lation on neuronal networks. Whether the platform could carry out these experiments is dis-
cussed in the following sections, as just such an experiment was carried out to test the platform.

The platform must conform to certain parameters explained in the next section.

1.3.1 Functional Requirements

The duration of the light pulse should be 10 ms, as lower durations do not reliably stimulate
ChR2 (Lin 2011). The intensity of LEDs should also be such that they reliably stimulate ChR2.

The conditions inside the incubator must be considered as well. Not only is neuronal activity



strongly influenced by changes in temperature, but electronics might also be damaged due to
high humidity levels. A temperature of 37 °C and 95 % humidity, which can be found in an
incubator, can be detrimental to sensitive electrical connections. Some sort of structure that

houses and protects the electronics must be designed and constructed.

The platform must be programmable, such that stimulation patterns can be varied. Optimally,
each light-emitting diode (LED) should be individually controllable and settings for the pulse
duration and cycle time should be easily editable. A possible stimulation pattern (as seen in
fig. 2) would be a row-by-row scheme; each well in a row of three wells would be stimulated
at the same time, with the same cycle time and pulse duration. With four of these rows in a
standardized 12-well cell carrier substrate, it would be possible to run experiments over 12

cell cultures with four variations simultaneously.

When considering the circuitry and control scheme for the array, many different implementa-
tions are possible. As this array uses LEDs, each diode will require an input and an output.
LEDs emit light of a specific wavelength, depending on their material, when a voltage is ap-
plied in the direction of forward current flow (Oliver Paul 2020). For this to happen, the anode
must have a voltage potential higher than the voltage potential at the cathode. Which exact
potential difference (V;) is required is unique to every LED and is always available on the

LED’s datasheet. Therefore, contacts are needed for both the anode and cathode.

A microcontroller controlling multiple LEDs will therefore require at least as many General-
Purpose Input/Output (GPIO) ports as there are LEDs, plus one. Depending on the application,
the cathodes of the LEDs can be linked together to use only one GPIO port acting as ground.
As the size of the array grows, so does the required number of GPIO ports on the microcon-
troller. At some point, the microcontroller would not have enough ports to control the full

array.

An alternative method is called Matrix Multiplexing. With this method, the amount of GPIO
ports needed to control the array is reduced. For an array of 12 LEDs, as seen in figure 2, only
7 GPIO ports would be required. Here, the array is divided into rows and columns. The anodes
of all the LEDs in a row are connected, as are all the cathodes of a column. This can be seen

schematically in figure 4.

In figure 4, the switches for lines 2 and 5 are closed, meaning current can flow along the red
dotted line and through LED (2,2), lighting it up. In this way, every LED in the array can be

controlled.



The main draw of this method is the reduced amount of GPIO ports required. This amount can
be calculated using the following formula, ngp;g = vVngp * 2 (1), where ngpro is the num-

ber of GPIO ports required and 7;£p is the number of LEDs in the array.

However, one important drawback of matrix multiplexing is so-called line-flashing. This oc-
curs when one LED in a row is turned on, the others in the same row also illuminate slightly.
For example, as the microcontroller sets the anode row 2 in figure 4 to “high” voltage (5 V) to
turn it on, column 5 is turned to “low” voltage (ground) to activate it. All other cathode col-
umns (4,6) are turned to high voltage, the same level as the anode row, to disallow current
flow. However, there exist small electric currents through the LEDs which should be off, re-
sulting in faint emissions of light. This is because the potentials on the anode and cathode
aren’t exactly the same and allow for a small leakage current. If this light is intense enough to

trigger ChR2, then the neuronal network would be stimulated outside of parameters.

Without matrix multiplexing, the required number of GPIO ports rises more quickly with the
number of LEDs. This is mostly unimportant for small arrays, as the microcontrollers have
enough ports for such arrays. Connecting to each LED in a 4x3 array directly would require
13 connections, 12 for the LEDs and 1 for the ground (GND) connection. Having more con-

nections adds more complexity to the circuit.

A B C Pulse Time: 10 ms

4 10 Hz
3 1Hz
2 0 Hz (Control)
1 0.1 Hz
Figure 3 shows stimulation patterns used for Figure 4 shows a 3x3 LED matrix con-
experiments on a 12-well cell carrier nected by matrix multiplexing (Max Jiir-

gen Wechlin 2022)






2 Materials & Methods

2.1 Technical Documentation

2.1.1 LED

One of the most important parts of an optogenetic stimulation setup is the source of light. In
this work, the Nichia NSPUS510CS is the LED used for the platform (Nichia Corporation
2022). It is an LED with a peak intensity at 375 nm. At this wavelength, we are operating in
the UV spectrum. However, some light emitted by this diode is visible to us, shining brightly
with a purplish hue. According to its datasheet, the peak radiant flux of this LED is 15.1 mW
and its relative radiant intensity at 0° is 85 %. This means that an object directly above the
LED will receive 15 % less energy. The true peak relative radiant intensity is actually found
at 10° and drops to 0 at larger angles. If we divide the peak radiant flux by the area of a curved

spherical sector (see figure 5) with its radius being the distance between the LED and the cell

culture, the following equation gives us the light intensity per unit area: I = zsﬁ 2)

(Paschotta 2022; Weisstein 2023). Using trigonometric identities, the value of h can be calcu-
lated, assuming the angle of the cone is 10° (see above): h = 0.09 mm. Therefore, the intensity
per unit area of this LED is 4.45 mW/mm?. As the cell culture resides directly above the LED,
the actual transmitted intensity per unit area is 3.78 mW/mm? (see above). This is sufficient to

stimulate ChR2, as it only requires about 1.1 mW/mm? to be activated (Lin 2011).

spherical cone

Figure 5 shows a spherical cone overlayed on a
sphere. The light gray area denotes the curved spher-
ical sector, whose area is the determinant for the
transmitted intensity of light. (Weisstein 2023)
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Figure 6 shows the matrix multiplex- Figure 7 shows the circuit diagram of
ing circuit diagram of a 12 LED array. a 12 LED array with direct connections
The inputs denoted A-C and 1-4 are to to 13 digital I/O ports of a microcon-
be connected to the digital I/O ports of troller: 1-12 and GND.

the Arduino microcontroller.

Figure 8 shows a 12-well cell culture

carier (Falcon® 2023) Figure 9 shows an early version of the first proto-

type.

12-Well lid

12-Well substrate
Silicone

Container lid

Sealing ring \

Container

Breadboard circuit

Styrofoam ring Weight

Figure 10 shows a side-on sketch of the optogenetic stimulation platform. Various functional parts are labeled.
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2.1.2  Circuitry

For both stimulator prototypes, a simple breadboard substrate was used, whereupon jumper
wire circuitry was built. The circuit diagram for the first prototype can be seen in figure 6.
Thusly, the LED array is connected via matrix multiplexing. Importantly, the spacing of the
LEDs and their respective connections on the circuit were determined by the separation of the
wells on the 12-well plate, for which this platform was designed and out of which a part of the
electronics housing is made. Which connections lead to which GPIO port on the microcon-

troller is unimportant, as the pin functions are set in the code.

2.1.3  Microcontroller

In order to run the circuit and every LED at varying frequencies, a microcontroller was re-
quired. An Arduino Uno was chosen for this role, as it had enough GPIO ports for both circuits
and it made interfacing with the circuit simple. Using C++, programs could be written to the
microcontroller for it to output to its digital GPIO ports. Connections from these ports to the
circuit were made via a 2-meter-long ribbon cable. Figure 2 shows the required stimulation
patterns which were implemented into C++ code. Programs were written for both matrix mul-

tiplexing and direct LED connection circuits.

2.1.4  Construction

The platform hinged on compatibility with Falcon brand 12-well cell carrier substrates (figure
8). As these substrates were designed to be stackable, it made sense to incorporate one of these
substrates as the interface between the platform and a cell carrier. Using one of these as a base,
the rest of the optogenetic stimulation platform was conceived. Each well required an LED for
stimulation, so holes were drilled into the centers of each. An identical hole was drilled into

the cell carrier lid to more accurately aim and further restrict the light transmitted.

The cell carrier needed to be painted black, as each neuronal network was to be stimulated
individually, without influence from other LEDs or other light sources. The interior of the
incubator is normally dark when closed, so the only source of illumination would be the plat-
form itself. Thus, it made sense to paint the normally clear cell carrier black. This was done

with a coat of black spray paint.
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The housing of the electronics was one of the most important components. Firstly, the elec-
tronics must be contained to make the platform more robust and secondly, to shield sensitive
parts from deteriorating due to humidity. A role which was to be filled by a plastic container,
inside which resided the breadboard, circuitry and a stainless-steel weight. The cell carrier,

prepared as described above, needed to be integrated into the container lid somehow.

A hole was cut into the lid of the container, with a circular saw, fitting the altered 12-well cell
carrier. Silicone sealed the gap between the container lid and the cell carrier. The LEDs were
inserted into the holes on the cell carrier and oriented such that they would have the correct
polarity when connected to the circuit. Then silicone was used to bind the LEDs to the under-
side of the cell carrier. This allowed the LEDs to be connected to the circuit without compro-

mising the protection of the housing or the transmission of light.

The finished stimulator lid consisting of the 12-well cell carrier, container lid and LEDs was
now monolithically connected to the circuit. This then was placed inside the container, atop a
platform inside the container such that the circuit did not hang freely from the lid and was

supported when the lid was installed on the container.

In the first attempt, a container made of polypropylene, a thermoplastic polymer, was used.
Connecting the lid with the cell carrier failed, as the material was too flimsy and easily broke

the silicone bond. This first version can be seen in Figure 9.

As the search for a new container began, the need for a sealing ring around the edge of the lid
was recognized. This would make the seal more airtight. A second container was acquired, an
IKEA 365+ model with a silicone sealing ring built in. This type of container was made of
PP-R, which is a copolymer of polypropylene and at least one comonomer. After a hole was
cut into the lid, the carrier was attached with silicone paste from both sides and to the LEDs
from the inward side. After drying, the container proved to be both robust and sealable. A
piece of Styrofoam was cut to fit in the container and act as a stable platform for the circuitry
to rest on. A small metallic cylinder was used as a weight to make the platform more stable.

Figure 10 shows a side-on schematic view of the prototype design.

2.1.5 Second Prototype

The second prototype benefited from lessons learned during the construction of the first. Be-
fore drilling the holes into the cell carrier, the substrate and the lid were taped together so that

the holes would be lined up better than on the first prototype. Before painting, the carrier was
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soaked in isopropyl to thoroughly clean the surface. A primer layer was applied before the
black paint for better adhesion, durability, and color intensity. Figure 11 showcases the second

prototype’s construction.

While the first prototype’s circuitry was connected via matrix multiplexing, the second proto-
type had its LEDs directly connected to the GPIO ports of the microcontroller via a ribbon
cable. This was done to test if this alternative circuitry was viable and in case the matrix mul-
tiplexing method failed. The circuit diagram used can be found in Figure 7. Both circuits were
built on a breadboard and can be seen in Figure 12. The finished prototypes are depicted in

Figure 13.

2.1.6  Programming

Programming of the microcontroller was done in C in the Arduino IDE. First versions of the
program were simply repeating loops of code. These loops caused every LED in the array to
flash, one after the other. In this way, every culture on the array would be stimulated uniformly.
This code can be found in the auxiliary material as “Full Array Pulse”. However, this approach
could not scale to output the required stimulation pattern for the experiment, as. Therefore, a
different method was required. With help from an online tutorial, a new method was con-
ceived. Using the three timers built-in to the microcontroller, the exact points in time when an
LED should pulse can be determined. These so-called “timer interrupts” trigger when a coun-
ter matches a specific stored value, then resets this value and continues the count. By setting
this match value and the speed of timer increments, it is possible to set the frequency of timer
interrupts (Ghassaei 2012). This is easily translated to the frequencies required in the stimula-
tion pattern. As the two stimulators had two different circuitries, two distinct programs had to

be written. These can be found in the auxiliary materials.
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Figure 11 includes four images taken during construction of the second prototype. Left:
Cell carrier substrate and lid are taped together for better alignment during drilling of
through-holes. Top right: Cell carrier is spray painted. Bottom right: Silicone is applied to
bind the carrier to the container lid.

Figure 12 includes two images of the circuits controlling the LED arrays. Left: Circuit for
the first prototype utilizing matrix multiplexing. Right: circuit for the second prototype.
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Figure 13 shows both finished prototype stimulation platforms and their Arduino Uno mi-
crocontrollers. Left: first prototype with matrix multiplexing circuitry. Right: second proto-
type with direct connection circuitry.

2.2 LTS Experiment Documentation
2.2.1 Overview

From the outset, three long-term stimulation experiments were planned. The first was can-
celled due to time constraints; the first prototype was not ready on time due to the above-
mentioned issues with the container’s material properties. The second experiment did not pro-
vide any useful data. A mistake during transfection meant only three neuronal networks were
transfected, causing all but three networks to not express ChR2. The three that were transfected
were part of the control group, however, and therefore were not stimulated. The third and final

experiment proceeded without incident.

v

DIV 0 DIV4 DIV 6 DIV 13
Preparation Trans-  Stim Stim end;
fection  start Fixation

Figure 14 shows a timeline of the final LTS experiment
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2.2.2 Timeline

A timeline of steps in the experiment can be found in figure 14. Cell cultures PID509 CID7670
(abbreviated as Cell Culture 1, CC1) & CID7668 (CC2) were prepared on 02.12.2022 follow-
ing procedures described in Dr. Okujeni’s works (Okujeni et al. 2017; Okujeni and Egert
2019). In short, there were three variations of cultures on each 12-well cell carrier: four cul-
tures treated with 1 mM PMA, four cultures treated with 1 mM Gddecke6976 (GOE) and four
otherwise untreated cultures were used as controls. GOE and PMA are PKC antagonist/ago-
nist. Protein Kinase C (PKC) is an enzyme that regulates neurite growth and cell migration
among other parameters. PKC agonist PMA promotes clustering of neurons, thereby reducing

neurite density, while PKC antagonist GOE does the opposite (Okujeni 2012).

CC1 and CC2 were transfected on DIV 4 with pAAV-CaMKIla-hChR2(H134R)-mCherry,
dubbed “mCherry,” to express ChR2.

Two days later, 6 DIV, the stimulators were placed into the incubation chamber and oriented
such that their ribbon cables could easily exit the chamber. CC1 was placed on S1 while CC2
was placed on S2. The platforms were plugged in and the time and date for the beginning of
the experiment was noted: 08.12.2022, 10:24 for CC1 and 10:39 for CC2. Stimulation was
interrupted on DIV 10 for medium exchange. The stimulation and experiment ended at 13
DIV, 15.12.2022, at 11:24 for CC1 and 11:34 for CC2. The networks had been transfected for

nine days and exposed to LED radiation for a week.

2.2.3  Immunohistology & Microscopy

Directly after completing the stimulation experiment, an immunohistology was performed to
preserve the networks for photography and analysis. The antibodies used for this procedure
were Rabbit-anti-NeuN, for marking neurons, Mouse-anti-Neurofilament, for marking neuro-
filaments, Goat-anti-Mouse-Cy?2 and Goat-anti-Rabbit-Cy3, for phosphorescence, and DAPI,
for marking nuclei. These were each added in dilutions of 1:200 with glucose solution and
produced by Abcam. The plasmid mCherry was added during culture preparation in dilution

of 1:1000 with glucose solution and marks areas of expressed channelrhodopsin.

Photographic microscopy of the preserved networks was performed with a Zeiss Axio Ob-
server Z1 and Zeiss Zen 2013 software. [llumination of the networks was provided by a Colibri

LED controller with 365 nm (nuclei), 470 nm (neurons), 555 nm (neurofilaments) and 625 nm
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(mCherry) wavelength LEDs. Areas of 4 mm? were photographed. Morphometric analyses
were then performed on the captured micrographs in MATLAB.

2.2.4  Analysis

Morphometric analyses were performed on micrographs of the networks using MATLAB code
kindly provided by Dr. Samora Okujeni. Among analyzed parameters were the clustering of
neurons via the Clustering Index (CI), neuron and glia density, neuron ratio as well as axon
length. Neuron and glia densities are important, as there are direct connections between cell
death, clustering, and cell densities. We determined the glial density indirectly from the frac-
tion of nuclei stained with DAPI that did not show a neuron-specific nuclear stain. Measuring
glial cell density is also important because these cells were not transfected. If there is a differ-
ence in densities between the two, that is direct evidence of LED stimulation affecting trans-

fected neurons.

The Clustering Index of a neuronal network is a measure of how highly clustered its neurons
are. As stated above, networks treated with PMA have stronger neuron clustering while GOE-
treated networks have a largely homogenous spread of neurons. The CI of a neuronal network

is calculated as described in (Okujeni et al. 2017): the nearest neighbor distances (NND) be-

tween neurons are measured and averaged (NNDg,;). Then a random point pattern with the
same density is created. Simulated neurons are inserted at random points, but only if a mini-
mum distance to other neurons is observed. This distance is usually around 10 um. These
points are added to a list until the desired point density is reached. From this list, the nearest
neighbor distances of the simulated neuronal network are calculated. Next, the average of these

is calculated (NNDg;,,,). This is repeated as many times until the standard error is less than

0.01. Finally, the CI is calculated: CI = ~2Real (9)
NNDsim

In short, the CI is the ratio between the average observed and expected NND. A CI of 0 would
infer a fully clustered network, meaning the NND is equal to the minimum distance between

neurons. A CI of 1 infers a completely random neuron distribution (Okujeni et al. 2017).
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2.3 MEA Experiment Documentation

The purpose of this experiment was to analyze the response of an optogenetically treated neu-
ronal network to UV light stimulation. The basic setup of the experiment was this: a small
table made of plastic and screws (figure 15 B)) which held an LED. This was hooked up to a
circuit that mimicked an LED array similar to the first stimulator prototype (figure 15 A)).
This table sat directly beneath the MEA tray such that the culture was stimulated from below
(figure 15 C)). The MEA responses were recorded using MC Rack.

Cell culture PID508 CID7656 (CC3) was prepared on a standard micro-electrode array (MEA)
with PMA as described in Dr. Okujeni’s works (Okujeni 2012; Okujeni et al. 2017). Transfec-
tion occurred on DIV 7. Cell cultures PID509 CID7654 (CC4) and PID509 CID7665 (CC5)

were prepared in the same manner and transfected on DIV 4.

At 22 DIV, CC3 was stimulated via LEDs (10 ms pulse at 0.2 Hz) from a distance of 6.5 mm.
The MEA response from the culture was measured. This culture was fixed on DIV 27 and an

immunohistology was performed.

For the second experiment, MEA responses of CC4 and CC5 during LED stimulation (10 ms
pulse at 0.2 Hz) were measured at three different heights (6, 18 and 21 mm) on DIV 12. The

cultures were fixed on DIV 17 and immunohistologies were performed for both.

A) (12— N

D2 D3
D1 ﬁg g
= v ¥R
15Q 15Q 15Q

Figure 15 contains three separate images.

A) Circuit diagram used for the experiment.
GPIO port connections are labeled 1-4. M1 and
M2 are measurement points used for calibrating
the MEA signal recorder. D1 is the LED which
stimulates the MEA culture.

B) Adjustable LED table. Two alligator clips
connect the LED to the rest of the circuit.

C) MEA tray over LED table. The hole in the
tray allows light from the LED to reach the
MEA culture. This would normally reside on
the gold-colored tray, covered by the black elec-
trode lid.
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3 Results

3.1 LED Stimulation Platform for Optogenetic LTS

First of all, the programs written for the stimulators needed to be tested to ensure the cell
cultures would be stimulated correctly. They were tested and shown to function on the stim-
ulators as designed. S1 was tested in the incubator during normal function overnight with the

array flashing. It was confirmed to be undamaged; the array had continued flashing.

Temperature and humidity were measured from the inside of the prototype with a sensor. At
the beginning of the experiment, the temperature inside the stimulator was 21 °C with a hu-
midity of 40 %. When the stimulator was removed approximately 24 h later, the sensor showed

a temperature of 37 °C and a humidity of 42 %.

During the first, unsuccessful experiment, it was found that the connections between the ribbon
cable and the microcontroller were unstable, leading to a weakening in LED intensity over
time. These were exchanged for jumper cables before the second experiment, which greatly

increased the reliability of the LED’s intensity.

Concerning the effectiveness of the LEDs at stimulating neuronal cultures, MEA recordings

of CC3 showed activity spikes directly following LED illumination.

3.2 MEA Experiment Results

In order to determine whether LED stimulation evoked neuronal activity in optogenetically
treated neuronal networks, we stimulated neuronal cultures grown on MEAs. The LED was
placed the same distance from the culture as in the stimulators (6 mm) and recorded spiking

activity.

MEA data collected from experimentation on CC3 showed that the LED successfully stimu-
lated neurons in the network. The recorder for the 256-electrode MEA was able to readout
neuronal signals in real time during LED stimulation sessions. An overview of the recorded

electrode signals can be seen in figure 16. Figure 17 shows data from single electrodes. These
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are meant to be representative of typical signal types recorded by the MEA. Some electrodes
supplied noisy data or did not show spiking activity (figure 17 D)). The photoelectric effect
caused many electrodes to record false spiking activity. An example of this can be found in
figure 17 B). A typical network burst with a short component immediately following the stim-
ulus, a silent period, followed by a long late component can be seen in figure 17 A). Figure 17

C) depicts a network burst without an early component.

Figure 18 is the waveform of recorded signal data from neuron firing activity around a single
electrode. This depicts a classical action potential. Figure 19 is likewise a waveform of rec-

orded electrode data; however, this signal is indicative of the photoelectric effect.

Experimentation with CC4 and CCS5 yielded no clear evidence of stimulation.
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Figure 16 shows PSTHs of neuron firing activity recorded around the electrodes of a
MEA. Each graph corresponds to activity around a single electrode. The graphs are
arranged according to the electrode’s position in the array. The red lines denote the
instant of stimulation.
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Figure 17 shows four distinct graph pairs. In each pair, the bottom graph shows individual
signals recorded by the electrode while the top graph is a peristimulus time histogram (PSTH)
of data from the bottom graph. A) is indicative of a network burst with an early and late com-
ponent; B) is indicative of the photoelectric effect inducing a signal on the electrode; C) is
indicative of a network burst without an early component; D) is indicative of the absence of
spontaneous, directly or indirectly elicited spiking activity. The red line in each graph depicts
the precise point in time of the LED pulse.
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Figure 18 depicts the signal recorded by a single electrode in the
MEA. This corresponds to the firing activity of neurons in the area
around the electrode. The different lines denote unique responses; in
total there are 10 recorded signals overlayed in t
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Figure 19 depicts the signal recorded by a single electrode in the
MEA. This corresponds to the the waveform induced by the
photoelectric effect. The different lines denote unique responses; in
total there are 10 recorded signals overlayed in this graph.

3.3 LTS Experiment Results

In order to analyze the neuronal networks, micrographs had to be made of the cultures. Im-
munohistology allowed for these micrographs; areas of 4 mm? of each neuronal network were
photographed after experiment completion. These originally grayscale images were edited and
given false colors to better differentiate between cellular structures. Figure 20 is a grid of such
images showing 1mm? sections of each network arranged to the network’s position in the ar-
ray. Figure 21 shows a close-up of a control group network and exemplifies the fact that the
algorithm written to identify neurons is imperfect; some neurons in this image are not marked.

This is because there is a continuous intensity spectrum of neuronal nuclei, which makes it
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impossible to define a non-ambiguous threshold to separate immunoreactive cells from the

background.

Morphometric analyses to study developmental changes in the neuronal cultures were per-
formed on CC1 and CC2’s micrographs using code scripts for MATLAB provided by Dr.
Samora Okujeni. Neuron density, glial density, neuron fraction, the clustering index (CI) and
axon length per neuron were identified by the program. See figures 22 and 24 for absolute

results and figures 23 and 25 for normalized results. All results are depicted as boxplots.

When taken together, much of the data from analyses of both cultures are inconclusive or show
no significant impacts of stimulation. It appeared as if the CC2 networks had different reac-

tions to stimulation than the CC1 networks.

3.3.1 Densities

Concerning the neuron densities of the networks, it appears as if CC1’s PMA cultures are
generally denser than those of CC2 (figures 22 A) and 24 A)). In fact, both cell culture groups

have much higher neuron densities for cultures treated with GOE than expected.

Glial densities (figure 22 B)) for CC1 are spread out between 400 — 1200 mm™ while those of
CC2 (figure 24 B)) are between 500 — 800 mm™, with the notable exception of the GOE cul-
tures, which range from 800 — 1400 mm. Interestingly, this does not appear to have an effect
on the neuron fraction (figures 22 D) and 24 D)), as these are roughly the same across cell

cultures.

3.3.2  Clustering Index

The measured CI of CC1 PMA cultures showed they tended to have heightened neuronal clus-
tering; their Cls were between 0.6 — 0.9. The other cultures (controls and GOE) had higher Cls
and were on par with one another at around 0.7 — 1 (figure 22 C)). CC2’s cultures were all in
the same region of the CI; also between 0.7 and 1, with the notable exception of the PMA
culture at 0.1 Hz with a CI around 0.6. Such clustering indices are uncharacteristic for these

types of cultures (Okujeni et al. 2017).
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Although PMA cultures tend to have heightened neuronal clustering due to PMA being a PKC
agonist, and therefore a CI of around 0.5 — 0.6; when we would expect GOE cultures to score

significantly higher than controls.

3.3.3  Axon length

The relationship between axon length and stimulation frequency varies between the two cell
culture groups. While CC1’s axon lengths seem to decrease for low frequencies and increase
for high frequencies (figure 21 E)), CC2 tends towards a constant decrease in axon length with

increasing frequency (figure 23 E)).
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Figure 20 is a grid of false-color images taken from each neuronal cell culture in C2. They are ar-
ranged according to their position on the 12-well cell carrier during the experiment. Each image rep-
resents a region of the corresponding neuronal network about 1 mm? in size. Image artefacts are com-
mon and can be identified as large, blurry spots; for example, the large green spot at the top left of
image C4.
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Figure 21 shows a close-up false-color image of a 1 mm? region of neuronal network B3 (preparation CC2).
This culture was stimulated at 1 Hz.

Red lines mark dendrites (Rabbit-anti-NeuN), green lines mark axons (Mouse-anti-Neurofilament), blue/green
spots mark nuclei (DAPI). The black crosses mark neurons detected by the analysis algorithm. Note, some
neurons are not detected, for example in the top left.
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Figure 22 hosts multiple boxplot diagrams for results from morphological analysis of CC1. All parameters
are displayed against the stimulation frequency, A) displays neuron density; B) displays the glial density; C)
displays the CI; D) displays the fraction of neurons out of all cells in the network; E) displays the length of
axons. The boxplot representations of data from each culture are displayed and colored according to treatment
with PMA, GOE or neither.

These are the results of an unpaired single-sample student’s t-test. Data collected from CC1. Asterisks denote
statistical significance, one for p <0.05, two for p <0.01 and three for p <0.001. Outliers are marked by
crosses.
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Figure 23 hosts multiple boxplot diagrams for results from morphological analysis of CC1. All parameters are
normalized around the first control culture and displayed against the stimulation frequency, A) displays neuron
density; B) displays the glial density; C) displays the CI; D) displays the fraction of neurons out of all cells in
the network; E) displays the length of axons. The boxplot representations of data from each culture are displayed
and colored according to treatment with PMA, GOE or neither.

These are the results of an unpaired single-sample student’s t-test. Data collected from CCI1. Asterisks denote
statistical significance, one for p < 0.05, two for p < 0.01 and three for p < 0.001. Outliers are marked by crosses.



30

250

A 1500
) B) o
200 1 * j T
I - i
& = = & 1000 H | E
£, 150 L e T !
B T v : = E
% - H g # Lot i E‘
=) = ? B T (. ¥
£ D13 % %y ds 78
z ’i_‘ 5 T l:] _ S 500 it B *
c = 4 Q ? Py
& g = .
so] PMA PMA
Control Control
GOE GOE
0 0 0.‘1 1 1‘0 ° 0 0.1 1 10
stimulation frequency [Hz] stimulation frequency [Hz]
12 03 |
)] D)
¥
L . T o 1 025¢
- | v
| o .
OB o
08+ E‘ﬁ il Fﬁ; Q‘E 02k
457 . | e £ &
i3 1 ‘J = 1 L _% - )
- . 8 ¢ 4 T
o 0 < 045k b B
| R T
Y Tl Be 5E
04 1 o4 @ i % ‘ 1 T ? ;
1
PMA | PMA
21" Control 0051 Control
GOE GOE
0 - - - . 0 ! : - 3
a 0.1 1 10 0 0.1 1 10
stimulation freauency [Hz] stimulation frequency [Hz]
3000 T T
E)
2500 - &
2000 1

sy

length of axon per neuron ,,.....,

F;
T
g
LT+
AAD:E,A

1000 j_
PMA ! I
500° Control
GOE
\ ‘ ‘ ‘
0 0 0.1 1 10

stimulation frequency [Hz]

Figure 24 hosts multiple boxplot diagrams for results from morphological analysis of CC2. All parameters
are displayed against the stimulation frequency, A) displays neuron density; B) displays the glial density; C)
displays the CI; D) displays the fraction of neurons out of all cells in the network; E) displays the length of
axons. The boxplot representations of data from each culture are displayed and colored according to treatment
with PMA, GOE or neither.

These are the results of an unpaired single-sample student’s t-test. Data collected from CC2. Asterisks denote
statistical significance, one for p <0.05, two for p <0.01 and three for p <0.001. Outliers are marked by
Crosses.
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Figure 25 hosts multiple boxplot diagrams for results from morphological analysis of CC2. All parameters
are normalized around the first control culture and displayed against the stimulation frequency, A) displays
neuron density; B) displays the glial density; C) displays the CI; D) displays the fraction of neurons out of
all cells in the network; E) displays the length of axons. The boxplot representations of data from each

neuron density
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4 Discussion

4.1 Prototype Review

The optogenetic stimulation platforms are the centerpieces of this work. These stimulators
were easy to handle — they were robust and sturdy. When placed in the incubator, they were
relatively stable — due to the weight placed inside, the force required to displace the stimulators
was sufficient to withstand the light handling experienced during medium exchange. An ex-
ception arose when it came to the ribbon cable connections. These need to be handled very
carefully. When closing the lid, the ribbon cable became bent and at times disconnected from
the circuit. This only arose when opening and closing the lid, however, which would not be
done during a stimulation session. However, such a problem could be solved by simply sol-

dering the connection.

The intensity of the LEDs remained constant over the LTS experiment. However, during the
first, unsuccessful experiment, the intensity of S1’°s LEDs subsided. This was solved by adding
jumper cables between the microcontroller and ribbon cable, as stated previously. Intensity
did not subside after this change was made. While line flashing, the phenomenon that causes
LEDs to illuminate slightly when not intentionally triggered, was observed in S1 due to its
circuitry being setup for matrix multiplexing, it is unclear whether this had a measurably dif-

ferent effect on CC1 than CC2, which was stimulated by S2.

Cellular medium needed to be changed twice a week; it was important that the cell carriers be
placed in the exact same positions as before. This was relatively simple, as the cell carrier and
carrier interface had the same asymmetric shape. One simply needed to match these when
returning the cell carrier to the stimulator. Minor shifts <2 mm can be ignored due to the

homogenous stimulation approach implemented in this work.

Regarding the results of the temperature and humidity test: As the temperature was the same
as the rest of the incubator, this is evidence that the LED array did not produce enough heat to
potentially disturb neuronal cell cultures. However, the humidity did increase slightly. As this
is a minor increase, it may be negligible. However, as these measurements were taken approx-
imately 24 h apart, humidity may become more of a factor when stimulating for longer periods.
Nonetheless, after the week-long LTS experiment, no significant humidity increase was ob-

served visually in the stimulators.
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Both prototypes were capable of interfacing with the standardized 12-well cell culture carriers,

and each well’s LED was individually controllable by changing settings in a configuration file.

For future versions, it might be interesting to be able to vary the height between LED and cell

culture.

4.2 Explanatory Models for LTS Experiment Results

What exactly happens to cortical tissue under intense and continuous optogenetic stimulation
remains an open question. Understanding the effects of new technologies is the key to lever-
aging their advantages while mitigating their disadvantages. Like continuous electrical stimu-
lation, one would expect long-term optogenetic stimulation to have substantial consequences
for network development. One of our hypotheses is that excessively strong long-term stimu-
lation would be ultimately detrimental and lead to cell death, as well as impacts on neuronal
migration. This is backed up by previous experiments, which are discussed in later sections

(Marek et al. 2019; Moulin et al. 2019; Yoshifumi Abe et al. 2019; Kohidi et al. 2017).

However, we must also consider the role that transfection plays in the health of neuronal net-
works. Transfection via viral vectors can induce lower neuron density by impairing metabo-
lism (Detrait et al. 2002). As all cultures are transfected by the same method, they will ideally

all be the same before stimulation.

4.2.1 Impact of LTS on Cell Survival

Optogenetic stimulation can affect cell health in two main ways: excitotoxicity and phototox-
icity. Phototoxicity occurs when fluorescent molecules are illuminated. These react with mo-
lecular oxygen, producing free radicals, which can damage organelles and other cellular com-
ponents (Nikon’s MicroscopyU 2023). Phototoxic effects therefore directly disrupt metabolic
processes which can lead to cell death. During experiments wherein neuronal networks were
exposed to wavelengths of light <480 nm, phototoxic reactions were observed (Marek et al.
2019). Due to this phototoxicity, neurons may enter apoptosis or simply suffer necrosis. How-
ever, phototoxic effects lead to more than just cell death among neurons. Glial cells would

also be affected, as would the axons and dendrites between neurons.
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The underlying mechanism of excitotoxicity involves intracellular acidification via Ca*" (Mai-
mon et al. 2018). This approach assumes successful transfection of enough neurons in the
network to express ChR2, such that the network can be functionally stimulated by the experi-
mentation platform’s LEDs. When ChR2 is stimulated excessively, large amounts of intracel-
lular Ca®* are released. According to models of homeostatic neurite growth, such an influx
could also impair axon length as well as the motility of their growth cones (Okujeni 2012; van

Ooyen et al. 1995).

In another experiment, motor control neurons were optogenetically stimulated long-term, re-
sulting in motor dysfunction and a reduction in the diameters of neuronal dendrites and axons
(Yoshifumi Abe et al. 2019). Such a reduction in diameter would lead to slower AP propaga-
tion (Egert, Okujeni 2022). Similarly, mice with optogenetically treated hippocampus CA1
pyramidal neurons were stimulated for 24 h with 15 ms pulses of blue light every 90 s (Moulin
et al. 2019). In the CA1 region, dendritic spine densities and areas were reduced compared to
controls. Chronic stimulation also impaired the induction of long-term potentiation and facil-
itated that of long-term depression in CA 1. This would weaken postsynaptic responses (Egert,
Okujeni 2020). These are two examples of phototoxic and/or excitotoxic effects caused by

optogenetic LTS.

Interestingly, CC1 and CC2 had in some cases wildly differing results for the same stimulation
frequencies. For example, CC1’s neuron density among GOE cultures decreased as stimula-
tion frequency increased while PMA cultures first increased, then decreased in density with
increasing stimulation frequency. In turn, CC2’s neuron densities remained largely constant
over all stimulation frequencies. Such differing results might also be indicative of differences
between the two stimulators. Namely, line flashing might come in to play here, as the extra
stimulation between set LED pulses might have more strongly impacted neuronal densities.
However, the possibility that the neuronal densities of some of CC1’s cultures decreased be-
cause of an excitotoxic or phototoxic effect cannot be ruled out. However, this model does not

explain why neuronal densities in control cultures and CC2 did not decrease.

Another explanation we must consider is that the stimulation was not effective. This could
have been due to the CaMKII promoter not being upregulated in younger cell cultures, leading
to a lower expression of ChR2. However, this would be inconsistent with previous findings
which showed that optogenetic stimulation of ChR2 expressing neurons under regulation of
the CaMKII promoter during early network growth was a detriment to neuronal migration
(Kohidi et al. 2017). Another possibility is that a lack of sufficient ChR2 expression may be
attributed to the short expression period prior to the beginning of the LTS experiment and

overall very low CHR2 expression and impact of stimulation. However, a longer initial
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expression period prior to stimulation could have likewise resulted in little impact on neuronal
migration and neurite outgrowth due to structural maturity already having been attained (Oku-
jeni and Egert 2019). In such a case, no obvious influence on the degree of clustering would

be expected.

4.2.2  Impact of LTS on neuronal migration

Concerning migration of neurons and their subsequent clustering, stark differences were ob-
served between cell culture groups. Neuronal migration and clustering crucially impact net-
work connectivity, modularity and activity dynamics (Okujeni and Egert 2019). The impact
of LTS on this process could therefore depend on baseline migration rates. These can be mod-
ulated by PKC manipulation (Okujeni 2012). To test this, we stimulated networks with differ-
ently modulated PKC activity via chronic exposure to PKC agonists or antagonists. The over-
all impact of PKC manipulation on the developing network structure was only partially con-
sistent with previous reports (Okujeni et al. 2017; Okujeni and Egert 2019). PMA treated cul-
tures were more strongly clustered that controls and GOE treated cultures. However, we could
not detect any difference in clustering between GOE treated cultures and controls, which may

be due to the low number of networks analyzed.

Interestingly, all cultures were roughly in the same range of the clustering index. This could
be explained by the same mechanism which decreased cell migration in (K6hidi et al. 2017),
namely, cell motility being impaired by optogenetic stimulation. This reduces the cells’ effec-
tive migrative range, meaning that neurons cannot travel as far to create large clusters. What
we would see are more homogenous networks. Indeed, according to the results, many networks
are more homogenous compared to previous reports (Okujeni and Egert 2019). This model
does not explain why the same high CI of all three cultures is also seen for no stimulation.

Again, this could be due to the low number of cultures studied.

As stimulation was started at 6 DIV, migration and clustering (which take up until 1-2 WIV
to complete (Okujeni and Egert 2019)) may or may not have been completed before ChR2 had
been sufficiently expressed. ChR2’s promoter, CaMKII, is upregulated only after these pro-
cesses are complete. This leads to the conclusion that migration and clustering wouldn’t be
impacted by optogenetic stimulation. This is contrary to previous in vitro findings (K&hidi et

al. 2017).
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4.2.3 Impact of LTS on axon growth

What we would expect to see after optogenetic LTS is reduced neurite growth. However, we
also expect reductions in neuron density and clustering. This could be explained by a compen-
satory neurite growth, because as neuron density decreases, neurons become further apart from
each other, and so axons and dendrites must extend further to reach other neurons (Okujeni

and Egert 2019).

The results show that high neuron density is reflected by shorter axons, and vice versa. These
changes in axon length can be explained by the homeostatic regulation of neurite growth in

conjunction with the observed changes in neuron density (Okujeni and Egert 2019).

4.2.4 Summary of Findings

We have found slight evidence for detrimental effects of optogenetic long-term stimulation.
Namely, decreases in neuronal densities and clustering are definitive signs for such adverse
effects. Neurite growth may also be impaired; however, results show that these effects are
overpowered by the homeostatic regulation of neurite growth as neuron densities decrease.

Further speculation is cut short by largely inconclusive data.

4.3 Effectiveness of Optogenetic Stimulation

In order to determine whether or not the LEDs were capable of stimulating neuronal networks
at the distance present between LED and cell culture in the stimulators, stimulation experi-

ments were performed on cultures grown on MEAs which had been transfected for 15 days.

Recorded signal profiles clearly depict action potentials and network bursts. As these signal
recordings are all timed with the flashing of the LED, it suggests that these neuron firings were
the result of successful optogenetic stimulation. Moreover, we found that neuronal responses
consist of an early response, most likely directly induced action potentials, as well as a late
response consisting of recurrent polysynaptic network activation. Such signals are indicative
of induced network bursts. Photoelectric effects come into play here too, as light can knock
electrons in a metal into the conduction band, producing an electric current. The metal in ques-

tion here would be the electrodes. The photoelectric effect can indeed be observed in the
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recorded MEA data; however, artefacts of this nature are simple to differentiate from true
neuronal signals. Some electrodes supplied noisy data of varying amplitudes. This is most

likely due to wear and tear of the MEAs, which can be recycled for up to 300 DIV of service.

Concerning CC4 and CCS5, only photoelectric effects could be observed. As these cultures
were younger than CC3, it is possible that ChR2 had not yet been expressed within the 3 DIV
expression time before the experiment to make the neuronal network sufficiently sensitive to

light.

The findings of these MEA experiments show that the LED used for the stimulators can suc-
cessfully stimulate optogenetically treated neuronal networks. Importantly, the distance from
LED to the network (6 mm) is sufficiently close to stimulate the network. This is the same
distance between LED and cell culture as in the stimulators. Therefore, this is evidence that
the stimulators are capable of optogenetic stimulation of neuronal networks, assuming such

networks express enough ChR2.

4.4 Relevance of Results

These findings, in particular the slight evidence for optogenetic stimulation-induced decreases
in cell viability, will have consequences for the field of optogenetics. Research with more cell
cultures should be conducted in order to acquire better, more accurate data. Studies could be
made into the effects of stimulation at lower frequencies (< 0.1 Hz). The existence of this plat-

form offers optogeneticists a useful tool to further study long-term optogenetic stimulation.

As only 2 cultures were successfully stimulated, an optimal minimum of # =3 experiments

was not reached.
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S5 Summary

In summary, we successfully developed an optogenetic stimulation platform, constructed two
prototypes and performed long-term stimulation experiments with them. Due to the MEA re-
sults, we concluded that the distance between LED and cell culture is sufficiently small such
that stimulation could occur. Results of LTS experiments were largely inconclusive; we be-
lieve this to be mostly attributed to the short expression time of ChR2, as well as the small
sample size. However, slight evidence for detrimental effects of optogenetic LTS was ob-
served. In particular, decreases in cell motility and density were discovered. Tentative evi-
dence for promotion of neurite growth was found, however, we believe this to largely be the

effects of homeostatic regulation of neurite outgrowth as neuron densities decrease.

This platform has the potential for conducting further research, as well as further iteration. In
particular, giving biologists more tools for their research will increase the pace of progress in
this field. Novel biomedical implants such as cochlear implants may be developed with opto-
genetic technology, as well as new neuronal therapies for patients with brain injuries. For these
types of applications, it is especially important to study possible morphogenic changes brought
about by optogenetic LTS. Optogenetics is a burgeoning field with many possibilities; the

work done in this study strives to aid researchers in developing this technology.
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