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"Discovery consists of seeing what everybody has seen and thinking what
nobody has thought."
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ABSTRACT

Research on human brain development and function in health and disease has
been hampered by limited access to primary human tissue and limited
translatability of animal studies. This knowledge gap is encouraging the use of
human induced pluripotent stem cell (hiPSC)-derived neural in vitro models.
The current hope is that person-specific hiPSC-based in vitro models for
human brain development and neuronal network function will increase the
success in translating research results from bench to bedside. The aim of this
thesis was to characterize and validate a person-specific human iPSC-based
neural in vitro model to study the development, properties, and
pharmacological modulation of human neuronal networks. In the first article
we presented a procedure to generate 3D neural aggregates comprising
astrocytes, oligodendrocytes and highly functional neurons that generated
synchronous neuronal networks in less than three weeks. Further, by culturing
hiPSC-derived 3D neural aggregates in human cerebrospinal fluid (hCSF), we
demonstrated in article II that this adult brain-like milieu promotes
morphological and functional maturation. Although hCSF is superior to
currently used cell culture media, it has very limited availability for routine
cell culturing purposes. This motivated the search for soluble factors that can
mimic the observed maturational effects. In article I1I, we identified TGF-B1
as a physiologically relevant factor that can suppress proliferation and enhance
neuronal and glial differentiation in a human 3D neural in vitro model. In
article IV, we utilized this optimized model to provide insights in how
therapeutically effective and overdose concentrations of lithium influence
human single neuronal and network function. We showed that epileptiform
discharges caused by overdose concentrations of lithium were suppressed by
the antiepileptic drug Perampanel. The demonstrated functional impact of
clinically relevant pharmacological compounds on human neuronal network
function represents a proof-of-concept for the enhanced translational value of
the human 3D neural aggregate in vitro model. The work presented in this
thesis advances the field with a fast functional isogenic in vitro hiPSC-derived
neuronal network model with improved physiological relevance and
applicability for drug evaluation. Hopefully, our findings will bring the field
of neuroscience closer to more translatable modeling and more successful
clinical trials in the future.

Keywords: human induced pluripotent stem cell, neuronal network,
microelectrode array, in vitro



POPULARVETENSKAPLIG
SAMMANFATTNING

Forskningen kring den ménskliga hjarnutvecklingen och hjarnsjukdomar
forsvaras p& grund av den bristande tillgdngen till viabel hjarnvévnad. En
annan orsak till farre framsteg i faltet dr att resultat fran djurmodeller har varit
svara att Overfora till den ménskliga hjirnan och klinisk praxis. Med hjélp av
den Nobelprisbelonade teknologin for framtagning av pluripotenta stamceller
har vi fatt mgjlighet att omvandla patientspecifika somatiska celler till
pluripotenta stam celler. Pluripotenta stam celler ger mojlighet att framodla
ménsklig hjairmvdvnad frén enskilda personer. I denna avhandling har vi
utvecklat ett human-specifikt reduktionistiskt modell-system genom att odla
fram patient-specifika neuronala kulturer. Dessa kulturer speglar stadierna av
tidig hjarnutveckling och genererar spontan synkron nitverksaktivitet efter 2—
3 veckor i odling. Aven om denna metod anviinder biologiskt relevanta
ménskliga celler, sé odlas cellerna i kommersiella odlingsmedier som kritiseras
for att inte vara fysiologiska. Vi har dérfor testat att odla cellerna under de mest
fysiologiska forhallanden, dvs. i méinsklig cerebrospinalvitska. Vi har visat att
cerebrospinalvétskan accelererar cellmognad samt funktionell utveckling i
cellerna. Trots att cerebrospinalvitska visar sig vara former dn de
kommersiella odlingsmedier, 4r den inte tillgdnglig for rutinmaissig cellodling.
Det dr dirfor viktigt att hitta andra fysiologiskt relevanta faktorer som kan
efterlikna effekten av cerebrospinalvitska pa odlade nervceller. Genom att
utvirdera andra fysiologiskt relevanta faktorer som skulle tillséttas till det
kommersiella odlingsmediet, har vi optimerat odlingsforhallanden. Detta
optimerade modellsystem Oppnar upp for mdjligheten att testa
behandlingsmetoder pa ménsklig hjarnvdvnad in vitro. Vi anvinde modellen
for att analysera effekten av klinisk relevanta likemedel, som lithium och
Perampanel och bekriftade att modellen 4r lamplig for prekliniska
lakemedelsstudier. Resultaten i denna avhandling visar att hjirnceller
framodlade fran pluripotenta stam celler kan anvéndas for att minska klyftan
mellan preklinisk och klinisk vetenskap. Med detta hoppas vi att modellen
kommer att kunna bidra till béttre framsteg i behandlingar inom
neuropsykiatrin.
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Human iPSC-derived neuronal networks

1 INTRODUCTION

1.1 HUMAN PLURIPOTENT STEM CELLS:
THEIR PAST AND HOPE

The high potential of pluripotent stem cells was probably first recognized in
1981, when researchers successfully isolated and cultured in vitro pluripotent
stem cells from inner cell masses of mouse blastocysts (Evans and Kaufman,
1981; Martin, 1981). These cells were called embryonic stem (ES) cells. ES
cells are characterized by three major properties: (i) they are derived from the
preimplantation embryo (blastocyst), (ii) they are capable of prolonged
undifferentiated self-renewal, and (iii) they have the potential to differentiate
into all three germ layer-derived cell types. Having achieved a large increase
in scientific knowledge on rodent ES cells, a further milestone in the field was
the isolation and culturing of human ES cells in 1998 (Thomson et al., 1998).
This technology opened completely new ways of studying early human
development in vitro by using healthy human cells. However, this discovery
also sparked a chain of concerns related to ethical issues. Most of these ethical
concerns were circumvented through the breakthrough discovery of induced
pluripotent stem cells in 2006. Shinja Yamanaka ef al. discovered how to
return adult mouse fibroblasts into pluripotent stem cells in vitro by using four
defined transcription factors (OCT4, SOX2, KLF4 and c-MYC). The year after
this pioneering mouse cell-based work, Yamanaka and in parallel Thomsons
group described the successful reprogramming of human fibroblasts into
human induced pluripotent stem cells (iPSCs) (Takahashi et al., 2007; Yu et
al., 2007). This methodology enabled an unlimited supply of human
pluripotent stem cells, from any living person with reduced ethical concerns.
In general, iPSCs and ES cells are known to have comparable characteristics:
similar (i) morphology, (ii) global gene expression pattern, (iii) proliferation
properties, and (iv) differentiation potential (Takahashi and Yamanaka, 2016;
Wernig et al., 2007). These iPSC characteristics provide great hopes for the
stem cell field: human pluripotent stem cells as in vitro tools to study the
principles of human development, to reach the goal of person-specific disease
modeling, to do pharmacological studies in a human-cell-based manner and to
use in vitro grown patient-specific cells for transplantation and regenerative
medicine. However, since the epigenetic signature of patient cells gets lost as
a consequence of the reprogramming procedure and prolonged cultivation, the
rationale to use iPSC for modeling age-related diseases, e.g. Alzheimer’s
disease, has been questioned (Penney et al., 2020; Ravaioli et al., 2018;
Roessler et al., 2014).
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Nevertheless, human PSCs (ESCs and iPSCs) have the theoretical potential to
be used to obtain any cell type of the human body in vitro. This differentiation
potential combined with presumably unlimited proliferation capacity in vitro
is particularly valuable for organ tissues with low regenerative potential,
limited access, and no adequate alternative cell resources available, such as the
human brain.

1.2 MODELING HUMAN NEURAL
DEVELOPMENT IN VITRO

Ever since human PSCs became available, there was a high interest in
differentiating them to neural cells to study human brain development and
function in vitro. The protocols of in vitro neural induction and differentiation
are based on the known in vivo patterning cues and processes revealed in
animal-based research. For instance, the most well-studied morphogens that
are expressed during in vivo cortical development and are used for in vitro
neural differentiation purposes are retinoic acid (RA), bone morphogenic
proteins, transforming growth factors (TGF), fibroblast growth factors (FGF),
Wingless-Int and sonic hedgehog (Tiberi et al., 2012; Wilson and Houart,
2004). Sources of extracellular cues involved in in vivo corticogenesis are
organizing centers in the developing brain, such as the floor plate, roof plate
or cortical hem. Beyond this paracrine signaling, autocrine signaling by neural
progenitors, neurons, and astrocytes contribute to brain development.
Furthermore, morphogens can derive from the surrounding meningeal wall
(e.g., RA), and can originate from the cerebrospinal fluid (e.g., FGF2, TGF-p)
(Tiberi et al., 2012).

Intriguingly, in vitro differentiation of pluripotent stem cells towards neural
stem cells and more mature neural progenies resembles aspects of in vivo
cortical development (Gaspard and Vanderhaeghen, 2011; Mertens et al.,
2016; Suzuki and Vanderhaeghen, 2015). The progressive stages of neural
development are the following: (i) neural induction, i.e., neuroectodermal
differentiation of pluripotent stem cells to neural stem cells, (ii) proliferation
and regional specification, (iii) neuronal and glial commitment and (iv)
terminal neuronal and glial differentiation and maturation, leading to (v)
neuronal network formation.

The first in vitro neural induction of human ES cells showed that human
pluripotent stem cells can be successfully differentiated to neural stem cells
(Zhang et al., 2001). Neural stem cells are typically organized in so called
neural rosette structures, the in vitro equivalent of the in vivo neural tube. Later
studies using mouse and human ES cells demonstrated that these in vitro
acquired neural stem cells have powerful intrinsic differentiation and
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organizational properties (Eiraku et al., 2008; Gaspard et al., 2008). In
particular, neural stem cells were shown to sequentially differentiate to layer-
specific cortical progenitors of the developing cortex, recapitulating early steps
of corticogenesis. In detail, these cultures contained nestin-positive ventricular
zone-like cells, reelin-positive Cajal-Retzius cells, TBR1- and reelin-positive
subplate-like cells, and cortical plate-like cells with sequentially born deep and
upper layer cortical neurons as well. Since these in vitro models are meant to
reflect properties of in vivo neuronal development, it is not surprising that
besides their morphological and structural properties, their functional
characteristics are similarly important.

Studies focusing on the functional properties of human ES cell-derived
neurons showed that these in vitro differentiated human neurons exhibit
characteristic Na" and K" currents and generate action potentials upon current
injection (Erceg et al., 2008; Johnson et al., 2007). Furthermore, they have been
shown to integrate functionally, i.e., establish synaptic connectivity when
transplanted to rodent brain (Koch et al., 2009).

1.3 HUMAN NEURONAL CELL AND NETWORK
FUNCTION IN VITRO

A collective aim in neuroscience is to understand the intriguing functional
development and organization of neurons and neuronal networks. This
collective drive led to several advances in technologies to assess and monitor
aspects of functional neuronal development and communication.

Neuronal cell and network activity can be measured at different levels, i.e., (i)
microscale level, assessing single cell and synapse level, (ii) mesoscale level,
measuring neuronal population function and (iii) macroscale level, recording
functional connectivity and communication between different brain regions.
At microscale level, neurons can be assessed using the patch clamp technique
(Sakmann and Neher, 1984). By intracellularly placed patch electrodes, it is
possible to measure large voltage changes or currents during an action
potential, but even subthreshold changes originating from ion channels and
synaptic input (figure 1, left). However, the patch clamp technique is laborious
and leads to a sequential loss of cell or tissue viability over the recording time.
An alternative approach that offers unique information on this microscale
neuronal activity, is measuring voltage changes in the vicinity of an
electrophysiologically active neuron without breaching its cell membrane.
These extracellular voltage changes during an action potential (also referred to
as “spike”) can be measured by extracellular electrodes (microelectrodes) close
to a neuron (Chiappalone et al., 2019). This allows non-invasive recording
from neurons over long time. The use of extracellular microelectrodes began
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with the application of single unit metal electrodes (Gesteland et al., 1959;
Weale, 1951). The approach appeared promising and led to a fast advance in
increasing the number of observed neurons by the introduction of more
recording sites, a technique called microelectrode array (MEA, figure 1, right)
(Thomas et al., 1972). Besides measuring single neurons, MEAs are also useful
to measure mesoscale activity, giving information about electrophysiological
properties of neuronal populations and inter-neuronal connectivity.

EATCH CLAME FASSIVE MEA Figure 1 In vitro electrical
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The MEA field advanced rapidly leading to commercially available recording
substrates with increasing numbers of recording electrodes in different types
of cell culture chambers. This technology laid the foundation for functional
examination of in vitro neuronal networks and opened opportunities for
assessment of neuronal communication between spatially distant neurons.
Planar MEAs became a popular tool to assess neuronal network activity in
vitro, using diverse cell sources, starting from rodent primary cell preparations
(Arnold et al., 2005; Chiappalone et al., 2006; Gopal and Gross, 1996), rodent
slices (Egert et al., 2002; Karpiak and Plenz, 2002; Shimono et al., 2000), and
human brain slices (Dossi et al., 2014; Hsiao et al., 2015; Wickham et al.,
2020). A common hallmark of in vitro neuronal networks is a preserved self-
organization capacity: they fire spontaneous action potentials, form synaptic
connections, and develop synchronized neuronal network activity over time
(Chiappalone et al., 2006; Luhmann et al., 2016; Wagenaar et al., 2005). When
pluripotent stem cell-derived neurons became available, it was an interesting
question whether this preserved property of neuronal network development
could be reproduced in stem cell-derived cultures. The first studies describing
successful development of spontaneous synchronized neuronal network
activity from mouse embryonic stem cells were published in 2007 (Ban et al.,
2007; Illes et al., 2007), followed by a study using human ES cell cultures in
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2009 (Heikkild et al., 2009). These studies proved that even in vitro
differentiated stem cell-derived neurons are self-organizing in synchronized
neuronal networks. In detail, mouse and human ES cell-derived neurons
showed spontaneous single spiking activity after one week in culture, which
developed sequentially into synchronous neuronal network activity within four
weeks.  Synchronous neuronal network activity is a collective
electrophysiological behavior of synaptically interconnected neurons, with
simultaneous spiking, detectable at several recording sites. Synchronous
activity is also recognized as “network burst” or “population burst”. ES cell-
derived neuronal network bursts were shown to depend on neuronal
excitability, glutamatergic and GABAergic synaptic communication (Heikkila
et al., 2009; Illes et al., 2007). Thus, ES cell-derived neural cultures reproduce
major steps of neuronal network development, and they show pharmacological
responses in vitro. These characteristics make them a suitable and valuable
model system for studying the development and function of neuronal networks
in vitro. The advent of human iPSC technology expanded the cell source of in
vitro neurons with unlimited and person-specific cells paving the way to study
the function of human neurons and neuronal networks, including
pharmacological manipulation.

1.4 THE HOPE OF HUMAN IPSC-DERIVED
NEURONAL NETWORKS ON A CHIP

Use of human iPSC-derived neural models has been proposed as a hope to
improve pre-clinical modeling of neurological and psychiatric disorders as
well as to advance drug discovery and development in the field (Ko and Gelb,
2014). Pharmacological testing and drug development in neurology and
neuropsychiatry have been facing a low success rate. For instance, in
comparison to other therapeutic areas, neurology and psychiatry show one of
the lowest success rates in clinical trials (Hay et al., 2014; Howe et al., 2018).
This low success rate is often attributed to species-specific differences and
poor translatability of pre-clinical data acquired from animal models (Dawson
et al., 2018; Hyman, 2014). Human brain slice preparations were developed to
address this issue and enable studies in human-cell-specific models (Hsiao et
al., 2015; Jones et al., 2016; Wickham et al., 2018). Moreover, resected human
brain tissue has proven to be useful for evaluating antiepileptic treatments on
human neuronal populations (Wickham et al., 2019). However, the epileptic
nature of resected tissues limits their potential for broader use in studying
physiological or other pathological human brain function properties and their
response to pharmacological compounds. Another promising avenue for
human-specific modeling is represented by human iPSC-based functional
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neural assemblies (Engle et al., 2018; Ko and Gelb, 2014). Advantages of using
human iPSC-based cultures for central nervous system modeling and drug
evaluation are the following: (i) they are human cells, which can be patient-
specific and disease-specific, (ii) they can be used to study brain
developmental aspects, (iii) they have the potential to obtain multiple brain cell
types, e.g. neurons, astrocytes and oligodendrocytes, from the same human
tissue sample, (iv) they represent a nearly unlimited cell resource, as is required
for upscaling. On the other hand, their potential disadvantages should also be
mentioned, which are: (i) in vitro induced genetic mutations, (ii)
unphysiological culturing environment, (iii) time-consuming and expensive
culturing, (iv) relatively new technology with the need for standardization.
Moreover, the robust generation of functional neuronal networks comprised of
neurons and glial cells endogenously generated from the same human iPSC
source had not been achieved and was a particular challenge when I started my
PhD project.

Combining human iPSC-derived neurons with MEAs enables the functional
study of neuronal network development from the appearance of single spikes
to the development of correlated neuronal network activity. Further, person-
specific neuronal networks (figure 2) can be potentially used for genetic
manipulations and neuropharmacological compound testing.

person-specific functional neuronal networks on MEAs

4 e L —
G 3

Figure 2 Person-specific neuronal networks on MEAs
Schematic drawing depicting the fusion of hiPSC-technology and MEAs, offering the
possibility to study person-specific neuronal networks in vitro.

Nevertheless, reproducibly generating human induced pluripotent stem cell-
based functional neuronal circuits, solely obtained from single individuals,
poses challenges to achieve personalized and patient-specific functional
neuronal in vitro models.
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1.5 CHALLENGES

At the time when this PhD project started, human iPSC-derived neurons and
neuronal networks required long time (3—8 months) to achieve highly
synchronous networks (Amin et al., 2016; Odawara et al., 2016). In general,
the long timeframe was attributed either to lack of certain components in
culture media that would promote maturation (Dodla et al., 2010), or to the
inherent nature of human brain development which is thought to take longer
time compared to other primates (Lancaster et al., 2013; Mora-Bermudez et
al., 2016; Odawara et al., 2014). For instance, the appearance of astrocytes in
stem cell-derived in vitro cultures was described to take 3—6 months,
coinciding with the time required for neuronal and network maturation
(Krencik et al., 2011; Pasca et al., 2015; Sloan and Barres, 2014). Interestingly,
co-culturing human iPSC-derived neurons with rodent or human astrocytes
facilitated the long-term culturing and maturation of neurons and networks
(Fukushima et al., 2016; Johnson et al., 2007; Kuijlaars et al., 2016; Lam et al.,
2017; Odawara et al., 2016; Shi et al., 2012). However, co-culturing with
external rodent or human astrocytes does not support a true person-specific
modeling and drug testing in vitro platform. This issue motivated the need for
isogenic model systems where neurons and astrocytes are generated from the
same patient cell source. Another issue, which made the system rather
unphysiological, was the sub-optimal ion composition of cell culture media.
To address this, Bardy ef al. designed the BrainPhys media with adjusted
composition and ion concentrations rather matching human cerebrospinal fluid
(hCSF) (Bardy et al., 2015). Another concern in the field of iPSC-derived
neural in vitro models was substantial proliferation and overgrowth, which
were indicative for immaturity. Application of neurotrophic factors or small
molecules is commonly used to inhibit proliferation and promote
differentiation (Kemp et al., 2016; Kirkeby et al., 2012). However, the use of
synthetic small molecules might represent a rather unphysiological approach.
To this end, the functional and morphological assessment of human neurons
cultured in the in vivo-like milieu of healthy adult hCSF represented a
promising way towards the discovery of additional physiologically relevant
factors that might be required to enhance maturation of in vitro neural models
as well as to improve neuronal network function in vitro.
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2 AIM

The aim of this PhD project was to characterize and validate a person-specific

human iPSC-based neural in vitro model to be utilized for studying human

neural development and neuronal circuit formation, as well as to assess

pharmacological modulation of human neuronal networks in vitro.

The work was divided into four distinct parts, each with a specific aim:

IL.

III.

Iv.

To characterize neuronal network function in person-
specific human iPSC-derived neural aggregate cultures.

To evaluate the neuronal network function and cellular properties
of human iPSC-derived neural aggregates exposed to the most
physiological culturing media and adult brain-like milieu: human
cerebrospinal fluid.

To evaluate the effects of a selected physiologically relevant
differentiation factor on neural proliferation, differentiation, and
neuronal network formation in human iPSC-derived neural
cultures.

To evaluate the applicability of this model by assessing the impact
of clinically relevant compounds on human neuronal network

function.
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3 METHODOLOGICAL CONSIDERATIONS

The experimental procedures used in the thesis are described in the attached
articles. Here I discuss the reasons behind the choices and decisions that were
taken along the project journey.

3.1 CULTURING HUMAN IPSC LINES

Cultivation of human iPSCs under feeder-free adherent conditions has been
mainly performed in two different culturing systems: the colony type and non-
colony type culturing. In the standard colony type culturing protocol, cells are
growing in clumps (colonies, figure 3A), when using the mTesR culturing
system. In contrast, in non-colony type culturing, human iPSCs are dissociated
into single cells and are grown as a confluent monolayer culture (figure 3B),
when using the Cellartis DEF-CS culturing system. Since the master iPSC
stocks used in this study were originally cultured by using the DEF-CS system,
this non-colony type method was used in the beginning of the study.

Working with iPSCs, one difficulty rises from their tendency to spontaneously
differentiate to different cell types of the three germ layers. Since all
subsequent applications of hiPSCs, including neural induction, depend on
starting material quality, it is essential to keep stem cell cultures free of
differentiated cells. A common approach is to distinguish stem cells from
differentiated cells by microscopic visual inspection. Usually, undifferentiated
iPSCs have the following morphological appearance: compact colonies with
well-defined edges where cells show large nuclei and small nucleoli with small
cytoplasmic area (figure 3A, i, ii). In contrast, differentiated iPSCs appear as
colonies with irregular edges, cells with smaller nuclei and larger cytoplasm
(figure 3A, iii).

One drawback of using the DEF-CS culturing system was that cell morphology
was hardly visible by inspection in the microscope (figure 3B, ii), which led to
more heterogenous iPSC-cultures also containing differentiated cells, and to
lower efficiency of the following neural induction. This problem triggered the
switch to the standard colony type culturing system (mTesR), which was used
in the later part of this project. In this colony type culturing system,
differentiated cells become clearly visible by microscopic visual inspection
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(figure 3A, iii), and they can be directly removed under microscope assisted
pipette cleaning (manual removal of differentiated cells).

A ii iii

colony type culturing of hiPSCs undifferentiated IPSC colony spontaneous iPSC differentiation

mTesR culturing system

B i

nen-colony type culturing of hiPSCs

DEF-CS culturing system

Figure 3 Morphological characteristics of human iPSCs in colony and non-colony type
culturing systems

(A, 1) Representative phase-contrast image of human iPSC-colonies cultured in mTeSR
culturing system, showing (A, ii) undifferentiated and (A, iii) differentiated morphologies.
(B, 1) Representative phase-contrast image of human iPSCs cultured in non-colony type
culturing system, showing (B, ii) no clear morphological signatures of differentiated cells.

The ultimate goal of most human iPSC-derived model systems is their
therapeutic use—either for cell transplants or drug evaluation studies. To fulfill
this goal, iPSCs need to be cultured free of animal or other undefined sources.
While mTesR growth medium is an animal-free, serum-free, and chemically
defined medium (and so is the DEF-CS medium), Matrigel coating, which is
one of the most widely used extracellular matrix for culturing human iPSCs, is
a xenogenic substrate originating from Engelbreth-Holm-Swarm mouse
sarcoma cells. To overcome this issue, in this study we used human
recombinant laminin 521 as extracellular matrix, ensuring an entirely animal-
free, serum-free, and chemically defined culturing environment. It has been
shown and confirmed that 521 bio-laminin is suitable to support pluripotency
of human iPSCs (Lu et al., 2014), as well as neural induction and
differentiation (Hyvérinen et al., 2019; Lu et al., 2014; Niclis et al., 2017).

11
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3.2 NEURAL INDUCTION

After achieving high-quality iPSC cultures, the next step was neural induction.
A general high interest in this method led to a variety of neural induction
protocols that were constantly improved and revised over time, creating a
multitude of available neuronal differentiation protocols. The current gold
standard of differentiating cortical neural stem cells from human iPSCs is the
highly efficient dual SMAD inhibition protocol, described by Shi et al in 2012
(Shi et al., 2012). In this study, the combination of retinoic acid signaling with
inhibition of the SMAD pathway leads to 95% cortical neural stem cells after
15 days in adherently growing human iPSCs. Another classical approach for
neural induction is the so called embryoid body formation protocol, which
implements the cultivation of iPSCs as free-floating aggregates. The dual
SMAD inhibition protocol can be applied to both adherently growing or
embryoid body type approaches. Both approaches lead to comparable
outcomes in the cortical neural stem cell pool (Pauly et al., 2018).

In this thesis, both protocols were tested (figure 4), and the advantages and
disadvantages of each are summarized in the following:

A -
embryoid body
IPSC neural induction neural proliferation y \
days in stage | 10-12 | 20-33 @
mTeSR / DEF-CS 3 NM+RA/SB/OM | NM-RA
daysinvitro 0 10-12 30-45

Figure 4 Neural induction

(A) Schematic drawing illustrating the used neural induction protocol. (B) Phase contrast
images of neural induction done in embryoid body (left) and adherent (right) culturing type.
NM, neural media; RA, retinoic acid; SB, SB 431542; DM, dorsomorphin.

In the adherent approach, where neural induction is started directly on
adherently growing iPSCs, an important benefit is better visual control of cell
growth and differentiation. Further, this approach implies lower costs since no
special plates are needed. However, a pitfall of the method is potential cell
detachment over time due to cell overgrowth. The embryoid body approach is
usually done in so-called AggreWell plates to ensure similar aggregate sizes.
One benefit of using AggreWell plates is scalability for larger throughput
experiments. However, visual control of differentiation is hampered, and the
costs of this approach are higher.

In this project, we opted for the adherent approach for cortical neural induction,
partially due to a better visual control and partially due to its lower costs. The
neural induction protocol is depicted in figure 4A.
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3.3 NEURONAL DIFFERENTIATION IN 3D-
NEURAL AGGREGATES

There is a plethora of literature highlighting the importance of a three-
dimensional (3D) environment for in vitro cultured cells. It has been shown
that cell-cell contact, and cell-extracellular matrix contact is essential for
achieving more healthy and more in vivo-like cell cultures. For instance, Illes
et al. showed in 2009 that neurons obtained from monolayer neural stem cell
cultures displayed a limited differentiation capacity and functional maturation
when compared to neurons obtained from more complex 3D serum-free
floating embryoid body (SFEB) cultures (Illes et al., 2009). An emerging field
that holds great translational promise is the human organoid field. Human
organoids are human stem cell-derived self-organizing 3D culture systems,
which mimic to a certain extent the architecture and physiology of human
organs. Many organ-like structures have been grown in that way, including
human brain organoids. For instance, a modified version of the SFEB culture
approach has been used for the generation of the first brain organoids,
described in 2013 by Lancaster et al. (Lancaster et al., 2013). Since then, they
became a popular reductionist model system in neuroscience. Human brain
organoids are a great model to study neurodevelopmental characteristics, such
as microcephaly in Lancaster et al. 2013, however they show limited
functionality up to five months in culture (Fair et al., 2020). This limited

from neural rosettes to 3D neural aggregates

1 div 2 div 7 div

Figure 5 From neural rosettes to 3D neural aggregates

Phase contrast images showing the transition of neural rosettes towards 3D neural aggregates
in time (from left to the right). The circles are highlighting individual neural rosettes and
neural aggregates, shown at higher magnification below.

Scale bars: 100 um above, 50 um below.
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functionality might be related to large sizes and deficient diffusion of nutrients
and growth factors from the cell culture media (Qian et al., 2019).

In this project we implemented the 3D structure but used smaller sized (100—
200 um) 3D neural aggregates. These 3D neural aggregates are self-organized
structures originating from neural rosettes (figure 5). For culturing 3D neural
aggregates, we used BrainPhys media, to support the electrophysiological
activity of neurons.

34 IMMUNOCYTOCHEMISTRY, CONFOCAL
MICROSCOPY, AND IMAGE ANALYSIS

To characterize cell lines with respect to cell types and synaptic markers,
immunocytochemistry (ICC) and confocal laser microscopy was used. Primary
antibodies binding to neural stem cells (nestin, SOX2, PAX6, CDI133),
proliferating cells (Ki-67), postmitotic neurons (MAP2ab, blll-tubulin),
cortical pyramidal neurons (CTIP2, BRN2, SATB2, TBR1), interneurons
(parvalbumin (PV)), synaptic markers (synapsin, vGlutl, PSD-95), glial cells
(GFAP, S100B, AQP4, glutamine synthetase (GS), O4), and TGF-p receptors
(TGF-BRI, TGF-BRII) were applied. Details about the antibodies and imaging
are described in the articles.

Since most currently available antibodies for neural markers have been tested
and used primarily in rodent tissue and cell culture specimens, staining human
cells implies further challenges due to the lack of available data and references.
Each antibody used in this project was tested by applying the antibody alone
as well as with co-staining with an already confirmed antibody. For instance,
for testing the anti-synapsin antibody (targeting the presynaptic membrane),
we applied the following combinations: (i) anti-synapsin alone, (ii) anti-
synapsin combined with anti-PSD-95 (targeting the postsynaptic membrane,
thus confirming the localization of the protein) and (iii) anti-synapsin
combined with blll-tubulin (targeting neurons, thus confirming the neuronal
specificity of the antibody), see supplementary figure 5 in article I1. A further
secondary-antibody control was used to exclude non-specific binding of
secondary antibodies. For batch image analysis, ImageJ macro scripts were
written to reduce analysis time. Image analysis results were manually reviewed
to exclude false signal detection.
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3.5 ELECTROPHYSIOLOGICAL
CHARACTERIZATION

3.51 MICROELECTRODE ARRAYS

Planar MEAs are small chips with microelectrodes on a glass surface, allowing
the culturing of bio-electrically active tissues and cells on the electrode surface.
Thereby, electrical activity of cells (i.e., voltage change in extracellular
environment) can be measured in a non-invasive way, with high temporal
resolution (0.0004 s) over a longer time period.

Electrodes are generally made of electric conductors such as gold, titanium or
recently PEDOT-CNT (poly-3,4-ethylene-dioxythiophene-carbon nanotubes).
The general purpose of electrode design is low input impedance, generating
the highest possible signal-to-noise ratio combined with excellent long-term
biocompatibility. Each electrode can detect voltage changes from neurons in a
radius of 50—100 pum, according to the manufacturer’s specifications. Action
potential amplitudes crucially depend on the distance between recorded neuron
and nearest electrode; thus, this parameter should be used with caution. In this
project, the 2100 MEA system from Multi Channel Systems was used. MEA
plates were either 1-well MEAs (59 recording electrodes + 1 ground electrode
per well) or 6-well MEAs (9 recording electrodes + 1 ground electrode per
well). Electrodes were planar Ti/TiAu electrodes or PEDOT-CNT (with 30 pm
diameter and 200 um inter-electrode distance). This design ensures a good
spatial resolution for the description of neuronal network activity.

352 HCSF EXPERIMENTS

For the hCSF experiments, frozen CSF samples were thawed and warmed to
37°C. In a pilot experiment, pH and osmolarity of hCSF samples were
measured. Since pH showed basic values without gasing, every sample was
supplemented with HEPES (10 mM end-concentration) for pH buffering.

3.5.3 DRUG EXPERIMENTS

For drug experiments, two types of experimental designs were used: the
cumulative and non-cumulative drug application. Cumulative experiments
were confirmed by non-cumulative experiments to exclude potential time-
related effects on neuronal networks. For each experiment, a parallel vehicle
control experiment was conducted. The used pharmacological compounds,
concentrations, and their targets are summarized in the following table:
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Table 1 Used pharmacological compounds

Compound Concentration Mode of Action
Tetrodotoxin 500 nM Voltage-gated sodium channel
(TTX) blocker
Picrotoxin 50 uM GABA-A receptor blocker
Gabazine 50 uM GABA-A receptor antagonist
GABA 5 uM GABA receptor agonist
CNQX 50 uM AMPA /kainate receptor antagonist
D-AP5 50 uM NMDA receptor antagonist
Perampanel 1 nM-2 uM AMPA receptor antagonist
LiCl 0.5mM-10mM  enhanced neuronal excitability,

unclear mode of action

3.54 DATA ANALYSIS

For spike detection and population burst analysis, custom-made Delphi and
MATLAB software were used, developed by our collaborator Stephan Theiss.
To ensure proper detection of population bursts, each result set was compared
to the raw recording traces. This semi-manual approach was confirmed to be
more suitable for an appropriate and optimal population burst detection on
MEAs (Mossink et al., 2021).

Since multi-unit extracellular measurement by MEA technology does not offer
a detailed description of single cell or single synaptic activity, the technique
was complemented with patch clamp recordings in the published articles. The
patch clamp recordings were done by our co-workers.
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3.6 ETHICAL CONSIDERATIONS

This PhD project includes the use of human samples. All experiments were
carried out in accordance with guidelines and were approved by the local
ethical committee at the University of Gothenburg. Informed consent was
obtained from all subjects. The work with human iPSC lines was approved by
“regional etikprovningsndmnden Go&teborg, with DNR 172-08”. As patients
are not harmed, and they are not having any inconvenience by the one-time
adipose tissue sample collection, there are no risks that can be mentioned
regarding the patients involved in the project.

The procedure of hCSF sampling and sample application for research purposes
was approved by “regional etikprovningsnimnden Goteborg, with DNR 942-
12”. CSF samples were collected via lumbar puncture from volunteers. The
collection carries certain risks like discomfort and post-sampling headache.
Subjects were informed about the risks and the sampling procedure was carried
out by experienced specialists with the use of small atraumatic needles.
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4 RESULTS

Human person-specific iPSC-derived neuronal networks are a very promising
path towards a better understanding of healthy human neural development as
well as neurodevelopmental disorders. Furthermore, such functional person-
specific neuronal networks can serve as a basis for understanding effects and
side effects of different neuroactive compounds on human cortex. This hope is
big, but so are the challenges. The four articles summarized in this thesis
represent the specific steps we went through to address hindering issues at the
time when I started working on the projects included in this PhD thesis.

In 2016, when I first started working in the lab, one of the difficulties in the
field of stem cell neuroscience was that human stem cell-derived neurons
required long time (in excess of three months) to achieve synchronous neuronal
networks in vitro (Amin et al., 2016) or required co-culture with external
rodent or human astrocytes (Fukushima et al., 2016; Johnson et al., 2007;
Kuijlaars et al., 2016; Lam et al., 2017; Odawara et al., 2016). However, co-
culturing human iPSC-derived neurons with healthy human or xenogenic
astrocytes bears the risk of masking a true disease phenotype, or diluting drug
effects on hiPSC-derived neuronal networks, thus limiting their translational
value. This motivated the first question of this PhD project:

Q1 | Is it possible to achieve fast and reproducible differentiation of human
iPSCs to synchronous neuronal networks by generating both neurons and
astrocytes solely from one individual’s cells?

Previous work using mouse ES cells (Illes et al., 2009) and human iPSC-based
proof-of-concept experiments conducted by Sebastian Illes demonstrated that
hiPSC-derived neurons within a three-dimensional (3D) neural aggregate
environment are capable of generating synchronously active neuronal
networks on MEAs within a shorter time period (less than 3 weeks after
plating, 55-65 days post iPSC-stage) (Illes et al., 2016). In article I, I evaluated
the efficacy of this procedure by using three different hiPSC lines from healthy
donors. I showed that within three weeks after seeding human 3D neural
aggregates on MEAs, all three cell lines exhibited robust synchronous activity.
The temporal development of functional neuronal network properties showed
a well-defined and predictable pattern: from asynchronous (i.e., stochastic)
spiking between 3—9 days, to partially synchronous between 7—22 days and
exclusively synchronous (i.e., organized population bursting) network activity
after day 22. Complementary immunocytochemistry and confocal imaging
revealed that neurons within 3D neural aggregates show numerous PSD-95"
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synapses and are surrounded by endogenously developed human astrocytes.
Further, I confirmed that synchronous network activity on MEAs depended on
neuronal excitability as well as synaptic neurotransmission via excitatory and
inhibitory synapses. Complementary patch clamp recordings conducted by our
group members demonstrated that neurons were excitable, showed
spontaneous action potentials and bursts, as well as spontaneous glutamatergic
and GABAergic synaptic activity. To summarize, our approach allowed the
combination of MEAs with person-specific human iPSC-derived 3D-neural
aggregates to reproducibly study in vitro human neuronal network
development and pharmacological response in a short time frame (within 3
weeks).

Still, an issue that we and others noticed was ongoing continuous proliferation
of human iPSC-derived 3D neural assemblies leading to overgrowth and
detachment from the culturing surface. These signs were indicative for
immaturity of human neural models and their inability to achieve terminal
differentiation. It was then an interesting question whether this immaturity was
related to lack of media components that would promote maturation. To this
end, the next question of the project was:

Q2 | Can human iPSC-derived neural cultures achieve cellular and functional
maturation in vitro when exposed to a physiologically relevant adult brain-like
milieu?

In article II, we described the function of hiPSC-derived neural aggregates
exposed to the most physiological culture media: human cerebrospinal fluid.
We demonstrated that hCSF triggered neuronal network maturation of human
iPSC-derived 3D neural aggregates on MEAs within three days. Improved
neuronal network activity was maintained over time and persisted even after
removal of hCSF. This long-lasting functional effect indicated underlying
hCSF-mediated long-term cellular and sub-cellular effects. Thus, we evaluated
synapse and single-cell electrophysiological properties as well as cellular
content and subcellular changes in neurons and astrocytes. By applying patch
clamp recordings, we found that three days hCSF application significantly
increased the number of synaptic inputs of neurons (both excitatory and
inhibitory) and decreased their input resistance indicative of neuronal
maturation. To obtain insights in the morphological properties of 3D neural
aggregate cultures exposed to BrainPhys or hCSF, we applied
immunofluorescent staining and confocal microscopy. We revealed that hCSF
rapidly (within three days) triggered gliogenesis, synapse formation, neurite
outgrowth, as well as suppressed proliferation of residing neural stem cells.
Thus, human CSF induced a chain of cellular maturational processes that were
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responsible for enhanced functionality on single neuronal and neuronal
network level. Furthermore, by culturing 3D neural aggregates in hCSF for 28
days on MEAs, we revealed that all neuronal network parameters reached a
stable plateau phase within 11 days. To summarize, these data demonstrate that
human iPSC-derived neural cultures can adopt more mature properties, if they
are exposed to an appropriate environment. Nevertheless, human CSF is not
available for routine use in cell culture, thus other approaches are needed to
achieve more appropriate and physiologically relevant culture conditions in
vitro. The third question of this PhD project was:

Q3 | Can we identify and evaluate physiologically relevant factors that are
mediating neural stem cell differentiation and are suppressing proliferation?

Application of neurotrophic factors or small molecules is commonly used to
inhibit proliferation and promote differentiation in human iPSC-derived neural
cultures (Kemp et al., 2016; Kirkeby et al., 2012). However, the commonly
used synthetic small molecules, such as DAPT or PD0332991, are not
physiologically relevant. A path to circumvent this issue could be the
application of physiologically relevant factors that inhibit proliferation and
promote differentiation of human neural stem cells in vitro. As part of the third
article, we used human brain transcriptome database queries (Kang et al.,
2011) to identify signaling proteins that are up-regulated during the early
phases of cortical development and become down-regulated with neuronal and
glial differentiation. We surmised that those signaling proteins might mediate
the transition of neural stem cells into neurons or astrocytes during human
brain development. One such candidate factor was TGF-B1. Based on the well
described effects of TGF-B-signaling in neural stem cell proliferation and
differentiation (Stipursky et al., 2014; Wachs et al., 2006), we opted to evaluate
TGF-B1 as a prospective factor for regulating neural stem cell proliferation and
differentiation in our in vitro human iPSC-derived 3D neural aggregate model.
As a first step, we confirmed the presence of TGF-3 receptors in human iPSC-
derived neural stem cells and neural aggregate cultures by q-PCR, performed
by a member of our group and by immunocytochemical investigation. Next, |
used immunocytochemistry and confocal laser microscopy to assess whether
the additional application of TGF-B1 to cell culture media would inhibit
proliferation and promote differentiation in our model system. I revealed that
additionally applied TGF-f1 was suitable to suppress proliferation and
promote neuronal and glial differentiation in human iPSC-derived neural stem
cell and 3D neural aggregate cultures. After morphological assessment, we
were interested in whether this factor also influenced single neuronal and
neuronal network functionality. A co-worker performed patch clamp
recordings and I performed MEA assessment of iPSC-derived neural cultures
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in the absence or presence of TGF-f1 additionally applied to the cell culture
medium. We found no major differences related to TGF-1 exposure neither
on single cell, nor on neuronal network level. Thus, we deduced that TGF-1
does not alter electrophysiological function of human iPSC-derived neurons
and their networks. Since TGF-B1 is specifically up-regulated during early
phases of human fetal brain development and its expression profile is
reciprocal to synaptic markers and neurotrophic factors, it is reasonable to
conclude that TGF-B1 is only involved in early neural developmental
processes, i.e., regulation of proliferation and transition of neural stem cells
into neurons. Later neural developmental processes are not mediated by TGF-
Bl and require the presence of neurotrophic factors to promote functional
maturation and synaptogenesis.

With this optimized model in place, the next question we asked was:

Q4 | Can we use this optimized in vitro human model to assess the effects of
clinically relevant pharmacological compounds on human neuronal network
and single cell functionality?

One of the major hopes related to human iPSC-derived neuronal networks is
their use as drug evaluation platform in a more human-specific context. In
article IV we aimed to address this question and investigated the effect of
clinically relevant compounds on human single cell and neuronal network
function.

Lithium (Li) salts have been successfully used in clinical practice, without
exactly knowing what their mode of action is. Interestingly, Li has a narrow
therapeutic index, meaning that if the plasma concentration is exceeding 1.2
mM, patients are more prone to develop side effects—including epileptic
seizures (Ghadirian and Lehmann, 1980). Thus, to mimic this clinically
relevant therapeutic window, we tested different Li concentrations and their
effects on human neuronal network activity. We revealed that Li has indeed a
concentration-dependent effect in our in vitro functional human neuronal
model: therapeutically effective concentrations of Li (<1 mM) increased
overall network activity on MEAs, and it increased neuronal excitability on
single cell level as shown by patch clamp experiments. In contrast, high
concentrations (i.e., exceeding the therapeutic window; >2 mM) of Li changed
the network firing behavior to activity patterns reminiscent of epileptiform
network activity (“population super bursting”). We confirmed this observation
by applying GABA-A receptor inhibitors to cultured hiPSC-networks:
application of picrotoxin or gabazine elicited similar neuronal network firing
patterns. Further, overdose concentrations of Li induced increased excitability,
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and interestingly only in the presence of high Li concentrations, increased
AMPA (o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) current
frequency could be observed. Since this overdose pattern could be related to a
chemically induced, or “iatrogenic” epileptiform activity, with a change in
AMPA-receptor mediated transmission, the next step was to evaluate a
clinically relevant anti-epileptic drug (Perampanel) which acts via an AMPA
receptor pathway. We showed that Perampanel, an AMPA receptor antagonist,
successfully rescued the Li-induced epileptiform phenotype in a dose-
dependent manner. To summarize, in article IV we provided insights in how
therapeutically effective as well as overdose concentrations of lithium directly
influence human neuronal function at synaptic, single neuron, and neuronal
network levels. Furthermore, we showed that Perampanel suppresses
pathological neuronal discharges caused by overdose concentrations of lithium
in human neurons. With that we presented proof-of-concept data for the
potential translational value of our humanized model system for drug
evaluation.
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5 DISCUSSION

In the last two decades, the research community witnessed a very fast
expansion of cell culture techniques for culturing and differentiating human
iPS cells and technologies to assess their structure and function. Still and all,
this growing young field will see much more progress and advancement. The
work summarized in this thesis moved the field forward by establishing a fast
and reproducible human cell-based tool to study functional human neuronal
network development, as well as its application for drug evaluation. We
provided proof-of-concept data highlighting that human iPSC-derived
neuronal networks represent a promising tool (i) to describe person-specific
neuronal network development, (ii) to decipher morphological and functional
effects of externally applied bio-samples (human CSF) on human iPSC-
derived neuronal networks, (iii) to evaluate physiologically relevant factors
influencing neural stem cell proliferation and differentiation, and (iv) to
evaluate effects of clinically relevant pharmacological compounds in a purely
isogenic in vitro human neuronal network model.

One key improvement that made this possible was the use of a 3D neural
aggregate model. Although the field of stem cell-based in vitro modeling
shows a trend to move towards 3D culturing, 2D cultures are still used and
useful. Which criteria should be considered to select an appropriate model?

5.1 DIMENSIONS: 2D OR 3D

Choosing between 2D and 3D modeling depends largely on the research
question. An interesting recent study explored the molecular and functional
consequences of 22q11.2 deletion syndrome, a common genetic risk factor for
neuropsychiatric disorders, such as autism spectrum disorder and
schizophrenia (Khan et al., 2020). This study used iPSC-derived in vitro neural
cultures, applying both 3D and 2D approaches. A clear functional phenotype
was described related to changes in resting membrane potential, excitability,
with disturbances on voltage-gated calcium channels. Interestingly, the
phenotype was present in both 3D cultured and 2D cultured neurons. This
study elegantly confirmed that in certain cases, simpler 2D cultures can be
enough to elucidate such functional phenotypes. Thus, research questions
addressing phenotypic aspects related to consequences of genetic mutations on
neuronal development and function may possibly be answered by using 2D
cultures. A similar conclusion applies for neuronal cultures derived from direct
reprogramming, which are often cultured as 2D monolayers. These 2D
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cultured cells have been also proven useful for mapping in vitro phenotypic
changes in diseases with known genetic mutations (Mossink et al., 2021).
Other questions that require more complex organization and architecture
would benefit from using 3D assemblies. For instance, aspects such as cell
migration have been studied in more complex fused spheroids or brain
organoids (Bagley et al., 2017; Birey et al., 2017). Further, some functional
aspects such as emergence of oscillatory activity are believed to require 3D
structure (Buzsaki et al., 2012). Studies using cortical organoids (Sharf et al.,
2021; Trujillo et al., 2019) and cortical-ganglionic eminence fusion organoids
(Samarasinghe et al., 2021) showed that 3D architecture enables the generation
of complex oscillatory patterns.

Taken together, both systems (2D and 3D) are proven to be useful, and the “fit
for purpose” approach is reasonable when choosing between the two. In this
study, we used a “2.5D” middle ground approach, where the 3D clusters are
smaller, and grow on a 2D surface. We showed in article I that this approach
enables fast and reproducible development of synchronous neuronal networks.
Further, we showed in article II, III and IV that this model gives the
opportunity to study effects of extracellular cues, and pharmacological
compounds in a more complex but still adherently grown model. Additionally,
our model enables the study of complex activity patterns, such as network
oscillations (data not shown, manuscript in preparation).

5.2 CELL SOURCE

The next important aspect that 3D culturing enabled was the endogenous
generation of both neuronal and glial cells from the same human iPSC source.
This seemingly simple improvement can have relatively major impact on our
way to develop better models (or models at all) for human-specific
neurological or neuropsychiatric disorders. The role of astrocytes in disease
pathogenesis has gained more attention in recent years and has been shown to
be a major player in neuropsychiatric disorders (Siracusa et al., 2019; Zhang
et al., 2021). For example, a recent study demonstrated that astrocytes derived
from bipolar disorder patient iPSCs were less supportive for neuronal function.
Namely, neurons co-cultured with bipolar disorder astrocytes showed marked
decrease in neuronal function on MEAs compared to control astrocytes
(Vadodaria et al., 2021). Thus, previous approaches to culture human iPSC-
derived neurons together with rodent or human astrocytes, might be
inappropriate for the future (Fukushima et al., 2016; Johnson et al., 2007,
Kuijlaars et al., 2016; Lam et al., 2017; Odawara et al., 2016). Besides a
drawback of phenotypic masking, co-culture with external astrocytes
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introduces an additional variability, complicating the interpretation of results
even further (Mossink et al., 2021).

In article I, II, and III we demonstrated that in vitro neural cultures, grown in
a more complex 3D environment develop astrocytes endogenously. Fast
endogenous development of astrocytes in turn contributed to a fast functional
development towards synchronous neuronal network activity within less than
three weeks.

5.3 TIMELINE AND CULTURE ENVIRONMENT

It is a general notion that human neurons require longer time to mature both in
vivo and in vitro. This phenomenon is often explained by a presumed
differential internal clock of human neurons leading to delayed maturational
processes (Kelley and Pasca, 2022; Libé-Philippot and Vanderhaeghen, 2021).
For instance, the species-specific longer morphological and functional
maturational timelines in human brain organoids or cortical spheroids (in
excess of five months) are explained by cell-intrinsic genetic properties of
human neurons (Fair et al., 2020; Pasca et al., 2015). Further studies conducted
in experimental paradigms where human neurons were transplanted into mouse
brains also showed major species-specific timeline differences. Xeno-
transplanted human neurons took several months (up to 11 months) to mature
in the mouse brain (Linaro et al., 2019).

Nevertheless, both in vitro brain organoid and xeno-transplanted human stem
cell-derived neurons bear a particular risk: human cells are not exposed to an
appropriate physiological environment. A recent study exploring gene
expression profiles in brain organoids provided evidence for upregulation of
cellular stress genes (Bhaduri et al., 2020). Interestingly, the observed cellular
stress was alleviated when the cells were transplanted to mouse brain,
confirming the role of environment in eliciting stress response. Still, even with
a lower cellular stress, human neurons differentiated slower in the mouse brain
than their transplanted mouse counterparts (Falkner et al., 2016; Michelsen et
al., 2015). One can still ask, is the mouse brain environment physiological
enough to support faster maturation of human neurons? An interesting, yet
ethically questionable and technically challenging experiment would be to
transplant human neuronal progenitors to the human brain and follow their
electrophysiological maturation and developmental timeline. Since this
experiment is virtually impossible to do in healthy adults, one approach to
mimic the healthy adult in vivo brain environment is the application of human
CSF. We have shown that by exposing the in vitro derived neural cells to the
soluble factors that are surrounding a human neuron in vivo, the iPSC-derived
neural cultures are indeed capable of faster maturation. In article II, we
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demonstrated that upon a mature external stimulus, several morphological and
functional maturational changes can occur only within three days in vitro. This
suggests that the internal genetic clock can be manipulated by external cues
and the developmental timeline can be compressed in vitro. Whether the
observed hCSF-induced maturation in human iPSC-derived neural aggregates
was also accompanied with reduced cellular stress would be an interesting
question to address in the future.

Nevertheless, our results suggest that the maturation of human neurons and
neuronal networks in vitro does not take several months and occurs rather fast,
on a timescale of a few weeks as we showed in article I and II. In line with
our results, a study comparing the development of human PSC-derived
neuronal networks with primary rat embryonic cortical neurons, demonstrates
a comparable timeline of the development of synchronous neuronal networks
on MEAs (Hyvirinen et al., 2019).

Another argument against the hypothesis of a cell-intrinsic driven
differentiation timeline of human neurons is the simple existence of subplate
cells. Subplate cells are the first postmitotic neurons that are populating the in
vivo embryonic cortex and are characterized by a fast maturation towards more
mature-like electrophysiological properties (Molnar et al., 2020). Why would
we assume that subplate cells have a faster cell-intrinsic differentiation and
maturation program by default? I would rather imagine that the local niche
within the subplate is different than the local niche in the cortical plate, leading
to differences in gene expression and developmental timelines. It would be an
interesting experiment to decipher whether cortical plate progenitors
transplanted to subplate would mature faster, and if so to find out what this
local niche is comprised of.

Overall, it is questionable whether the timeline differences in corticogenesis
reflect true species-specific differences, or if they just simply reflect that
mouse and human progenitors have different environmental requirements for
their differentiation and maturation, leading to different in vivo developmental
timelines. Of note, even though this timeline does not seem to be human-
specific, still human brain cells show unquestionable differences to their rodent
counterparts. For instance, human neurons and astrocytes have been shown to
have larger cell sizes, more processes and larger dendritic arborizations leading
to differences in activity and information processing (“computing”) capacity
(Mohan et al., 2015; Oberheim et al., 2009).
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54 ACTIVITY-DEPENDENT DEVELOPMENT

Besides environmental cues and soluble factors that are shaping the
development and maturation of neurons, further essential aspects to be
mentioned are activity-dependent mechanisms. It has been shown that
electrical activity of neurons can influence morphological developmental
aspects such as cell differentiation, migration, apoptosis, synaptogenesis, and
network formation (Kilb et al., 2011). In general, neuronal and neuronal
network development is the result of a loop where the structure shapes the
function, and the function in turn reshapes the structure (Luhmann et al., 2016).
To this end, the maturational changes described in article II, that were
attributed to potential soluble factors present in the hCSF, should be also
discussed in relation to activity-dependent aspects. We and others have seen
and shown that acute application of hCSF has an immediate effect on the
activity of neurons in vitro: an acute increase in the spontaneous firing of
neurons in comparison to artificial CSF (Bjorefeldt et al., 2015; Wickham et
al., 2020). This acute activity change can potentially influence gene-expression
and can contribute in turn to the observed morphological and functional
maturation. For instance, neuronal activity has been shown to regulate glial
differentiation (Cohen and Fields, 2008). Blocking spontaneous activity for 5
days by TTX in primary hippocampal cultures decreased the percentage of
astrocytes and reduced GFAP expression. Neuronal activity is also known to
have a role in dendritic development. Blocking synaptic transmission in
hippocampus during the first postnatal week in vivo resulted in threefold
reduction of dendritic branching (Groc et al., 2002). Thus, the effect of hCSF
on hiPSC-derived neural aggregates is most probably related to both soluble
factor-derived mechanisms and activity-dependent changes. To what extent
one or the other is contributing to the observed effects is an interesting but
challenging question to address. One way to potentially answer part of the
question would be to apply hCSF in the presence of TTX and assess the
morphological maturational changes related solely to soluble factors.
Interestingly, in article III, the sole application of TGF-B1 elicited
morphological changes, such as lower proliferation, and increased number of
neurons and glial cells. However, these morphological changes by themselves
were not enough to induce functional maturation—no significant
electrophysiological changes could be observed after applying TGF-B1. This
discrepancy might be explained by the lack of activity-related gene expression
changes with sole application of TGF-f1. An interesting future experiment
would be to apply an activity increasing condition, by electrical or chemical
stimulation together with TGF-B1, to potentially mimic activity-dependent
maturational aspects. In conclusion, elucidating the impact of activity-
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dependent mechanisms contributing to maturation of human iPSC-derived
neural cultures will be of a great interest in the future.

5.5 MATURITY

Since human iPSC-derived in vitro neuronal models are meant to reflect
properties of in vivo neuronal development and function, it is not surprising
that a common question in the field is how mature these models are.
Transcriptome studies addressing human iPSC-derived neural cultures show a
high cellular diversity, with varying cellular maturity, comparable to
transcriptome profiles of early human fetal and mouse postnatal stages (Burke
et al., 2020; Stein et al., 2014; Tanaka et al., 2020). This cellular diversity is
present in our 3D neural aggregate model as well: we described that 3D neural
aggregates are comprised of cell types starting from nestin and SOX2 positive
neural stem cells to astrocytes, postmitotic neurons, as well as synapses.
Interestingly, we demonstrated in article II that after 3 days exposure to hCSF,
cultures still contained immature cell types such as neural stem cells, but also
exhibited other cellular maturational aspects, such as increased neuronal
outgrowth, higher number of astrocytes, neurons, and synapses. Further, hCSF
induced the translocation of vGlut proteins from the cytoplasm to synapses
(see figure 6E, 11 in article II), a process associated with neuronal maturation
(Illes et al., 2009; Real et al., 2006). Nevertheless, it would be interesting to
address in future studies, whether longer exposure of hiPSC-derived neural
cultures to hCSF (1—2 weeks) would further enhance morphological
maturational processes, such as significant reduction of neural stem cells.

A study exploring the morphological and functional maturity of human
pluripotent stem cell-derived neurons showed that morphological
neurodevelopmental phenotypes, such as soma size and complexity of
neuronal arborization correlate with electrophysiological states assessed by
patch clamp, targeting single cell functionality (Bardy et al., 2016). This study
by Bardy et al. explored electrophysiological phenotypes of stem cell-derived
neurons and defined five distinct neuronal maturational stages, based on action
potential firing properties. These five action potential types were classified as
immature (Types 1—3), transitional (Type 4) and highly functional (Type 5)
neurons (see figure 1 in (Bardy et al., 2016)). Immature neurons showed
abortive action potentials upon depolarizing current injection (see Type 1,
figure 1d), which developed into single action potentials (see Type 2, figure
1d) followed by stages showing the ability to fire increasing numbers of
repetitive action potentials (Type 3—5). Type 5 neurons were defined as a
highly functional state of maturity. Interestingly, our results in article III
showed that neurons cultured without or with TGF-B1, in absence of other
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neurotrophic factors could only reach a single cell maturational level
comparable to more immature Type 3 action potentials (compare figure 5B, v
in article III with figure 1d in (Bardy et al., 2016)). When cultured with
neurotrophic factors and hCSF, the action potential properties of our neurons
were comparable to the highly mature neurons of Type 5 (see figure 7C in
article I, and figure 5F in article II). Of note, although Type 5 is the latest
detectable stage with respect to action potential morphology, other parameters
can reflect further maturational steps. For instance in article 11, although the
morphology of evoked action potentials was indistinguishable between
BrainPhys and hCSF (figure 5F), we found that the input resistance of neurons
exposed to hCSF was significantly decreased, a feature commonly observed
during neuronal maturation (Bardy et al., 2016; Ehrlich et al., 2012; Mongiat
et al., 2009). Further, in parallel with action potential maturation, an increase
in synaptic activity was also observed previously (Bardy et al., 2016), which
is in line with our results in article II.

Synaptic activity is associated with functional maturation of neuronal
networks. While the functional maturity of human iPSC-derived neurons is
somewhat characterized on single cell level, the definition of functional
maturity on the mesoscale neuronal network level is still vague and not well
defined (Pelkonen et al., 2022). Although synchronized neuronal network
activity is often considered as a sign of neuronal maturation and synaptic
interconnectivity, it is not necessarily the endpoint of neuronal circuit
development. Spontaneous synchronous activity is a basic developmental
property of early cortical networks (Molnar et al., 2020) and different types of
synchronous neuronal network activity patterns emerge during distinct brain
developmental stages (Luhmann et al., 2016). With maturation, this early
synchronized activity develops into oscillating neuronal networks in vivo, e.g.,
spindle burst or delta brush activity, which sequentially transforms into
desynchronized activity as sensory input starts to emerge (Molnar et al., 2020).
Since in vitro neuronal networks are lacking sensory stimuli, in vitro
synchrony is often considered as stable state, being the result of the exploring
dynamics of a system deprived of external input (Chiappalone et al., 2006;
Wagenaar et al., 2005). Long-term culturing studies of human iPSC-derived
neuronal networks showed that reaching an end-point with steady-state
neuronal network activity requires over 300 days (Shimba et al., 2019) or 230
days when co-cultured with astrocytes (Odawara et al., 2016). Intriguingly, our
results suggest that hCSF exposure brings the synchronous neuronal network
activity to a plateau phase within 11 days (figure 3 in article IT).

A further typical functional maturational feature of in vitro and in vivo neurons
is the postnatal switch from excitatory to inhibitory GABA-A receptor
mediated effect (Ben-Ari, 2002; Peerboom and Wierenga, 2021). Interestingly,
our cultures show mostly inhibitory effect of GABA-A receptors: application
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of GABA-A receptor antagonists in article I and IV resulted in the increase of
population burst activity, suggesting that a larger proportion of GABA-A
receptors are coupled to postnatal-like neurons, where GABA-A receptor
mediated effect is inhibitory.

To summarize, although the “maturity” of single neuronal and network
properties of human iPSC-derived neuronal networks are not clearly defined
in the literature, they recapitulate major developmental characteristics which
makes them a valuable model. Future efforts in describing and defining
characteristics of “maturity” are needed.

5.6 REPRODUCIBILITY AND ROBUSTNESS

A major critique of iPSC-derived neuronal cultures is their arguable
reproducibility and robustness (Engle et al., 2018). We showed in article I that
three independent human iPSC-lines developed comparable functional
hallmarks over time. In addition, I confirmed the described functional neuronal
network formation and timeline by using additional hiPSC lines obtained from
other healthy individuals as well as hiPSC lines obtained from bipolar disorder
patients (unpublished). In general, control and disease-related functional
phenotypes from in vitro differentiated neuronal networks on MEAs have been
recently concluded as being reproducible (Mossink et al., 2021). Although we
showed robustness and reproducibility of the differentiation, in article I and
IV we noticed that there are certain parameters that show increased variability,
and thereby, are less useful for describing differences between cell lines or
drug applications. One such parameter is the “total spikes/min”. In line with
our observation, the study by Mossink et al. showed similar results (Mossink
et al., 2021). Namely, while in article I we described a coefficient of variation
of 51% for the total spikes/min, Mossink et al. described a similar coefficient
of variation of over 50%. Even though the mean firing rate does not seem to
be an appropriate parameter, the existing variability in the recorded signal can
still be compensated by using more suitable parameters, such as network burst
rate. A future study assessing the functional variability between different labs
and protocols would be of a great interest. Additionally, standardizations in
protocols and lab practices will be essential for improving future
interpretations and translatability.

30



Discussion

5.7 TRANSLATABILITY IN DRUG EVALUATION

The current collective hope is that using human patient-specific and disease-
specific cell types will lead to improved clinical predictability of
pharmacological compounds (Engle et al., 2018). Human iPSC-derived
neurons and neuronal networks are good candidates to improve clinical
predictability. Nevertheless, proof-of-concept and validation studies are still
required. Our proof-of-concept article IV shows that indeed, these iPSC-
derived functional neuronal networks can reproduce aspects of therapeutical
and toxic effects of clinically relevant drugs. The next piece of the puzzle to
be solved is their scalability and reproducibility on larger scales. While 2D
cultures have been shown to be scalable for pharmacological screens (Wang et
al., 2017), and a recent 3D spheroid and calcium dye-based culture system
showed to be applicable for screening smaller libraries (Woodruff et al., 2020),
establishment and validation work are still needed.
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6 CONCLUDING REMARKS

The current thesis has added new knowledge to the growing field of iPSC-
based neural modeling. First, we have shown that human iPSC-derived
neurons and astrocytes can develop endogenously and build fast and robust
functional phenotypes. Second, we described their further developmental
potential by optimized cell culture environment. Third, we proved that these
reductionist human neuronal networks can decipher mechanistic drug effects
and serve as potential tools for drug efficacy evaluation. Hopefully, our
findings will bring the field closer to translatable neurological and
neuropsychiatric modeling and treatment. Since many, if not most,
neurological and psychiatric disorders involve pathophysiology that is related
to changes in synaptic function and neuronal network activity (Forrest et al.,
2018), our approach could serve as a fast way to an effective human-relevant
model system to decipher these functional changes and their responses to
pharmacological rescue approaches. Considering the trend in the stem cell field
to focus on structural aspects of various neuro-pathologies when modeling
diseases, we encourage the field to put more efforts in modeling functional
aspects of these pathologies. At the end of the days, it is not the structure, but
rather the function that matters.
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7 FUTURE PERSPECTIVES

While we have moved a couple of stones to improve the model system and test
it in a context of drug evaluation, there are still many un-walked paths that
remain to be explored in the future.

First, even though the major focus of this work was related to functional
assessment of neurons and networks, the work in this thesis was limited to
neuronal spiking and bursting as measurable read-out to assess neuronal
network function. Detected spiking and bursting activity are local field
potentials in the frequency band of >1000 Hz. Another functional readout
which is arguably as relevant as spiking activity, is the assessment of low
frequency local field potentials (0.1 towards 500 Hz). Low frequency local
field potentials can be recorded in vivo by implanted electrodes or
electroencephalography, thus their assessment in in vitro preparations might
represent a potential clinical relevance. Future assessment of low frequency
oscillations including delta, theta and gamma oscillations and their
development in our model system will be of a great interest.

Second, while the MEA system we used in this study still does the job,
upgrade to multi-well systems (24 to 96-well format) or higher electrode
resolution (HD-MEAs, >1024 towards 25,000 electrodes) should be
considered for the future. Optimization and upscaling to multi-well systems
would be a prerequisite for future higher throughput drug evaluation studies.
Further, high-spatial resolution by high-density MEAs could decipher
characteristics of network dynamics and modulations in more detail and could
successfully address important subsampling effects occurring in systems with
smaller numbers of electrodes. Additionally, the combination of MEA
technology with currently growing optical readouts such as voltage imaging
using voltage sensitive dyes could offer better resolution on single cell
contributions to the recorded signal.

Third, the combination of the MEA platform with optogenetic tools will be
extremely valuable to resolve cell-type specific mechanistic effects on
development and therapeutical implications.

Fourth, we proved that the application of healthy bio-samples, such as healthy
human CSF has an impact on neuronal network activity and maturation. The
next step would be to test pathological bio-samples, such as CSF samples
derived from patients with Alzheimer’s or other neurodegenerative diseases.

Last, it is important to keep in mind that even though this model is human-
specific, it is still a model. Observations we make in a model might not be valid
in another model or in patients. Thus, generalization of any result should be
made with caution. Modeling with iPSC-derived cells should be combined
with animal models to test systemic aspects.

33



Acknowledgement

ACKNOWLEDGEMENT

This thesis could not have been written without all the support and love 1
received over the years. I am thankful for all of you who made my time
wonderful in Sweden.

First and foremost, my main supervisor, Sebastian Illes. Thank you, Sebastian,
for believing in me! Your full trust, support and friendship were a solid base
for my PhD journey. Thank you for all you have taught me. I am happy I could
be your “best” (and only) PhD student. You were the greatest supervisor and
mentor one can wish for! I will miss our spontaneous science conversations
and your bright moments with “/ have an idea”-s. Thank you for opening my
eyes. I think “I have an idea™!

Eric Hanse, thank you for the opportunity to join your lab and for all the
support I got since 2015. Thank you for showing me the taste that I call the
taste of Sweden, the “surstrémming”. This taste symbolizes the main lesson I
learned during my PhD: persistence will always pay off. If you manage to eat
surstrdmming at least seven times, it will become delicious at the end.

Dzeneta Vizlin-Hodzic, my friend and colleague. You are my sister from
another mother. Thank you for the countless times you listened to me and
motivated me to follow my heart. Thank you for hugging me when I was sad
and being happy with me when I was glad.

Stephan Theiss, thank you for lighting up my Wednesdays! [ am very grateful
for having you as a teacher, a mentor, and a friend during the last and most
challenging period of my PhD. I hope we can keep up with our “jour fixe”
chats about science and life. Thank you for your great advice and your honest
support. And Stephan, you are the best host and the best proofreader ever!

Ingela Hammar, thank you for being a wonderful and inspiring teaching
mentor. [ am forever grateful for your trust and support! Thank you for “taking
me under your wings”, for always thinking about me and for taking care of my
well-being. Your empathy and caring makes the 3™ floor a much better place!
I will truly miss you!

Keiko Funa and Hans Agren I am grateful for your trust, support, and advice.

Henrik Seth, thanks for bringing joy and happiness to the 3™ floor. Your
calmness and positivity are something I will always admire.

34



Acknowledgement

My dear and wonderful students and colleagues, Emiel van Genderen,
Rianne Varekamp, Carolina W. Ervik, Margarita Iljin, and John Frank.
I am grateful for the time we spent together and for the lessons I learned by
trying to teach you. I still miss all of you from the office chair beside me.

Sergei Perfiliev and Rick Johnson, thank you for the great and inspiring
discussions. Karin Gothner and Staffan Berg thank you for the nice coffee
breaks and chats, supporting my language learning. Big thanks to all present
and former colleagues at the Department of Physiology, Rong Ma, My
Forsberg, Mats Andersson, Andreas Bjorefeldt, Lars-Gunnar Pettersson,
Tim Lyckenvik, Line Loken, Johan Wessberg, Elzbieta Jankowska, Bengt
Gustafsson, Thomas Olsson, Lina Sundberg, Bushra Riaz, Dan
Magnusson, Joakim Strandberg, Karin Persson, Dinna Zhou, Elin
Eriksson Hagberg, Mario Amante, Ana Costa, Mariama Dione, Georgia
Culley, Roger Watkins, and Maria Johansson.

Thank you, Pontus Wasling for being my mentor in career planning, you are
really the best!

Aniké Kovacs, I am grateful for your motivating words. It was always a
special feeling to be able to pass by your office and talk about life and career.

Thank you, Heiner Schaal, Lisa Miiller, and Lara Walotka, for the
opportunity to learn the tricks of RNA work and for a great time in Diisseldorf.

I am also thankful for my former lab and colleagues at the Department of
Physiology, in Marosvasarhely. Thank you for introducing me to the beauty
of neuroscience and for giving me a fantastic friend.

Thanks to all my friends for always being there, no matter how far away!

I am also deeply thankful for my small family here in Sweden, Ilona and Ants.
Thank you for making me feel at home in Sweden. You showed me that angels
do exist on Earth!

Zsombor, my love, thank you for your patience, love, and support during the
ups and downs of my PhD journey. The peace and understanding that finds me
when I get Home are beyond words. When you hold my hand, everything is
possible. I love you!

I would like to express my gratitude to my family: draga csaladom, anyu, apu,
Rudi, Tibi, mama és a csajok. K6szon6m, hogy van aki var ha hazatérek.
Szeretlek!

35



Acknowledgement

This work was supported by The Gothenburg Society of Medicine and the
Wilhelm and Martina Lundgren Foundation.

36



References

REFERENCES

Amin, H., Maccione, A., Marinaro, F., Zordan, S., Nieus, T., and Berdondini,
L. (2016). Electrical Responses and Spontaneous Activity of Human iPS-
Derived Neuronal Networks Characterized for 3-month Culture with 4096-
Electrode Arrays. Front Neurosci 70, 121-121.

Arnold, F.J., Hofmann, F., Bengtson, C.P., Wittmann, M., Vanhoutte, P., and
Bading, H. (2005). Microelectrode array recordings of cultured hippocampal
networks reveal a simple model for transcription and protein synthesis-
dependent plasticity. J Physiol 564, 3-19.

Bagley, J.A., Reumann, D., Bian, S., Lévi-Strauss, J., and Knoblich, J.A.
(2017). Fused cerebral organoids model interactions between brain regions.
Nature Methods 74, 743-751.

Ban, J., Bonifazi, P., Pinato, G., Broccard, F.D., Studer, L., Torre, V., and
Ruaro, M.E. (2007). Embryonic stem cell-derived neurons form functional
networks in vitro. Stem Cells 25, 738-749.

Bardy, C., van den Hurk, M., Eames, T., Marchand, C., Hernandez, R.V.,
Kellogg, M., Gorris, M., Galet, B., Palomares, V., Brown, J., ef al. (2015).
Neuronal medium that supports basic synaptic functions and activity of human
neurons in vitro. Proceedings of the National Academy of Sciences of the
United States of America /72, E2725-2734.

Bardy, C., van den Hurk, M., Kakaradov, B., Erwin, J.A., Jaeger, B.N.,
Hernandez, R.V., Eames, T., Paucar, A.A., Gorris, M., Marchand, C., et al.
(2016). Predicting the functional states of human iPSC-derived neurons with
single-cell RNA-seq and electrophysiology. Molecular Psychiatry 27, 1573-
1588.

Ben-Ari, Y. (2002). Excitatory actions of gaba during development: the nature
of the nurture. Nature Reviews Neuroscience 3, 728-739.

Bhaduri, A., Andrews, M.G., Mancia Leon, W., Jung, D., Shin, D., Allen, D.,
Jung, D., Schmunk, G., Haeussler, M., Salma, J., et al. (2020). Cell stress in
cortical organoids impairs molecular subtype specification. Nature 578, 142-
148.

Birey, F., Andersen, J., Makinson, C.D., Islam, S., Wei, W., Huber, N., Fan,
H.C., Metzler, K.R.C., Panagiotakos, G., Thom, N., ef al. (2017). Assembly of
functionally integrated human forebrain spheroids. Nature 545, 54-59.
Bjorefeldt, A., Andreasson, U., Daborg, J., Riebe, 1., Wasling, P., Zetterberg,
H., and Hanse, E. (2015). Human cerebrospinal fluid increases the excitability
of pyramidal neurons in the in vitro brain slice. J] Physiol 593, 231-243.
Burke, E.E., Chenoweth, J.G., Shin, J.H., Collado-Torres, L., Kim, S.-K.,
Micali, N., Wang, Y., Colantuoni, C., Straub, R.E., Hoeppner, D.J., et al.
(2020). Dissecting transcriptomic signatures of neuronal differentiation and
maturation using iPSCs. Nature communications 7/, 462-462.

37



Human iPSC-derived neuronal networks

Buzséki, G., Anastassiou, C.A., and Koch, C. (2012). The origin of
extracellular fields and currents--EEG, ECoG, LFP and spikes. Nat Rev
Neurosci 13, 407-420.

Chiappalone, M., Bove, M., Vato, A., Tedesco, M., and Martinoia, S. (2006).
Dissociated cortical networks show spontaneously correlated activity patterns
during in vitro development. Brain Research /093, 41-53.

Chiappalone, M., Pasquale, V., and Frega, M. (2019). In vitro neuronal
networks: From culturing methods to neuro-technological applications, Vol 22
(Springer).

Cohen, J.E., and Fields, R.D. (2008). Activity-dependent neuron—glial
signaling by ATP and leukemia-inhibitory factor promotes hippocampal glial
cell development. Neuron Glia Biology 4, 43-55.

Dawson, T.M., Golde, T.E., and Lagier-Tourenne, C. (2018). Animal models
of neurodegenerative diseases. Nat Neurosci 2/, 1370-1379.

Dodla, M.C., Mumaw, J., and Stice, S.L. (2010). Role of astrocytes, soluble
factors, cells adhesion molecules and neurotrophins in functional synapse
formation: implications for human embryonic stem cell derived neurons. Curr
Stem Cell Res Ther 5, 251-260.

Dossi, E., Blauwblomme, T., Nabbout, R., Huberfeld, G., and Rouach, N.
(2014). Multi-electrode array recordings of human epileptic postoperative
cortical tissue. J Vis Exp, e51870.

Egert, U., Heck, D., and Aertsen, A. (2002). Two-dimensional monitoring of
spiking networks in acute brain slices. Exp Brain Res /42, 268-274.

Ehrlich, D.E., Ryan, S.J., and Rainnie, D.G. (2012). Postnatal development of
electrophysiological properties of principal neurons in the rat basolateral
amygdala. J Physiol 590, 4819-4838.

Eiraku, M., Watanabe, K., Matsuo-Takasaki, M., Kawada, M., Yonemura, S.,
Matsumura, M., Wataya, T., Nishiyama, A., Muguruma, K., and Sasai, Y.
(2008). Self-Organized Formation of Polarized Cortical Tissues from ESCs
and Its Active Manipulation by Extrinsic Signals. Cell Stem Cell 3, 519-532.
Engle, S.J., Blaha, L., and Kleiman, R.J. (2018). Best Practices for
Translational Disease Modeling Using Human iPSC-Derived Neurons. Neuron
100, 783-797.

Erceg, S., Lainez, S., Ronaghi, M., Stojkovic, P., Pérez-Aragd, M.A., Moreno-
Manzano, V., Moreno-Palanques, R., Planells-Cases, R., and Stojkovic, M.
(2008). Differentiation of human embryonic stem cells to regional specific
neural precursors in chemically defined medium conditions. PLoS One 3,
e2122.

Evans, M.J., and Kaufman, M.H. (1981). Establishment in culture of
pluripotential cells from mouse embryos. Nature 292, 154-156.

Fair, S.R., Julian, D., Hartlaub, A.M., Pusuluri, S.T., Malik, G., Summerfied,
T.L., Zhao, G., Hester, A.B., Ackerman, W.E., Hollingsworth, EW., et al.
(2020). Electrophysiological Maturation of Cerebral Organoids Correlates
with Dynamic Morphological and Cellular Development. Stem Cell Reports
15, 855-868.

38



References

Falkner, S., Grade, S., Dimou, L., Conzelmann, K.-K., Bonhoeffer, T., Gotz,
M., and Hiibener, M. (2016). Transplanted embryonic neurons integrate into
adult neocortical circuits. Nature 539, 248-253.

Forrest, M.P., Parnell, E., and Penzes, P. (2018). Dendritic structural plasticity
and neuropsychiatric disease. Nat Rev Neurosci /9, 215-234.

Fukushima, K., Miura, Y., Sawada, K., Yamazaki, K., and Ito, M. (2016).
Establishment of a Human Neuronal Network Assessment System by Using a
Human Neuron/Astrocyte Co-Culture Derived from Fetal Neural
Stem/Progenitor Cells. Journal of biomolecular screening 217, 54-64.

Gaspard, N., Bouschet, T., Hourez, R., Dimidschstein, J., Naeije, G., van den
Ameele, J., Espuny-Camacho, 1., Herpoel, A., Passante, L., Schiffmann, S.N.,
et al. (2008). An intrinsic mechanism of corticogenesis from embryonic stem
cells. Nature 455, 351-357.

Gaspard, N., and Vanderhaeghen, P. (2011). From stem cells to neural
networks: recent advances and perspectives for neurodevelopmental disorders.
Dev Med Child Neurol 53, 13-17.

Gesteland, R.C., Howland, B., Lettvin, J.Y., and Pitts, W.H. (1959). Comments
on microelectrodes. Proceedings of the IRE 47, 1856-1862.

Ghadirian, A.M., and Lehmann, H.E. (1980). Neurological side effects of
lithium: Organic brain syndrome, seizures, extrapyramidal side effects, and
EEG changes. Comprehensive Psychiatry 21, 327-335.

Gopal, K.V, and Gross, G.W. (1996). Auditory cortical neurons in vitro: cell
culture and multichannel extracellular recording. Acta Otolaryngol /16, 690-
696.

Groc, L., Petanjek, Z., Gustafsson, B., Ben-Ari, Y., Hanse, E., and Khazipov,
R. (2002). In vivo blockade of neural activity alters dendritic development of
neonatal CA1 pyramidal cells. Eur J Neurosci 76, 1931-1938.

Hay, M., Thomas, D.W., Craighead, J.L., Economides, C., and Rosenthal, J.
(2014). Clinical development success rates for investigational drugs. Nature
Biotechnology 32, 40-51.

Heikkild, T.J., Yla-Outinen, L., Tanskanen, J.M.A., Lappalainen, R.S.,
Skottman, H., Suuronen, R., Mikkonen, J.E., Hyttinen, J.A.K., and Narkilahti,
S. (2009). Human embryonic stem cell-derived neuronal cells form
spontaneously active neuronal networks in vitro. Experimental Neurology 278,
109-116.

Howe, J.R.t., Bear, M.F., Golshani, P., Klann, E., Lipton, S.A., Mucke, L.,
Sahin, M., and Silva, A.J. (2018). The mouse as a model for neuropsychiatric
drug development. Curr Biol 28, R909-r914.

Hsiao, M.-C., Yu, P.-N., Song, D., Liu, C.Y., Heck, C.N., Millett, D., and
Berger, T.W. (2015). An in vitro seizure model from human hippocampal
slices using multi-electrode arrays. Journal of Neuroscience Methods 244, 154-
163.

Hyman, S.E. (2014).  Revitalizing  Psychiatric =~ Therapeutics.
Neuropsychopharmacology 39, 220-229.

39



Human iPSC-derived neuronal networks

Hyvérinen, T., Hyysalo, A., Kapucu, F.E., Aarnos, L., Vinogradov, A., Eglen,
S.J., Y1a-Outinen, L., and Narkilahti, S. (2019). Functional characterization of
human pluripotent stem cell-derived cortical networks differentiated on
laminin-521 substrate: comparison to rat cortical cultures. Scientific Reports
9, 17125.

Illes, S., Fleischer, W., Siebler, M., Hartung, H.-P., and Dihné, M. (2007).
Development and pharmacological modulation of embryonic stem cell-derived
neuronal network activity. Experimental neurology 207, 171-176.

Illes, S., Izsak, J., Vizlin-Hodzic, D., Strandberg, J., Olsson Bontell, T., Hanse,
E., and Funa, K. (2016). Synchronous oscillatory activity in human iPSC
derived cortical circuits. Society for Neuroscience meeting, 2016, San Diego,
USA.

Illes, S., Theiss, S., Hartung, H.-P., Siebler, M., and Dihné, M. (2009). Niche-
dependent development of functional neuronal networks from embryonic stem
cell-derived neural populations. BMC Neuroscience /0, 93.

Johnson, M.A., Weick, J.P., Pearce, R.A., and Zhang, S.C. (2007). Functional
neural development from human embryonic stem cells: accelerated synaptic
activity via astrocyte coculture. J Neurosci 27, 3069-3077.

Jones, R.S.G., da Silva, A.B., Whittaker, R.G., Woodhall, G.L., and
Cunningham, M.O. (2016). Human brain slices for epilepsy research: Pitfalls,
solutions and future challenges. Journal of Neuroscience Methods 260, 221-
232.

Kang, H.J., Kawasawa, Y.I., Cheng, F., Zhu, Y., Xu, X., Li, M., Sousa, A.M.,
Pletikos, M., Meyer, K.A., and Sedmak, G. (2011). Spatio-temporal
transcriptome of the human brain. Nature 478, 483-489.

Karpiak, V.C., and Plenz, D. (2002). Preparation and maintenance of
organotypic cultures for multi-electrode array recordings. Curr Protoc
Neurosci Chapter 6, Unit 6.15.

Kelley, K.W., and Pasca, S.P. (2022). Human brain organogenesis: Toward a
cellular understanding of development and disease. Cell /85, 42-61.

Kemp, P.J., Rushton, D.J., Yarova, P.L., Schnell, C., Geater, C., Hancock,
J.M., Wieland, A., Hughes, A., Badder, L., and Cope, E. (2016). Improving
and accelerating the differentiation and functional maturation of human stem
cell-derived neurons: role of extracellular calcium and GABA. The Journal of
physiology 594, 6583-6594.

Khan, T.A., Revah, O., Gordon, A., Yoon, S.-J., Krawisz, A.K., Goold, C.,
Sun, Y., Kim, C.H., Tian, Y., Li, M.-Y., et al. (2020). Neuronal defects in a
human cellular model of 22q11.2 deletion syndrome. Nature Medicine 26,
1888-1898.

Kilb, W., Kirischuk, S., and Luhmann, H.J. (2011). Electrical activity patterns
and the functional maturation of the neocortex. European Journal of
Neuroscience 34, 1677-1686.

Kirkeby, A., Grealish, S., Wolf, D.A., Nelander, J., Wood, J., Lundblad, M.,
Lindvall, O., and Parmar, M. (2012). Generation of regionally specified neural

40



References

progenitors and functional neurons from human embryonic stem cells under
defined conditions. Cell reports 7/, 703-714.

Ko, H.C., and Gelb, B.D. (2014). Concise review: drug discovery in the age of
the induced pluripotent stem cell. Stem Cells Transl Med 3, 500-509.

Koch, P., Opitz, T., Steinbeck, J.A., Ladewig, J., and Briistle, O. (2009). A
rosette-type, self-renewing human ES cell-derived neural stem cell with
potential for in vitro instruction and synaptic integration. Proc Natl Acad Sci
U S A 106, 3225-3230.

Krencik, R., Weick, J.P., Liu, Y., Zhang, Z.J., and Zhang, S.C. (2011).
Specification of transplantable astroglial subtypes from human pluripotent
stem cells. Nat Biotechnol 29, 528-534.

Kuijlaars, J., Oyelami, T., Diels, A., Rohrbacher, J., Versweyveld, S.,
Meneghello, G., Tuefferd, M., Verstraelen, P., Detrez, J.R., Verschuuren, M.,
et al. (2016). Sustained synchronized neuronal network activity in a human
astrocyte co-culture system. Sci Rep 6, 36529.

Lam, R.S., Topfer, F.M., Wood, P.G., Busskamp, V., and Bamberg, E. (2017).
Functional Maturation of Human Stem Cell-Derived Neurons in Long-Term
Cultures. PloS one 12, e0169506.

Lancaster, M.A., Renner, M., Martin, C.A., Wenzel, D., Bicknell, L.S., Hurles,
M.E., Homfray, T., Penninger, J.M., Jackson, A.P., and Knoblich, J.A. (2013).
Cerebral organoids model human brain development and microcephaly. Nature
501,373-379.

Libé-Philippot, B., and Vanderhaeghen, P. (2021). Cellular and Molecular
Mechanisms Linking Human Cortical Development and Evolution. Annu Rev
Genet.

Linaro, D., Vermaercke, B., Iwata, R., Ramaswamy, A., Libé-Philippot, B.,
Boubakar, L., Davis, B.A., Wierda, K., Davie, K., Poovathingal, S., et al.
(2019). Xenotransplanted Human Cortical Neurons Reveal Species-Specific
Development and Functional Integration into Mouse Visual Circuits. Neuron
104, 972-986.€976.

Lu, H.F., Chai, C., Lim, T.C., Leong, M.F., Lim, J.K., Gao, S., Lim, K.L., and
Wan, A.C. (2014). A defined xeno-free and feeder-free culture system for the
derivation, expansion and direct differentiation of transgene-free patient-
specific induced pluripotent stem cells. Biomaterials 35, 2816-2826.
Luhmann, H.J., Sinning, A., Yang, J.-W., Reyes-Puerta, V., Stiittgen, M.C.,
Kirischuk, S., and Kilb, W. (2016). Spontaneous Neuronal Activity in
Developing Neocortical Networks: From Single Cells to Large-Scale
Interactions. Frontiers in Neural Circuits /0.

Martin, G.R. (1981). Isolation of a pluripotent cell line from early mouse
embryos cultured in medium conditioned by teratocarcinoma stem cells. Proc
Natl Acad Sci U S A 78, 7634-7638.

Mertens, J., Marchetto, M.C., Bardy, C., and Gage, F.H. (2016). Evaluating
cell reprogramming, differentiation and conversion technologies in
neuroscience. Nature Reviews Neuroscience 17, 424-437.

41



Human iPSC-derived neuronal networks

Michelsen, Kimmo A., Acosta-Verdugo, S., Benoit-Marand, M., Espuny-
Camacho, 1., Gaspard, N., Saha, B., Gaillard, A., and Vanderhaeghen, P.
(2015). Area-Specific Reestablishment of Damaged Circuits in the Adult
Cerebral Cortex by Cortical Neurons Derived from Mouse Embryonic Stem
Cells. Neuron 85, 982-997.

Mohan, H., Verhoog, M.B., Doreswamy, K.K., Eyal, G., Aardse, R., Lodder,
B.N., Goriounova, N.A., Asamoah, B., AB, B.B., Groot, C., et al. (2015).
Dendritic and Axonal Architecture of Individual Pyramidal Neurons across
Layers of Adult Human Neocortex. Cereb Cortex 25, 4839-4853.

Molnar, Z., Luhmann, H.J., and Kanold, P.O. (2020). Transient cortical circuits
match spontaneous and sensory-driven activity during development. Science
370, eabb2153.

Mongiat, L.A., Esposito, M.S., Lombardi, G., and Schinder, A.F. (2009).
Reliable activation of immature neurons in the adult hippocampus. PLoS One
4, e5320.

Mora-Bermudez, F., Badsha, F., Kanton, S., Camp, J.G., Vernot, B., Kohler,
K., Voigt, B., Okita, K., Maricic, T., He, Z., et al. (2016). Differences and
similarities between human and chimpanzee neural progenitors during cerebral
cortex development. Elife 5.

Mossink, B., Verboven, A.H.A., van Hugte, E.J.H., Klein Gunnewiek, T.M.,
Parodi, G., Linda, K., Schoenmaker, C., Kleefstra, T., Kozicz, T., van
Bokhoven, H., ef al. (2021). Human neuronal networks on micro-electrode
arrays are a highly robust tool to study disease-specific genotype-phenotype
correlations in vitro. Stem Cell Reports /6, 2182-2196.

Niclis, J.C., Gantner, C.W., Alsanie, W.F., McDougall, S.J., Bye, C.R.,
Elefanty, A.G., Stanley, E.G., Haynes, J.M., Pouton, C.W., Thompson, L.H.,
et al. (2017). Efficiently Specified Ventral Midbrain Dopamine Neurons from
Human Pluripotent Stem Cells Under Xeno-Free Conditions Restore Motor
Deficits in Parkinsonian Rodents. Stem Cells Transl Med 6, 937-948.
Oberheim, N.A., Takano, T., Han, X., He, W., Lin, J.H., Wang, F., Xu, Q.,
Wyatt, J.D., Pilcher, W., Ojemann, J.G., et al. (2009). Uniquely hominid
features of adult human astrocytes. J Neurosci 29, 3276-3287.

Odawara, A., Katoh, H., Matsuda, N., and Suzuki, 1. (2016). Physiological
maturation and drug responses of human induced pluripotent stem cell-derived
cortical neuronal networks in long-term culture. Scientific Reports 6, 26181.
Odawara, A., Saitoh, Y., Alhebshi, A.H., Gotoh, M., and Suzuki, 1. (2014).
Long-term electrophysiological activity and pharmacological response of a
human induced pluripotent stem cell-derived neuron and astrocyte co-culture.
Biochem Biophys Res Commun 443, 1176-1181.

Pasca, A.M., Sloan, S.A., Clarke, L.E., Tian, Y., Makinson, C.D., Huber, N.,
Kim, C.H., Park, J.-Y., O'Rourke, N.A., Nguyen, K.D., et al (2015).
Functional cortical neurons and astrocytes from human pluripotent stem cells
in 3D culture. Nature Methods /2, 671-678.

Pauly, M.G., Krajka, V., Stengel, F., Seibler, P., Klein, C., and Capetian, P.
(2018). Adherent vs. Free-Floating Neural Induction by Dual SMAD

42



References

Inhibition for Neurosphere Cultures Derived from Human Induced Pluripotent
Stem Cells. Frontiers in Cell and Developmental Biology 6.

Peerboom, C., and Wierenga, C.J. (2021). The postnatal GABA shift: A
developmental perspective. Neuroscience & Biobehavioral Reviews 124, 179-
192.

Pelkonen, A., Pistono, C., Klecki, P., Gomez-Budia, M., Dougalis, A.,
Konttinen, H., Stanova, 1., Fagerlund, I., Leinonen, V., Korhonen, P., ef al.
(2022). Functional Characterization of Human Pluripotent Stem Cell-Derived
Models of the Brain with Microelectrode Arrays. Cells /7, 106.

Penney, J., Ralvenius, W.T., and Tsai, L.-H. (2020). Modeling Alzheimer’s
disease with iPSC-derived brain cells. Molecular Psychiatry 25, 148-167.
Qian, X., Song, H., and Ming, G.L. (2019). Brain organoids: advances,
applications and challenges. Development /46.

Ravaioli, F., Bacalini, M.G., Franceschi, C., and Garagnani, P. (2018). Age-
Related Epigenetic Derangement upon Reprogramming and Differentiation of
Cells from the Elderly. Genes (Basel) 9.

Real, M.A., Davila, J.C., and Guirado, S. (2006). Immunohistochemical
localization of the vesicular glutamate transporter VGLUT?2 in the developing
and adult mouse claustrum. J Chem Neuroanat 3/, 169-177.

Roessler, R., Smallwood, S.A., Veenvliet, J.V., Pechlivanoglou, P., Peng, S.P.,
Chakrabarty, K., Groot-Koerkamp, M.J., Pasterkamp, R.J., Wesseling, E.,
Kelsey, G., et al. (2014). Detailed analysis of the genetic and epigenetic
signatures of iPSC-derived mesodiencephalic dopaminergic neurons. Stem
Cell Reports 2, 520-533.

Sakmann, B., and Neher, E. (1984). Patch clamp techniques for studying ionic
channels in excitable membranes. Annu Rev Physiol 46, 455-472.
Samarasinghe, R.A., Miranda, O.A., Buth, J.E., Mitchell, S., Ferando, I.,
Watanabe, M., Allison, T.F., Kurdian, A., Fotion, N.N., Gandal, M.J., ef al.
(2021). Identification of neural oscillations and epileptiform changes in human
brain organoids. Nat Neurosci 24, 1488-1500.

Sharf, T., van der Molen, T., Glasauer, S.M.K., Guzman, E., Buccino, A.P.,
Luna, G., Cheng, Z., Audouard, M., Ranasinghe, K.G., Kudo, K., et al. (2021).
Human brain organoid networks. bioRxiv, 2021.2001.2028.428643.

Shi, Y., Kirwan, P., Smith, J., Robinson, H.P.C., and Livesey, F.J. (2012).
Human cerebral cortex development from pluripotent stem cells to functional
excitatory synapses. Nat Neurosci /5, 477-S471.

Shimba, K., Sakai, K., Iida, S., Kotani, K., and Jimbo, Y. (2019). Long-Term
Developmental Process of the Human Cortex Revealed In Vitro by Axon-
Targeted Recording Using a Microtunnel-Augmented Microelectrode Array.
IEEE Trans Biomed Eng 66, 2538-2545.

Shimono, K., Brucher, F., Granger, R., Lynch, G., and Taketani, M. (2000).
Origins and distribution of cholinergically induced beta rhythms in
hippocampal slices. J Neurosci 20, 8462-8473.

Siracusa, R., Fusco, R., and Cuzzocrea, S. (2019). Astrocytes: Role and
Functions in Brain Pathologies. Frontiers in Pharmacology /0.

43



Human iPSC-derived neuronal networks

Sloan, S.A., and Barres, B.A. (2014). Mechanisms of astrocyte development
and their contributions to neurodevelopmental disorders. Current Opinion in
Neurobiology 27, 75-81.

Stein, J.L., de la Torre-Ubieta, L., Tian, Y., Parikshak, N.N., Hernandez, 1.A.,
Marchetto, M.C., Baker, D.K., Lu, D., Hinman, C.R., Lowe, ].K,, et al. (2014).
A quantitative framework to evaluate modeling of cortical development by
neural stem cells. Neuron 83, 69-86.

Stipursky, J., Francis, D., Dezonne, R.S., Bérgamo de Araujo, A.P., Souza, L.,
Moraes, C.A., and Alcantara Gomes, F.C. (2014). TGF-B1 promotes cerebral
cortex radial glia-astrocyte differentiation in vivo. Frontiers in cellular
neuroscience 8, 393.

Suzuki, I.K., and Vanderhaeghen, P. (2015). Is this a brain which I see before
me? Modeling human neural development with pluripotent stem cells.
Development 742, 3138-3150.

Takahashi, K., Tanabe, K., Ohnuki, M., Narita, M., Ichisaka, T., Tomoda, K.,
and Yamanaka, S. (2007). Induction of pluripotent stem cells from adult
human fibroblasts by defined factors. Cell /317, 861-872.

Takahashi, K., and Yamanaka, S. (2016). A decade of transcription factor-
mediated reprogramming to pluripotency. Nature Reviews Molecular Cell
Biology 17, 183-193.

Tanaka, Y., Cakir, B., Xiang, Y., Sullivan, G.J., and Park, I.LH. (2020).
Synthetic Analyses of Single-Cell Transcriptomes from Multiple Brain
Organoids and Fetal Brain. Cell Rep 30, 1682-1689.e1683.

Thomas, C.A., Springer, P.A., Loeb, G.E., Berwald-Netter, Y., and Okun,
L.M. (1972). A miniature microelectrode array to monitor the bioelectric
activity of cultured cells. Experimental Cell Research 74, 61-66.

Thomson, J.A., Itskovitz-Eldor, J., Shapiro, S.S., Waknitz, M.A., Swiergiel,
J.J., Marshall, V.S., and Jones, J.M. (1998). Embryonic stem cell lines derived
from human blastocysts. Science 282, 1145-1147.

Tiberi, L., Vanderhaeghen, P., and van den Ameele, J. (2012). Cortical
neurogenesis and morphogens: diversity of cues, sources and functions.
Current Opinion in Cell Biology 24, 269-276.

Trujillo, C.A., Gao, R., Negraes, P.D., Gu, J., Buchanan, J., Preissl, S., Wang,
A., Wu, W, Haddad, G.G., Chaim, [.A,, et al. (2019). Complex Oscillatory
Waves Emerging from Cortical Organoids Model Early Human Brain Network
Development. Cell Stem Cell 25, 558-569.e557.

Vadodaria, K.C., Mendes, A.P.D., Mei, A., Racha, V., Erikson, G., Shokhirev,
M.N., Oefner, R., Heard, K.J., McCarthy, M.J., Eyler, L., et al. (2021). Altered
Neuronal Support and Inflammatory Response in Bipolar Disorder Patient-
Derived Astrocytes. Stem Cell Reports 76, 825-835.

Wachs, F.-P., Winner, B., Couillard-Despres, S., Schiller, T., Aigner, R.,
Winkler, J., Bogdahn, U., and Aigner, L. (2006). Transforming growth factor-
B1 is a negative modulator of adult neurogenesis. Journal of Neuropathology
& Experimental Neurology 65, 358-370.

44



References

Wagenaar, D.A., Madhavan, R., Pine, J., and Potter, S.M. (2005). Controlling
bursting in cortical cultures with closed-loop multi-electrode stimulation.
Journal of Neuroscience 25, 680-688.

Wang, C., Ward, M.E., Chen, R., Liu, K., Tracy, T.E., Chen, X., Xie, M., Sohn,
P.D., Ludwig, C., Meyer-Franke, A., et al. (2017). Scalable Production of
iPSC-Derived Human Neurons to Identify Tau-Lowering Compounds by
High-Content Screening. Stem Cell Reports 9, 1221-1233.

Weale, R.A. (1951). A new micro-electrode for electro-physiological work.
Nature /67, 529-530.

Wernig, M., Meissner, A., Foreman, R., Brambrink, T., Ku, M., Hochedlinger,
K., Bernstein, B.E., and Jaenisch, R. (2007). In vitro reprogramming of
fibroblasts into a pluripotent ES-cell-like state. Nature 448, 318-324.
Wickham, J., Brodjegard, N.G., Vighagen, R., Pinborg, L.H., Bengzon, J.,
Woldbye, D.P.D., Kokaia, M., and Andersson, M. (2018). Prolonged life of
human acute hippocampal slices from temporal lobe epilepsy surgery. Sci Rep
8, 4158.

Wickham, J., Corna, A., Schwarz, N., Uysal, B., Layer, N., Honegger, J.B.,
Wuttke, T.V., Koch, H., and Zeck, G. (2020). Human Cerebrospinal Fluid
Induces Neuronal Excitability Changes in Resected Human Neocortical and
Hippocampal Brain Slices. Front Neurosci /4, 283.

Wickham, J., Ledri, M., Bengzon, J., Jespersen, B., Pinborg, L.H., Englund,
E., Woldbye, D.P.D., Andersson, M., and Kokaia, M. (2019). Inhibition of
epileptiform activity by neuropeptide Y in brain tissue from drug-resistant
temporal lobe epilepsy patients. Sci Rep 9, 19393.

Wilson, S.W., and Houart, C. (2004). Early Steps in the Development of the
Forebrain. Developmental Cell 6, 167-181.

Woodruff, G., Phillips, N., Carromeu, C., Guicherit, O., White, A., Johnson,
M., Zanella, F., Anson, B., Lovenberg, T., Bonaventure, P., et al. (2020).
Screening for modulators of neural network activity in 3D human iPSC-
derived cortical spheroids. PLoS One 75, €0240991.

Yu, J., Vodyanik, M. A., Smuga-Otto, K., Antosiewicz-Bourget, J., Frane, J.L.,
Tian, S., Nie, J., Jonsdottir, G.A., Ruotti, V., Stewart, R., et al. (2007). Induced
pluripotent stem cell lines derived from human somatic cells. Science 318,
1917-1920.

Zhang, S.-C., Wernig, M., Duncan, 1.D., Briistle, O., and Thomson, J.A.
(2001). In vitro differentiation of transplantable neural precursors from human
embryonic stem cells. Nature Biotechnology 79, 1129-1133.

Zhang, X., Alnafisah, R.S., Hamoud, A.A., Shukla, R., Wen, Z.,
McCullumsmith, R.E., and O'Donovan, S.M. (2021). Role of Astrocytes in
Major Neuropsychiatric Disorders. Neurochem Res 46, 2715-2730.

45



APPENDIX

Article [

Article 11

Article 111

Article IV



