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Summary
The neurotrophin brain-derived neurotrophic factor (BDNF) acts as central modulator of
neuronal development and synaptic plasticity. An increasing number of studies indicate the
involvement of tropomyosin receptor kinase B (TrkB) signaling in different pathological
conditions. Among others, BDNF dysregulation has been associated with a multitude of
psychiatric and neurodegenerative disorders of the central nervous system (CNS).
Accordingly, the development of pharmaceuticals, activating, amongst others, TrkB signaling,
holds the potential for the treatment of various CNS disorders.
However, for recent years, many drug candidates fail in the human system due to poor
predictivily of the preclinical model systems. One probable reason is the fact that early drug
discovery largely utilizes easy-to-expand, heterologous recombinant systems, overexpressing
a target of interest in a disease-unrelated host cell line.
Therefore, the overall aim of this thesis was the establishment of a human induced pluripotent
stem (iPS) cell-derived neuronal model system, adapted to the demands of high-throughput
screening (HTS).
In an initial step, an existing neuronal differentiation protocol was adapted to high throughput
demands: First, the generated neural progenitor (NP) cells could successfully be expanded by
the exposure to fibroblast growth factor 2 (FGF2). This enabled a scalable production of
progenitor cells in sufficient numbers to meet the material needs of a HTS campaign.
Consequently, having reached the scope of the panned HTS campaign, the NP cells were
frozen in appropriate aliquots. By this means, the decoupling of flask-based NP cell expansion
and microplate-based neuronal maturation enabled a suitable HTS workflow. Second, the
inhibition of Notch activity in the generated NP cells accelerated the process of neuronal
maturation. Within a two-week administration of N-[N-(3,5-difluorophenacetyl)-L-alanyl]-Sphenylglycinet-butyl ester (DAPT), microplate-seeded NP cells could be differentiated towards
a mixed population of neurons. The generated neurons displayed several physiological
characteristics, such as the expression of relevant marker proteins, as well as
electrophysiological activity (Traub and Heilker, 2019; Traub et al., 2017a).
In a second step, the applicability of the established model system, with respect to drug
discovery, was demonstrated by its implementation into a screening project, identifying positive
modulators of TrkB. Therefore, an AlphaLISA assay was developed, measuring
phosphorylated TrkB in cellular lysates. Subsequently, in a first approach, approximately 3200
compounds were measured at a single-dose. Although 60 compounds displayed a certain
bioactivity, a conducted counter-screen on NP cells identified the hits as technology-related
false-positives (Traub et al., 2017a).
As a second application, the iPS cell-derived neurons were used for the pharmacological
profiling of two TrkB-agonistic antibodies. Here, with respect of TrkB phosphorylation, the
antibodies were only about half as efficacious as BDNF. However, the co-administration of
both antibodies displayed synergistic effects, inducing similar effects as obtained by BDNF.
Furthermore, both antibodies displayed increased TrkB downstream signaling efficacies
compared to BDNF (Traub et al., 2017b).
In conclusion, the here established iPS cell-derived neuronal model system can be
implemented into large-scale screening campaigns. Furthermore, resembling the native
function of the underlying cell, including diverse relevant downstream-signaling pathways, the
model system also represents a valuable tool for lead generation.
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Zusammenfassung
Das Neurotrophin BDNF (engl. brain-derived neurotrophic factor) interagiert als zentrales
Schlüsselprotein der neuronalen Entwicklung und der synaptischen Plastizität. Studien
berichten, dass eine veränderte TrkB (Tropomyosin-Kinase-Rezeptor B)-Aktivität mit
zahlreichen Krankheitsbildern in Zusammenhang steht. Hierzu gehören auch psychiatrische
und neurodegenerative Erkrankungen, die u.a. mit einer Dysregulation von BDNF
einhergehen. Entsprechend steht, unter anderem, die Entwicklung neuer Medikamente, die
TrkB-Signalwege aktivieren, im Zentrum der ZNS-Forschung. In den vergangenen Jahren
scheiterten potenzielle Wirkstoffe im menschlichen Organismus, da präklinische
Modellsysteme oft nur ungenügende Vorhersagen zulassen. Eine mögliche Erklärung hierfür
liegt in der Annahme, dass frühe Phasen der Wirkstofffindung überwiegend mit leicht zu
expandierenden, heterologen und rekombinanten Zellsystemen arbeiten, die das Zielprotein
lediglich in einer Krankheits-fremden Wirtszelle überexprimieren. Dementsprechend lag das
Hauptziel dieser Arbeit in der Etablierung eines, aus humanen induzierten pluripotenten
Stammzellen (iPS-Zellen) abgeleiteten, neuronalen Modellsystems, das für die
Hochdurchsatztestung chemischer Verbindungen geeignet ist.
Im ersten Schritt wurde hierzu ein bereits publiziertes Differenzierungsprotokoll an die
Anforderungen der Hochdurchsatztestung angepasst: Zunächst konnten die generierten
neuralen Vorläuferzellen (engl. NP-Zellen) in Gegenwart des Wachstumsfaktors FGF2 (engl.
fibroblast growth factor 2) erfolgreich expandiert werden. Die skalierbare Produktion der NPZellen ermöglichte die Generierung von ausreichend großen Zell-Mengen für die
Hochdurchsatztestung. Darüber hinaus konnten die expandierten Zellen mit entsprechender
Zellzahl eingefroren werden. Die Entkopplung der Flaschen-basierten NP-Zell-Expansion,
sowie der Mikrotiter-Platten-basierten neuronalen Reifung, vereinfachten auf diese Weise die
Vorbereitung der Hochdurchsatztestung. Des Weiteren konnte die Inhibierung des NotchSignalwegs in den NP-Zellen den Prozess der neuronalen Reifung beschleunigen. Innerhalb
von zwei Wochen führte die Kultivierung der ausgesäten NP-Zellen in Gegenwart von DAPT
(N-[N-(3,5-difluorophenacetyl) -L-alanyl]-S-phenylglycinet-butyl ester) zu einer gemischten
Neuronen-Population. Die erzeugten Neurone wiesen hierbei verschiedene physiologische
Charakteristika, wie beispielsweise die Expression relevanter Proteine, sowie eine
elektrophysiologische Aktivität auf (Traub and Heilker, 2019; Traub et al., 2017a).
Im zweiten Schritt wurde der Einsatz des Modellsystems im Rahmen der Wirkstofffindung
veranschaulicht. Die Zellen wurden hierzu in ein Screening-Projekt integriert, das positive
TrkB-Modulatoren identifizieren sollte. Zunächst wurde ein AlphaLISA Assay etabliert, der
phophoryliertes TrkB in zellulären Lysaten detektiert. In einer ersten Testung wurden etwa
3200 chemischer Verbindungen als Einzeldosis untersucht. Obwohl 60 der Verbindungen eine
gewisse Bioaktivität im Assay aufwiesen, konnte ein Counterscreen mit NP-Zellen zeigen,
dass es sich hierbei um Technologie-basierte Falsch-positive handelte (Traub et al., 2017a).
Als zweite Anwendung wurden die iPS-Zell-abgeleiteten Neurone eingesetzt, um zwei TrkBagonistische Antikörper pharmakologisch zu charakterisieren. Es konnte hierbei gezeigt
werden, dass beide Antikörper TrkB lediglich höchstens halb so effektiv aktivierten wie BDNF.
Jedoch konnten bei gleichzeitiger Gabe beider Antikörper synergistische Effekte
nachgewiesen werden. Außerdem zeigten beide Antikörper eine, im Vergleich zu BDNF,
erhöhte Wirksamkeit in Bezug auf nachgeschaltete Signalwege (Traub et al., 2017b).
Zusammenfassend lässt sich schließen, dass das im Rahmen dieser Arbeit entwickelte iPSZell-abgeleitete neuronale Modellsystem im Rahmen einer Hochdurchsatztestung eingesetzt
werden kann. Darüber hinaus stellt das Modellsystem, aufgrund seiner Ausstattung mit zellrelevanten Signalwegen, ein wertvolles Werkzeug für die Leitstruktur-Generierung dar.
iii

iv

List of abbreviations
AB
ACSF
ALPHA
AMP
BBB
BDNF
BMP
BSA
CHO
CNS
CP
CREB
CRISPR
DANN
DAPI
DAPT
DAT
DIV
DMSO
DPBS
EB
EC
ECL
EDTA
EGF
ELISA
EPSC
ERK
ES
FBS
FGF
GABA
GRINCH
GTP
Hek293
HTS
Ig
iPS
JNK
KLF
Lt-hESNSC
MAP
MAPK
miRNA
mRNA

antibody
artificial cerebrospinal fluid
amplified luminescent proximity homogeneous assay
adenosine monophosphate
blood-brain-barrier
brain-derived neurotrophic factor
bone morphogenic protein
bovine serum albumin
chinese hamster ovary
central nervous system
crossing point
cyclic AMP response element-binding protein
clustered regularly interspaced short palindromic repeats
deoxyribonucleic acid
49,6-diamidin-2-phenylindol
N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycinet-butyl ester
dopamine transporter
days in vitro
dimethylsulfoxide
Dulbecco’s phosphate-buffered saline
embryoid body
effective concentration
enhanced chemiluminescence
ethylenediaminetetraacetic acid
epidermal growth factor
enzyme-linked immunosorbent assay
excitatory postsynaptic current
extra-cellular signal-regulated kinase
embryonic stem
fetal bovine serum
fibroblast growth factors
gamma-aminobutyric acid
growth factor–driven expansion and inhibition of notch
guanosine triphosphate
Human embryonic kidney 293
high throughput screening
immunoglobulin
induced pluripotent stem
jun N-terminal kinase
kruppel-like factor
long-term self-renewing rosette-type hES cell-derived neural stem cell
microtubule-associated protein
mitogen-activated protein kinase
micro ribonucleic acid
messenger ribonucleic acid

v

NBE
NCE
NDM
NDM
NEP
NeuN
NF-kB
NGF
NGS
NIM
NP
NPCM
NPM
NS
NSE
NT
NTKR
OCT
PAX6
PDL
PFA
PI3K
PLC-γ
PLO
PS
PSD
RA
RhoA
ROCK
RT-PCR
RTR
SDIA
SFEB
SHH
SOX
TALENS
TBS
TF
TGFß
Trk
ZNF
7,8-DHF

vi

new biological entity
new chemical entity
neural differentiation medium
neural differentiation medium
neuroepithelial progenitor
neuronal nuclei
nuclear factor 'kappa-light-chain-enhancer' of activated B-cell
nerve growth factor
next-generation sequencing
neural induction medium
neural progenitor
neural progenitor cryopreservation medium
neural progenitor medium
neural stem
neuron specific enolase
neurotrophin
neurotrophic tyrosine kinase receptor
octamer-binding transcription factor
paired-box protein
poly-D-lysine
paraformaldehyde
phosphoinositide 3-kinase
phospholipase-C-gamma
poly-L-ornithine
pluripotent stem
postsynaptic density
retinoid acid
ras homolog gene family, member A
Rho-associated, coiled-coil containing protein kinase
reverse transcription-polymerase chain reaction
real-time ready
stromal cell derived inducing activity
serum-free EB
sonic hedgehog protein
sex determining region Y (SRY)- box
transcription activator-like effector nucleases
tris-buffered saline
transcription factor
transforming growth factor beta
tropomyosin receptor kinase
of zinc-finger nucleases
7,8-dihydroxyflavone

1. Introduction

1. Introduction

1.1 Human induced pluripotent stem cells
In 1998, researchers from the University of Wisconsin, Madison, published the isolation of the
first human embryonic stem (ES) cells, derived from the inner cell mass of a mammalian
blastocyst, an early-stage pre-implantation embryo (Thomson et al., 1998). Ever since, ES
cells have been used as gold standard for studying developmental biology, as well their
potential in regenerative medicine and organ transplantation.
Since 2006, the discovery of iPS cells by Shinya Yamanaka was heralded as a substantial
breakthrough of the decade in stem cell research (Takahashi and Yamanaka, 2006). Like ES
cells, iPS cells can proliferate infinitely in an undifferentiated state and can give rise to all three
germ layers, namely, endoderm, mesoderm and ectoderm. Furthermore, the use of human
iPS cells, which can be generated from adult somatic cells, eliminates ethical and religious
concerns associated with human ES cells, as donor cells can be obtained non-invasively,
without the destruction of the blastocyst. More importantly, the advent of iPS cell technology
offers the opportunity to generate large numbers of patient-specific cells for human diseases
modeling, drug discovery, and regenerative cell therapy.

1.1.1

Generation of iPS cells

Initially, the group of Shinya Yamanaka and Kazutoshi Takahashi developed the first mouse
iPS cells using a retrovirus to deliver a combination of four transcription factors, namely, Oct
3/4 (octamer-binding transcription factor 3/4), Sox2 (sex determining region Y (SRY)- box 2),
Klf4 (Kruppel-like factor 4), and the proto-oncogene c-Myc (“OSKM factors”) into mouse
fibroblasts (Takahashi and Yamanaka, 2006).
In 2007, Yamanaka’s group used the same reprogramming technique to generate human iPS
cells (Takahashi et al., 2007). In parallel, Thomson and colleagues provided an efficient,
alternative reprogramming method, using lentiviral insertion of a different set of reprogramming
factors (Oct3/4, Sox2, Nanog and LIN28; “OSNL factors”) (Yu et al., 2007).
Both integrative viral delivery systems have proved to be among the most efficient and robust
reprogramming systems so far, but pose a substantial risk of oncogenic insertion-mutagenesis
as a consequence of viral integration.
Thus, non-integrative delivery systems, such as the use of Adeno- (Zhou and Freed, 2009), or
increasingly popular Sendai viruses (Fusaki et al., 2009), can reduce the risks of insertionmutagenesis, while still maintaining even higher reprogramming efficiencies than other
methods (Fusaki et al., 2009; Nishimura et al., 2011) (Figure 1.1).
Moreover, non-viral methods, like the use of plasmids (Okita et al., 2008), episomal DNA (Jia
et al., 2010), mRNA (Warren et al., 2010, 2012) and miRNA (Anokye-Danso et al., 2011),
proteins (Zhou et al., 2009), or small molecules (Huangfu et al., 2008), have been described,
to refine reprogramming in terms of safety concerns (Figure 1.1). In order to enhance the
reprogramming efficiency especially in non-integrative delivery systems, several compounds,
like deacetylase inhibitors or histone methyltransferase inhibitors (Feng et al., 2009), as well
adapted culture conditions (Yoshida et al., 2009)), have been studied extensively.
Nevertheless, even though non-integrative reprogramming methods eradicate the risk of
insertion-mutagenesis, integrative delivery methods still achieve higher reprogramming
efficiencies.
1

Figure 1.1 Various cell sources and delivery methods for generating iPS cells (Han and Yoon, 2011)
As most common, the generation of human iPS cells involves the collection of fibroblasts via skin biopsy. Thereafter,
other cells, such as keratinocytes and blood cells have been used for reprogramming. Initials studies used
integrative viral delivery systems, such as retro- and lentiviruses. More recently, non-integrative vectors
(adenoviruses), and non-viral methods (plasmids and proteins) have been developed.

Aside from “classical” reprogramming to pluripotency, which requires the reversal change of
an adult and differentiated cell type into a pluripotent stem cell, alternative strategies, such as
trans-differentiation, have been established. Trans-differentiation is an approach to generate
differentiated cells, without entering the state of pluripotency. Accordingly, trans-differentiation
can provide a time-saving and highly efficient alternative. Furthermore, these cells do not carry
the risk of teratoma formation (summarized in Cieślar-Pobuda et al., 2017).
As the promising field of trans-differentiation is continuously developing, in 2016, a
computational tool, called “Mogrify”, which is network-based algorithm to predict lineagespecific transcription factors for optimal trans-differentiation was published (Rackham et al.,
2016).To date, several studies have been conducted, using trans-differentiation to reprogram
fibroblasts or other somatic cells to neurons, cardiomyocytes, hepatocyte-like cells, and
hematopoetic stem cells, respectively (reviewed in Xu et al., 2015)).
Moreover, direct reprogramming, a process, which only bypasses the state of pluripotency,
using transient overexpression of the OKSM factors, has emerged as intermediate between
classical reprogramming and trans-differentiation (Kim et al., 2011; Prasad et al., 2016).
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As mentioned above, another important parameter for efficient reprogramming is the choice of
the starting cell type. As most common, the generation of human iPS cells involves the
collection of fibroblasts via skin biopsy. Since the field of cellular reprogramming has
progressed, various cell types (Figure 1.1), including neural (Kim et al., 2011) and adipose
stem cells (Jia et al., 2010), melanocytes and keratinocytes (Aasen et al., 2008), as well as
hepatocytes (Liu et al., 2010), have been adapted so far. Amongst others, peripheral blood
cells (Staerk et al., 2010), renal tubular epithelial cells (Zhou et al., 2012), and hair follicle
cells/keratinocytes (Petit et al., 2012) have become a preferred choice for reprogramming, as
these cell types provide easy access (Figure 1.1).
Taken together, the (i) establishment of efficient and safe delivery systems, (ii) replacement of
reprogramming factors by alternative regulators, (iii) optimized culture conditions, as well as
(iv) implementation of easy to obtain cell sources, have constantly improved the field of iPS
cell generation.
Besides optimizing the process of generating iPS cells, the area of directed differentiation has
evolved steadily over the last years, and will be summarized in the following chapter (1.1.2).

1.1.2

Directed differentiation

During the last decade, many protocols have been established to guide directed differentiation
of human pluripotent stem (PS) cells.
Early approaches, performed using ES cells, therefore tried to mirror the hallmarks of
embryonal development via embryoid body (EB) formation (Itskovitz-Eldor et al., 2000).
In order to improve the process of directed differentiation, several monolayer- or EB-based
studies have been conducted, using step-wise addition of defined growth factors and
cytokines, known to direct embryonal development in vivo. Although refined differentiation
protocols are published on a regular basis, several hurdles remain: Beside the fact, that many
differentiation protocols have been developed for particular human iPS cell lines, and cannot
be transferred easily, many protocols produce heterogeneous cell populations, as well as a
mixture of various fetal and immature developmental stages. Furthermore, the scalability of
the differentiation process, especially, the ability to scale-up and cryopreserve intermediate
stages of differentiation, has not yet been achieved sufficiently for all cell types of interest.
As a consequence, several studies have been performed addressing these hurdles (Figure
1.2): In order to avoid the generation of alternate cell fates, and, thus, enhance the efficiency
of directed differentiation, lately, small molecules, such as dorsomorphin, SB431542,
CHIR99021, purmorphamine have been used, efficiently mimicking growth factors, and
eliminating batch-to- batch variability of protein activity in NP cells (Reinhardt et al., 2013). The
development of novel biological matrices, such as purified laminins (Cameron et al., 2015;
Watanabe et al., 2016) has further improved directed differentiation and maturation processes,
e.g. in hepatocytes. Moreover, the recreation of the underlying cellular niche, e.g. by applying
co-culture systems (Krencik et al., 2017; Mummery et al., 2003) and organoid cultures (Paşca
et al., 2015) during differentiation, have been described to improve directed differentiation,
survival and maturation of cells. Finally, a better understanding of the genetic background of
specific developmental stages, using, among others, single-cell-RNAseq, has been described
to help identifying reliable key markers to track directed differentiation (Paik et al., 2018).

3

Furthermore, these markers can be used to enrich desired cell types via surface antigen
purification (Elkabetz et al., 2008), or even by the utilization of iPS cell-derived reporter lines.

Figure 1.2 Recent advances of directed differentiation (Terryn et al., 2018)
During the last decade, many protocols have been established to guide directed differentiation of human pluripotent
stem (PS) cells. However, current protocols cannot be transferred easily, and generate immature progeny. Recent
advances, using small molecules, biological matrices, and genome editing, significantly improve their use for
disease modeling and drug discovery.

The ongoing process of optimization of directed differentiation, in order to generate highly
specific, homogenous cell populations, as well as the integration of these cells into their tailored
biological niche, significantly improve their use in the fields disease modeling and drug
discovery, discussed in chapter 1.1.3.

1.1.3 Current applications
1.1.3.1 Disease research
Conventionally, human disease research is performed using genomic analysis methods,
combined with easily accessible, widely used in vitro model systems. Additionally, human
primary cells, or animal models have been used. However, these cell systems cause several
disadvantages: Many heterologous in vitro model systems lack the physiological and
pathological background of the diseased human cell type. Furthermore, primary cells are often
difficult to obtain and cannot be maintained or expanded over longer periods of time. Moreover,
costly animal models do not always reflect the human disease phenotype due to species
differences, including the immune system, as well as liver metabolism.
In order to overcome the lack of physiological model systems, human iPS cells have emerged
as a powerful tool for disease modelling. They offer several advantages over the classical
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model systems: Besides bypassing ethical concerns and being less expensive and compared
to animal models, disease-specific iPS cells can be generated in unlimited quantities.
Subsequently, several models for human diseases, have been established by the use of
patient-specific iPS cells (summarized in Omole and Fakoya, 2018; Young, 2012).
Furthermore, recent advances in the field of genome editing, e.g. the use of zinc-finger
nucleases (ZNF), transcription activator-like effector nucleases (TALENS) and clustered
regularly interspaced short palindromic repeats (CRISPR)-Cas9, accelerate the study of
monogenetic diseases (summarized in Omole and Fakoya, 2018). These technologies
facilitate not only the introduction of disease-associated mutations in non-diseased human iPS
cells, but also the repair of disease-causing gene mutations. Nevertheless, it is worth
mentioning, that multi-genetic and environmental-caused, as well as late onset diseases are
still challenging.
Although human iPS cell differentiation protocols have improved steadily, generating many
types of highly specific and homogeneous cell populations, and genome editing techniques
allow the insertion of disease-specific mutations, it has become clear, that however, those
monotypic cell populations cannot fully recapitulate the in vivo situation. Accordingly, recent
studies have been performed, focusing on more physiological parameters, such as
functionalizing co-culture systems (e.g. vascularization and inflammation, reviewed in Passier
et al., 2016)), or even three-dimensional constructs to address causal relationships between
genetic and environmental factors, influencing the outcome of the disease. Accordingly, next
generation disease models, which increase the cell and tissue complexity of human iPS cellderived cells, will be “organs-on-chip” (Wang et al., 2014). These microfluidic devices do not
only allow fluid or gas exchange, but also facilitate the co-culture of various cell types as a
complex synthetic tissue substitute for disease modeling.
The overall goal of disease modeling is to understand molecular mechanisms of a disease in
order to develop drugs for their treatment. Hereafter, it will not only be important to ensure the
reproducibility of generating iPS cell-derived model cells, but also to adapt these advanced cell
culture models to equivalent medium- and high-throughput formats in a cost-effective way.

1.1.3.2 Preclinical drug discovery
In the mid-nineteenth century, the pharmaceutical industry typically based its research around
a historically known pharmacophore of interest with an acknowledged disease-mitigating
profile in humans. In relatively slow, restricted cycles of chemical variation and subsequent
‘phenotypic’ measurement in animal models, the drug candidate could be improved without
any deeper understanding of the bimolecular mechanism of action of the compound (Heilker
et al., 2014). Then – with the advent of molecular biology – it became customary to restrain
the focus to a bimolecular interaction using techniques to recombinant overexpress the target
protein in solution or on the surface of disease-unrelated host cells (Heilker et al., 2014). In the
early 1990s, the concept of random testing developed gradually as an attempt to capitalize on
the large collection of chemical compounds, which had been assembled and retained within
most long-standing pharmaceutical companies (Heilker et al., 2014).
Classically, testing a large number of compounds, is performed via high-throughput screening
(HTS). HTS campaigns can be divided into two categories, namely biochemical assays and
cell-based assays. As opposed to biochemical assays, in which the specific binding of a test
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compound to the target of interest is performed in a homogenous reaction using defined and
controllable parameters, the set-up of cell-based assays is way more challenging and requires
a highly prudent selection of a suitable cell type: The cells need to (i) be amenable to the
applied assay, (ii) be adaptable to automation, and, (iii) express all necessary factors and
signaling proteins. Furthermore, the feasibility of a cellular HTS approach depends on the
possibility of upscaling of upscaling the model cells to numbers in the range of a few billions
(Heilker et al., 2014). In order to meet these demands, various cell types, including “classical”
recombinant target-expressing cell lines, cancer cell lines, or even primary cells have been
used for cell-based assays. Several advantages and disadvantages with respect to drug
screening are listed below (Table 1.1):

Table 1.1 Sources and features of cells available for drug discovery

Cell type
Recombinant
cells

Advantages

Disadvantages

Homogenous cell population

Disease-unrelated host cell

High target expression level

Artificial screening system

High expansion rate

Cancer cells

Primary cells

iPS cellderived cells

Disease-related host cell

Cancer cell background

Endogenous target expression

Lack in important aspects of native
cellular function

Fully differentiated cell type

Limited access

Native function

Limited expansion potential

Physiological response

Donor variability

Unlimited expansion potential

Expansive generation of cells

Capacity to differentiate to all cell types

Lack in protocol reproducibility

Physiological response

Difficult to generate purified populations

Derived from disease background

Difficult process of maturation

Nevertheless, for recent years, the rate of new drug approvals has declined. Many drug
candidates fail in the human system due to poor predictivity of the preclinical biological models.
Although target-directed drug discovery has been outstandingly successful in producing nanoand picomolar binders of a hypothesized disease-relevant protein in vitro, the drug candidates
frequently display poor efficacy in clinical settings (Heilker et al., 2014). One probable reason
is the fact that early drug discovery largely employs heterologous recombinant systems
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overexpressing a target of interest in a disease-unrelated host cell line (Heilker et al., 2014).
Likewise, drug candidate profiling based upon primary animal cells or in vivo animal models is
frequently flawed due to significant species-specific differences in disease pathology (Heilker
et al., 2014).
A screening format that particularly depends on a physiological model system is the phenotypic
approach. Phenotypic screening means that model cells are exposed to test compounds
without a predefined target. The readout may be a morphological change of the model cells or
the endpoint of a disease-relevant signaling pathway. An ideal phenotypic screen should
employ model cells that closely correspond to the disease target cells to render the phenotypic
readout as close to the native target tissue response as possible (Heilker et al., 2014). Human
iPS cell-derived cells combine several advantages of the above listed “classical” model cells:
they (i) enable unlimited cell expansion, (ii) can be differentiated to cells of all three germ
layers, (iii) can be generated in a disease context, and (iv) they resemble native cell function
and allow access to complex signaling pathways and physiological consequences, rather than
addressing one particular pathway.
Together with the advent of human iPS cell research, drug discovery–suitable detection
techniques have advanced considerably over recent years, enabling the robust and
reproducible measurement of endogenous signaling events under more physiological
conditions (Heilker et al., 2014). Besides the commonly used approach of high content
screening (HCS), allowing to monitor cellular signaling in living cells, or at least in the
framework of the formaldehyde-fixed cellular protein skeleton, an exceedingly sensitive
technique based upon luminescent oxygen channeling (Ullman et al., 1994) has been
commercialized under the trade name Alpha™. The Alpha™ technology relies on monitoring
the formation of pairs between two types of latex particles, which are referred to as donor and
acceptor beads. In one biological application, a sandwich of antibodies is employed, one
attached to the donor bead and one to the acceptor bead. To monitor a signaling cascade, for
example, involving a phosphorylation step, one of the sandwich antibodies may be directed
against a non-phosphorylated epitope of the protein substrate and the second sandwich
antibody could detect the phosphorylated substrate only (Heilker et al., 2014).
For the time being, however, there are still many limitations for the utilization of iPS cell-derived
cells in a HTS campaign, including, for example, standardized protocols for establishment of
differentiation protocols that lead to the bona fide disease-relevant model cells of interest, and
the generation of large quantities of purified and matured human iPS cell-derived cells.

1.2 Neuronal differentiation
1.2.1

Embryonal development of the central nervous system

In the vertebrate embryo, the process of neural development can be divided into the following
functional phases: (i) Neural induction and formation of the neural tube (ii) differentiation of the
neural tube, as well as (iii) differentiation of neurons (Gilbert, 2010).
During neural induction, the ectodermal part of the tri-layered gastrula forms a flat sheet of
neuroectodermal cells, the so called neural plate (neuroepithelium) in response to signals,
produced by the dorsal mesoderm (notochord) (discussed in chapter 1.2.2). Subsequently, the
thickening of the neural plate leads to the formation of the neural tube.
The differentiation of the neural tube into the various regions of the central nervous system
occurs simultaneously on a cellular level, at tissue level and on anatomical level. The neural
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tube contains multipotent neural stem (NS) cells, that are capable of extensive cell division and
subsequent differentiation into both, neurons and glia cells. During neuronal patterning,
neurons from the anterior part of the neural tube stop the process of cell division and migrate
to their final position, and form the three primary brain vesicles, namely, forebrain
(prosencephalon), midbrain (mesencephalon), and hindbrain (rhombencephalon). The
posterior part of the neural tube remains undifferentiated and will form the mature spinal cord
(Petros et al., 2011). The secondary vesicles, emerging from the prosencephalon, give rise to
the telencephalon (cerebral hemispheres) and diencephalon (thalamus and hypothalamus),
whereas the rhombencephalon becomes subdivided into the metencephalon (medulla
oblongata) and the myelencephalon (cerebellum) (Figure 1.3).

Figure 1.3 Early human brain development (Gilbert, 2010)
During neuronal patterning, neurons from the anterior part of the neural tube form the three primary brain
vesicles. As development continues, the primary vesicles subdivide into the five secondary vesicles.

When it comes to the process of differentiation into neurons (neurogenesis), the neuroepithelial
cells of the neural tube give rise to three types of cells: (i) the ventricular cells, secreting the
cerebrospinal fluid, (ii) the precursors of neurons, conducting electric potentials and
coordinating all body functions, as well as (iii) precursors of glial cells, helping to construct the
nervous system (Gilbert, 2010). On a cellular level, the differentiation of neurons includes the
process of synapse formation (synaptogenesis), including the branching extension of dendrites
and axons (neurites), functionalizing the new-born neurons.
Whereas dendrites are often numerous and do not extend far from the neuronal cell body
(soma), axons may extend in order to form new synapses. Neurons transmit electric impulses
from one region to another. Theses impulses usually go from the dendrites into the soma,
where they are focused into the axon (Gilbert, 2010). In order to prevent dispersal of the electric
signal, the axons are insulated by oligodendrocytes, producing a specialized cell membrane
called a myelin sheath. Besides the above described structural development, neuronal
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differentiation also involves the molecular development, as axons are specialized for secreting
specific chemical neurotransmitters across the synaptic cleft (e.g. acetylcholine, epinephrine,
norepinephrine, octopamine, serotonin, gamma-aminobutyric acid (GABA), or dopamine,
respectively) (Gilbert, 2010).

1.2.2

Signaling pathways in neuronal development

The development of the CNS is dependent on a complex subset of events, induced by
transcription factors (TFs), and the activation or inactivation of various signaling pathways.
Early studies in Xenopus embryos described bone morphogenic proteins (BMPs) to be key
players of neural induction and formation of the neural plate (Sasai and De Robertis, 1997).The
inhibition of BMP signaling has been found to be the critical event required for converting
ectoderm into neural tissue (Lanza and Atala, 2014). BMP inhibitors such as noggin (Smith
and Harland, 1992), chordin (Sasai et al., 1994), and follistatin (Hemmati-Brivanlou et al., 1994)
have been identified that bind antagonize BMP signaling extracellularly. These inhibitors are
potent neural inducers, expressed at quite high levels in organizer tissues (inducing the
formation of the dorsal-ventral axis in Xenpous), and underlie the molecular basis of organizer
activity revealed in Mangold and Spemann’s experiment. These observations have led to the
so-called default model for neural induction (summarized in Muñoz-Sanjuán and Brivanlou,
2002) in which the ectoderm is neutralized, when inhibitors are produced by the organizer,
block BMP signaling before and during gastrulation (Lanza and Atala, 2014).
The initial patterning of the neural tube is based upon a small subset of protein gradients along
the anterior-posterior (rostro-caudal) axis and the dorsal-ventral axis.
A common hypothesis for the specification of the anterior-posterior axis states that anterior
fates are default during early neural induction (including BMP and Wnt inhibition), while FGFs
(Kengaku and Okamoto, 1995), Wnt (McGrew et al., 1995) and retinoid acid (RA)
(Avantaggiato et al., 1996; Blumberg et al., 1997; Maden, 2006) signals actively posteriorize
cell fates from forebrain, to midbrain, hindbrain, and spinal cord (Lanza and Atala, 2014).

Figure 1.4 Dorso-ventral specification of the neural tube (Gilbert, 2010)
The neural tube is influenced by two paracrine factors: The sonic hedgehog protein (SHH), originating from the
ventral notochord, and members of the transforming growth factor beta (TGF-ß) superfamily (e.g. BMP4), originating
in the dorsal ectoderm.
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The specification of the dorsal-ventral axis is initiated by two major paracrine factors: The sonic
hedgehog protein (SHH), originating from the ventral notochord, and members of the
transforming growth factor beta (TGF-ß) superfamily (e.g. BMP4), as well as Wnt signals,
originating in the dorsal ectoderm (Gilbert, 2010). The dorsal cells build the floor plate, the
ventral cells become the roof plate of the neural tube (Gilbert, 2010). The floor plate forms
most of the ventral portion of the nervous system, including the motor portion of the spinal cord
and brain stem; the roof plate forms the dorsal portions, devoted mostly to sensory processing
(Gilbert, 2014) (Figure 1.4).
Embryonal development of the CNS forms the basis for successful directed differentiation of
iPS cells into neurons (Prajumwongs et al., 2016). By combining signaling gradients of both
axis, and modulating levels of BMP, Wnt, SHH, and FGF, stem cells, including iPS cells, can
be differentiated towards diverse neuronal subtypes (summarized in Petros et al., 2011).
As neural specification is a sensitive process, based upon subtle changes in concentration or
timing of signaling molecules, many studies have been performed, evaluating and optimizing
the process of directed differentiation. In the following chapter (1.3.2), hallmarks of neuronal
differentiation will be introduced.

1.2.3

Neuronal differentiation protocols

During directed neuronal differentiation, stem cells undergo progressive lineage restriction,
similar to those observed during the in vivo development of the CNS (Figure 1.5, summarized
in Conti and Cattaneo, 2010)).
Over the last years, spontaneous differentiation protocols, utilizing floating aggregates of ES
cells, cultured in the presence of serum, generated several cell types of the three germ layers
(Desbaillets et al., 2000).
Early attempts, generating neuronal progeny in a more directed way, used mouse ES cells,
cultured as EBs in the presence of neural fate inducers, such as RA, known to induce neuronal
fates in P19 teratocarcinoma cells (Bain et al., 1995). More recently, it has been shown, that
monolayer-cultured ES cells undergo neural conversion by applying serum-free conditions
(Ying et al., 2003). Based upon this study, Watanabe and colleagues established a neural
differentiation protocol, applying a serum-free EB (SFEB) culture protocol to mouse ES cells.
Combining SFEB culture with the inhibition of Wnt and TGF-ß signaling, an improved
neuralization process, generating up to 75% of Pax6-positive cells (Watanabe et al., 2005),
could be achieved.
In parallel, feeder-based protocols, utilizing stromal cell lines such as PA-6 and MS5 (stromal
cell derived inducing activity; SDIA), which promote neural differentiation of mouse (Kawasaki
et al., 2000) and human ES cells (Barberi et al., 2003; Perrier et al., 2004), had been
established.
Nevertheless, both approaches, SFEB culture and the use of SDIA, rely on either
heterogeneous EB formation, or undefined factors, secreted by stromal cells.
As a consequence, in the last decade, several publications have been released, focusing,
among others, on the presence of dual SMAD inhibitors noggin and SB431542, in order to
enable rapid and uniform neural conversion of human pluripotent stem cells (Chambers et al.,
2009). Chambers and colleagues reported the synergistic action of both inhibitors under
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adherent, high density cell culture conditions. Whereas noggin has been used before in several
studies to inhibit BMP signaling and successfully induce neural fate (Elkabetz et al., 2008; Lee
et al., 2007; Sonntag et al., 2007), lately, the small molecule SB431542 was shown to enhance
neural induction by inhibiting TGFβ signaling (Smith et al., 2008). Combining both factors,
Chambers increased the neural induction efficiency to >80% of Pax6-positive neural cells,
compared to noggin treatment alone, achieving only <10% (Chambers et al., 2009). In their
study, they described several points of action, such as the destabilization of TGF/activin- and
Nanog-mediated pluripotency, suppression of mesendodermal fates by inhibiting endogenous
activin and nodal signals, and promoting neuralization of primitive ectoderm through BMP
inhibition, facilitating potent neural conversion of human ESCs (Chambers et al., 2009).
Furthermore, Chambers and colleagues were able to transfer the established dual SMAD
inhibition protocol to human iPS cells, proving the robustness of their approach (Chambers et
al., 2009).
Drawing a line between in vivo development of the CNS and directed differentiation, the dual
SMAD inhibition protocol yields an early Pax6-positive neuroepithelial progenitor (NEP) cell
population, that is capable of neural rosette formation. Neural rosette formation is a hallmark
of neuronal in vitro differentiation, mimicking the structure of the neural tube (O’Rahilly and
Müller, 1994). This type of progenitors resembles an early intermediate state of neuronal
development, giving rise to later-stage NEP population, growing in rosette-like structures
(Conti and Cattaneo, 2010), called R-NS cells (Elkabetz et al., 2008) (Figure 1.5). In the
presence of mitogens, such as FGF2, and epidermal growth factor (EGF), R-NS cells can be
expanded. However, the expanded cells show a more restricted differentiation potential
(Elkabetz et al., 2008).

Figure 1.5 Developmental links between different in vivo and in vitro NEP populations (Conti and Cattaneo, 2010)
Drawing a line between in vivo development of the CNS and directed differentiation, iPS cell-derived neural
progenitor cells resemble an early intermediate state of neuronal development (NEPs). The corresponding in vivo
developmental stage and the reports that first described an analogous in vitro cell population, are indicated.

More recently, a population of long-term self-renewing rosette-type hES cell-derived neural
stem cells (lt-hESNSCs) has been described (Koch et al., 2009) (Figure 1.5). Lt-hESNSCs
cells exhibit long-term self-renewal, and can be expanded for over >150 passages in the
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presence of FGF2 and EGF (Koch et al., 2009). During the expansion phase, the generated
cells could be cryopreserved, and retain their responsiveness to exogenous stimuli, promoting
the induction of diverse neuronal, functional subtype populations (Koch et al., 2009). The
derivation of lt-hESNSCs is based upon the generation of neural rosettes via Noggin-mediated
BMP signaling inhibition, described by Gerrard et al. (Gerrard et al., 2005). Subsequently, the
generated rosettes were manually isolated and cultured as aggregates for 24 hours. After
dissociation, high-density cultures were maintained in the presence of low B27 supplement
concentrations, as well as the growth factors FGF2 and EGF. However, members of the FGF
family have been described to mediate the embryonic development of posterior identities (Cox
and Hemmati-Brivanlou, 1995). Accordingly, the expansion of lt-hESNSCs in the presence of
FGF2 resulted in a restricted posterior identity of cells (Koch et al., 2009).
In order to generate anterior cell types, giving rise to the forebrain, and, subsequently, to the
cerebral cortex, differentiation protocols, based upon the above described SFEB cultures
(Watanabe et al., 2005) or monolayer dual SMAD inhibition (Chambers et al., 2009), have
been refined. For instance, Eiraku et al. described the formation of polarized cortical tissues
from mouse and human ES cells, applying a refined SFEB protocol, generating early-born,
deep-layer cortical neurons (Eiraku et al., 2008).
Shi and colleagues described another multistep protocol for the directed differentiation of
human ES cells and iPS cells into cortical neurons (Shi et al., 2012a, 2012b). As a result, they
generated cortical progenitor cells, differentiating into all classes of cortical projection neurons,
showing synaptogenesis and network formation. In contrast to Eiraku et al., the applied
differentiation protocol generated both, deep and upper layer neurons. Alongside utilizing dual
SMAD inhibition, they found that RA signaling plays a central role in the efficient generation of
cortical progenitor cells. Shi speculates, that the requirement of RA might reflect the process
of derivation of mouse ES cell-derived glutamatergic neurons (Bibel et al., 2004), but the exact
way of action remains unclear. In order to induce cortical neurogenesis and maturation, they
finally withdrew FGF2 from their culture medium (Shi et al., 2012b).
Forcing neuronal maturation, Borghese and colleagues developed a protocol, based upon the
withdrawal of growth factors, similar to Shi et al., combined to the inhibition of Notch signaling
by the gamma-secretase inhibitor DAPT (Borghese et al., 2010). Notch is a key regulator of
NEP maintenance in vivo (Louvi and Artavanis-Tsakonas, 2006) Subsequently, DAPT-induced
Notch inhibition delayed the G1/S-phase transition and mediated neurogenesis, accelerating
directed neuronal differentiation.
Taken together, in the last decades, challenges, limiting the use of human ES- and iPS cellderived neurons, such as the removal of unwanted cell types (Chambers et al., 2009; Shi et
al., 2012a), the avoidance of batch-to-batch variations (Koch et al., 2009) and the length of
maturation into functional cell types (Borghese et al., 2010), have been addressed in several
studies.
A combination of the above described protocols was established within this work, generating
an optimized and highly efficient neuronal differentiation protocol, facilitating drug discovery
via HTS.
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1.3 Tropomyosin receptor kinase signaling
1.3.1

Trk receptros in neuronal signaling

Trk receptors are a family of neurotrophic tyrosine kinase receptors (NTKR), including TrkA,
TrkB, and TrkC. Each receptor can be activated by family members of growth factors, namely
neurotrophins (NTs), such as nerve growth factor (NGF) (Levi-Montalcini and Angeletti, 1963),
BDNF (Barde et al., 1982), and neurotrophins 3/4 (NT-3/4) (Hohn et al., 1990; Ip et al., 1992),
respectively.
Upon activation, NT-based signaling plays a major role in neuronal cell survival, differentiation,
as well as synaptic strength and plasticity (Huang and Reichardt, 2003).
Trk receptors exist as non-covalently linked homodimers (Figure 1.6A) (Friedman, 2012),
which dimerize upon ligand binding (Figure 1.6B). All Trk receptors exhibit a similar structure,
consisting of an intracellular tyrosine kinase domain, a short transmembrane sequence, and
an extracellular region, containing a signal peptide, two cysteine-rich domains, a cluster of
three leucine-rich motifs, and two immunoglobulin (Ig)-like domains (Vega et al., 2004). The
second Ig-like domain is the major determinant of Trk binding specificity, and each Trk receptor
uses a distinct specific sequence to bind a corresponding ligand (Vega et al., 2004). Although
all (pro-)NTs are agonists for p75NTR, a second type of NT receptors (Rodríguez-Tébar et
al., 1991; Vega et al., 2004), the mature forms of NTs shows binding specificity for particular
Trk receptors: NGF is a preferential agonist for TrkA (Klein et al., 1991a), NT-3 for TrkC
(Lamballe et al., 1991), and BDNF/NT-4 for TrkB (Klein et al., 1991b) (Figure 1.6A).

A

B

Figure 1.6 Trk binding specificity and downstream signaling (Chao, 2003)
A) The mature forms of NTs show distinct binding specificity for particular Trk receptors: NGF is a preferential
agonist for TrkA, NT-3 for TrkC, and BDNF/NT-4 for TrkB. Conversely, p75NTR, a second type of NT-binding
receptors, binds all NTs and their pro-peptides with low affinity. B) Upon binding of NT dimers, and Trk receptor
dimerization, three major signaling pathways are activated: (i) Mitogen-activated protein kinase (MAPK), (ii)
phosphoinositide 3-kinase (PI3K), as well as (iii) phospholipase-C-gamma (PLC-γ).

Upon binding of NT dimers, Trk receptor dimerization and subsequent trans/-autophosphorylation of the intracellular tyrosine kinase domains take place. Subsequently, the
phosphorylated tyrosine residues serve as docking site for additional signaling proteins,
activating the following three major signaling pathways (Friedman, 2012; Huang and
Reichardt, 2003; Kaplan and Miller, 2000): (i) Mitogen-activated protein kinase (MAPK), (ii)
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phosphoinositide 3-kinase (PI3K), as well as (iii) phospholipase-C-gamma (PLC-γ) (Figure
1.6).
In case of MAPK signaling, family members of Shc adaptor proteins bind directly to Trk
receptors and activates, among others, the small GTPase ras. Subsequent activation of MAPK
leads to the activation of extra-cellular signal-regulated kinases (ERK). ERK phosphorylates
and activates transcription factors such as cyclic AMP response element-binding protein
(CREB), which regulates the expression of numerous genes involved in neuronal
differentiation. Furthermore, Shc adaptor proteins act via the activation of PI3K, triggering the
phosphorylation of PIP2 to form PIP3, which leads to the downstream phosphorylation of Akt,
a critical protein in the regulation of neuronal cell survival.
Finally, the activation of PLCγ is responsible for the influx of calcium into the cytoplasm and
plays an important role in neuronal activity (Figure 1.7).

Figure 1.7 Trk receptor signaling (Chao, 2003)
Trk receptors mediate neuronal differentiation and survival via MAPK, PI3K, and PLC-γ signaling activities. Family
members of Shc adaptor proteins bind directly to Trk receptors and activates, among others, ERK and MAPK, as
well as PI3k and Akt signaling, in order to maintain neuronal survival. In addition, PLC-γ binds to the corresponding
Trk receptor and induces the release of inositol phosphates and activation of protein kinase C (PKC) (Chao, 2003).
Both, MAPK and PLC-γ signaling modulate of neuronal differentiation. The p75NTR receptor acts, among others,
via activation of NF-kB, Jun N-terminal kinase (JNK), and RhoA, and is involved in apoptosis, survival, and neurite
outgrowth(Chao, 2003).

Trk receptors are expressed in a wide variety of types of neurons and glia in both the central
and peripheral nervous system and also in a variety of non-neural cell types (Bothwell, 2014).
Among all three Trk receptors, TrkB has been described as the most prominent representative
in the brain, being expressed, among others, in the cerebral cortex, hippocampus and
thalamus (Hofer et al., 1990; Klein et al., 1990; Muragaki et al., 1995). TrkB-BDNF signaling,
as discussed in the following chapter (1.3.2) is a key regulator of synaptic plasticity (Bramham
and Messaoudi, 2005), ranging from learning (Hall et al., 2000; and summarized in Minichiello,
2009) to psychiatric and neurodegenerative disorders (Chao, 2003; Gupta et al., 2013).
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1.3.2

TrkB signaling as drug target to treat CNS disorders

The essential role of TrkB signaling can be shown by the fact, that TrkB-/- mice die within a few
days after birth, displaying neuronal deficiencies in the central and peripheral nervous systems
(Klein et al., 1993). An increasing number of studies indicate the involvement of BDNF/TrkB
signaling in different pathological conditions. Among others, BDNF dysregulation has been
associated with a multitude of psychiatric and neurodegenerative disorders (Adachi et al.,
2014; Gupta et al., 2013), such as depression, anxiety, eating disorders, substance use,
Alzheimer’s and Parkinson’s disease, schizophrenia, bipolar disorder, Huntington’s disease,
stroke, and epilepsy. As an example, in Alzheimer’s disease, patients show extensive loss of
synapses, e.g. in the cortex and hippocampus, impairing the generation of new memories
(Selkoe, 2002). Accordingly, several studies describe a correlation between the degradation
of synapses and decreased BDNF levels in these two parts of the brain (Narisawa-Saito et al.,
1996). Furthermore, it has been shown, that, for example, mRNA levels of BDNF and TrkB
were significantly reduced in both, cortex and hippocampus of patients with depression
(Dwivedi et al., 2003). Likewise, increased expression of both, TrkB and BDNF haven been
reported in patients after antidepressant treatment (Bayer et al., 2000).
Therefore, the development of pharmaceuticals, e.g. increasing BDNF levels, or stimulating
TrkB signaling, holds the potential for the treatment of various CNS disorders. Nevertheless,
there are several limitations of exogenous NT administration including, among others, poor
plasma stability, restricted nervous system penetration and, importantly, the pleiotropic actions
that derive from their concomitant binding to multiple receptors (Longo and Massa, 2013). In
order to address these challenges, (i) BDNF peptides, (ii) small ligand molecules (new
chemical entities; NCEs), as well as (iii) pharmacological antibodies (new biological entities;
NBEs), binding the TrkB receptor, have been studied. Whereas synthetic BDNF peptides, e.g.
designed by Cardenas-Aguayo and colleagues, induced the expression of several neuronal
markers in the mouse hippocampus, they induced only a moderate activation of the TrkB
receptor (Cardenas-Aguayo et al., 2013). Furthermore, impaired bioavailability, comparable to
the native form of BDNF, favored the identification of non-peptide small molecules. However,
only a few small molecule TrkB ligands, namely 7,8‑dihydroxyflavone (7,8‑DHF) (Jang et al.,
2010a), and Deoxygedunin (Jang et al., 2010b), LM22-A4 (Longo and Massa, 2013), and ANA12 (Cazorla et al., 2011a) have been identified so far. Although having numerous advantages
over native NTs, there are also potential limitations, such as insufficient receptor specificity
(e.g. binding to p75NTR) and low TrkB efficacies. As a consequence, studies focused on the
identification of TrkB-selective antibodies (Qian et al., 2006; Todd et al., 2014) in order to
improve receptor selectivity. In a study, performed by Cazorla and colleagues, six
commercially available antibodies were tested for their ability to activate TrkB signaling
(Cazorla et al., 2011b). The active antibodies showed distinct pharmacological profiles, ranging
from partial agonists to antagonists, acting on TrkB receptors through allosteric modulations
(Cazorla et al., 2011b). Nevertheless, these antibodies have been identified as TrkB-selective
ligands, failing to activate neither TrkA, TrkC, or p75NTR. In the context of arising techniques,
improving the penetration of the blood-brain barrier (Pardridge, 2012), these antibodies
represent a promising class of pharmaceuticals for the treatment of various neuronal disorders.
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1.4 Aims of this thesis
BDNF acts as central modulator of neuronal development and synaptic plasticity. An
increasing number of studies indicate the involvement of BDNF/TrkB signaling in different
pathological conditions. Among others, BDNF dysregulation has been associated with a
multitude of CNS-related disorders. Accordingly, the development of pharmaceuticals,
activating TrkB signaling, holds the potential for the treatment of various CNS disorders.
However, for recent years, many drug candidates fail in the human system due to poor
predictivity of the preclinical biological models. One probable reason is the fact that early drug
discovery largely utilizes easy-to-expand, heterologous recombinant systems, overexpressing
a target of interest in a disease-unrelated host cell line.
Therefore, the overall aim of this thesis was the establishment of a human iPS cell-derived
neuronal model system, adapted to the demands of HTS.

The objectives of this study can be detailed as follows:

16

(i)

Development of a robust, reproducible neuronal differentiation protocol. The
protocol should include the generation of expandable neural progenitor cells, as
well as the acceleration of neuronal maturation. (manuscript 1)

(ii)

Implementation of the established model system into a drug discovery project,
identifying positive modulators of TrkB. (manuscript 2)

(iii)

Application of the human iPS cell-derived neurons for the pharmacological profiling
of TrkB-agonistic antibodies. (manuscript 3)
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hiPS Cell-Derived Neurons for High-Throughput Screening
Traub, S., and Heilker, R. (2019). hiPS Cell-Derived Neurons for High-Throughput Screening.
Methods Mol. Biol. Clifton NJ 1994, 243–263.
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Chapter 23
hiPS Cell-Derived Neurons for High-Throughput Screening
Stefanie Traub and Ralf Heilker
Abstract
Human induced pluripotent stem (hiPS) cell-derived neurons promise to provide better model cells for
drug discovery in the context of neurodegenerative and neuropsychiatric diseases. The neuronal differentiation protocol described encompasses a cellular amplification phase for hiPS-derived neural progenitor
(NP) cells. Thus, the combination of growth factor-driven expansion and inhibition of notch (GRINCH)
enabled the scalable production of neurons in sufficient numbers to meet the immense material needs of a
high-throughput screening (HTS) campaign. These GRINCH cells matured in 384-well microplates
display neuronal markers and electrophysiological activity. The differentiation protocol was applicable to
various human hiPS cell clones. In a finding and profiling campaign for modulators of the tropomyosin
receptor kinase B (TrkB), the GRINCH neurons were shown to be suitable for measuring the phosphorylation and downstream signaling of the endogenously expressed TrkB. The employed techniques in the
amplified luminescent proximity homogeneous assay (Alpha) and the high-throughput reverse transcription polymerase chain reaction (RT-PCR) format are transferable to other pharmaceutical drug targets.
Together with the GRINCH neurons, these detection technologies open new experimental routes with
tremendous potential for early drug discovery.
Key words Human iPS cells, Neuronal differentiation, Neural progenitor cells, High-throughput
screening

1

Introduction
In the past, there was frequently a disconnect between preclinical
biological models and drug efficacy in human probands (Heilker
et al ., 2014 ; Moors et al ., 2014 ). The challenge to bridge
between in vitro and in vivo is particularly grand in the context of
neurodegenerative and neuropsychiatric diseases , where hardly
any human primary neurons are available to translate simplistic
early pharmacological studies into the physiological disease
context. In recent years, the development of hiPS cell technology
(Takahashi et al., 2007 ) has opened new routes toward human
neuronal model cells for drug discovery . However , the high cell
numbers required for HTS have hampered the application of hiPS
cell-derived neurons in large drug candidate finding campaigns .
Further roadblocks to the

Carl-Fredrik Mandenius and James A. Ross (eds.), Cell-Based Assays Using iPSCs for Drug Development and Testing,
Methods in Molecular Biology, vol. 1994, https://doi.org/10.1007/978-1-4939-9477-9_23,
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use of hiPS cell technology in this context derive from the
typically lengthy neuronal differentiation protocols . In the here
described method , these challenges have been met by FGF 2enhanced expansion (Koch et al., 2009) of the hiPS cell-derived
NP cells and by an accelerated neuronal maturation based upon
inhibited Notch signaling (Traub et al., 2017a; Falk et al., 2012).
To render the process suitable to the prerequisites of an industrial
drug discovery environment , the last phase of the neuronal
differentiation process was carried out in microplates of the 384well format using an automated system for maintenance cell
culture . The derived GRINCH neurons displayed characteristic
synaptic markers . In addition , the functional activity of the
GRINCH neurons was demonstrated by electrophysiological
measurements.
The suitability of the GRINCH neurons as model cells for drug
discovery was demonstrated by applying them in the search for
and profiling of TrkB modulators (Traub et al., 2017a; Traub et
al., 2017 b) TrkB is the receptor for brain - derived neurotrophic
factor (BDNF ) (Barde et al., 1982 ; Bothwell , 2014 ). Lower
expression levels of BDNF have been implicated with a multitude
of CNS -related diseases (Adachi et al., 2014 ) such as Alzheimer
disease , Parkinson disease , schizophrenia , depression , bipolar
disorder , anxiety , Huntington disease , stroke , epilepsy , eating
disorders, and substance use. In consequence , the pharmacologic
activation of TrkB pro - vides a promising approach to the
treatment of various CNS disorders (Longo and Massa , 2013 ).
To analyze TrkB stimulation on target , an Alpha assay was
developed that measured the phosphorylation of TrkB (Tyr706).

2

Materials

2.1 Human iPS Cell
Culture

1. hiPS cell line Ad3Cl1, derived from fibroblasts (Lonza
CC-2511, tissue acquisition number 23447; Lonza Group,
Ltd., Basel, Switzerland) and characterized within
StemBANCC.
2. Minicircle (mc) hiPS cell line (catalogue number [cat#] SC
301A-1; System Biosciences ; Mountain View , CA), derived
from adult human adipose stem cells (Jia et al., 2010).
3. 1 Dulbecco’s Phosphate buffered saline (1 DPBS; cat#
4200-067; Thermo Fisher Scientific, Waltham, MA).
4. Cellstar™ 6-well plates (cat# 657160; Greiner Bio-One; Frickenhausen, Germany).
5. DMEM/F-12 GlutaMAX™ (cat# 10565-018; Thermo Fisher
Scientific).
6. Accutase solution (cat# SCR005; Merck Millipore; Billerica,
MA).
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7. Matrigel™ (cat# 354277; Corning Inc., Corning, NY
(see Note 1)).
8. Rho-associated, coiled-coil containing protein kinase (ROCK)
inhibitor Y-27632 (cat# Y0503-5MG; Sigma-Aldrich;
St. Louis, MO), 10 mM stock solution: Dissolve 5 mg of
Y-27632 Rock inhibitor in 1.563 mL of water. Store aliquots
of 100 μL at 20  C or at 4  C for up to 1 year. Once thawed,
store aliquots at 4  C and use within 4 weeks.
9. Ethylenediaminetetraacetic acid (EDTA; cat# 15575020;
Thermo Fisher Scientific), 0.5 M stock solution: dilute to
0.5 mM in 1 DPBS. Store aliquots of 50 mL at 4  C for up
to 4 weeks.
10. hiPS cell medium: mTeSR™1 complete medium (cat# 05850;
STEMCELL Technologies; Vancouver, Canada), supplemented with 1 Antibiotic-Antimycotic (cat# 15240-062; Thermo
Fisher Scientific).
11. hiPS cell cryopreservation medium: mFreSR (cat# 05854;
STEMCELL Technologies), supplemented with 10 μM
Y-27632.
2.2 Directed
Differentiation
to Neurons

1. 0.01% poly-L-ornithine (PLO; cat# P4957; Sigma-Aldrich).
2. Laminin (cat# L2020; Sigma-Aldrich).
3. T175 Nunclon Delta surface-treated EasYFlasks (cat# 178883;
Thermo Fisher Scientific).
4. T-1000 flasks (cat# PFHYS1008, Merck Millipore).
5. CELLCOAT® μClear® poly-D-lysine 384-well microplate (cat#
781090; Greiner Bio-One).
6. Dispase solution (cat# 17105; Thermo Fisher Scientific), dissolve at 1 mg/mL in 1 DPBS. Store aliquots of 15 mL at
80  C for up to 1 year. Once thawed, filter dispase solution
using a Steriflip® filter unit (cat# SE1M179M6; Merck Millipore), store aliquots at 4  C and use within 4 weeks.
7. Noggin (cat# 3344-NG-050; R&D Systems; Minneapolis,
MN), dissolved at 0.1 mg/mL in 1 DPBS. Store aliquots of
50 μL at 20  C for up to 1 year. Once thawed, keep aliquots at
4  C for up to 1 week.
8. SB431542 (cat# 1614/1; R&D Systems), 10 mM stock solution: Dissolve 10 mg of SB431542 in 2.602 mL of ethanol.
Store at RT for up to 1 year.
9. Basic Fibroblast Growth Factor 2 (FGF2; cat# 4114-TC; R&D
Systems (see Note 2), 0.16 μg/mL stock solution: Dissolve
1 mg of FGF2 in 6.25 mL of 1 DPBS, supplemented with
0.1% (w/v) bovine serum albumin (BSA; cat# A3059-100G;
Sigma-Aldrich). Store aliquots of 50 μL at 20  C for up to
1 year. Once thawed, keep aliquots at 4  C for up to 1 week.
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10. N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phenylglycine
tbutyl ester (DAPT; cat# 72082; STEMCELL Technologies),
10 mM stock solution: Dissolve 5 mg of DAPT in 1.16 mL of
DMSO. Store aliquots of 50 μL at 20  C for up to 1 year.
Once thawed, keep aliquots at 4  C for up to 1 week.
11. Neural induction medium (NIM): DMEM/F-12 with GlutaMAX™ (cat# 10565-018; Thermo Fisher Scientific) and Neurobasal™ Medium (cat# 12348-017; Thermo Fisher
Scientific) mixed in a 1:1 (v/v) ratio, then supplemented with
0.5  N-2 (cat# 17502-048; Thermo Fisher Scientific),
0.5  B27 (cat# 17504-044; Thermo Fisher Scientific (see
Note 3), 2.5 μg/mL insulin (cat# 19278; Sigma-Aldrich),
2 mM L-glutamine (cat# 25030-024; Thermo Fisher Scientific), 50 μM 2-mercaptoethanol (cat# 21985-023; Thermo
Fisher Scientific), 0.5  nonessential amino acids (NEAA;
cat# 11140-050; Thermo Fisher Scientific), 100 U/mL penicillin and 100 μg/mL streptomycin (cat# 15140-122; Thermo
Fisher Scientific), 500 ng/mL noggin (cat# 3344-NG-050;
R&D Systems), and 10 μM SB431542 (cat# 1614; R&D
Systems).
12. Neural progenitor medium (NPM): NIM omitting noggin and
SB431542, supplemented with 20 ng/mL FGF2 (cat# 4114TC; R&D Systems).
13. Neural progenitor cryopreservation medium (NPCM): NPM,
supplemented with 10% (v/v) DMSO (cat# D2438-5S10mL;
Sigma-Aldrich).
14. Neuronal differentiation medium (NDM): NPM omitting
FGF2, supplemented with 6.6 μg/mL laminin and 10 μM N[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl
ester (DAPT; cat# 72082; STEMCELL Technologies).
2.3 Immunofluorescence Staining

1. 40 ,6-diamidino-2-phenylindole (DAPI; cat# D1306; Thermo
Fisher Scientific), 10.8 μM stock solution: Dissolve 10 mg of
DAPI in 2 mL of deionized water. Store aliquots of 50 μL at
20  C for up to 1 year. Once thawed, store aliquots at 4  C in
the dark for up to 1 week.
2. 2 Fixing solution: 37% (v/v) paraformaldehyde solution
(cat# 252549-500 mL; Sigma-Aldrich), diluted in deionized
water to 8% (v/v).
3. Washing buffer: 10 Tris Buffered Saline (TBS; cat# T59121 L; Sigma-Aldrich), diluted in deionized water to 1 solution
(v/v).
4. 2 Permeabilization solution: 100% Triton™X-100 (cat#
T8787-100 mL; Sigma- Aldrich) diluted in 1 TBS to 0.6%
(v/v).
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5. 2 Blocking solution: 100% fetal bovine serum (FBS, cat#
26140-079; Thermo Fisher Scientific) diluted in in permeabilization solution to 20% (v/v).
6. STAINperfect Immunostaining Kit A (cat# SP-A-1000;
Immusmol; Aquitaine, France).
2.4 RT-PCR Gene
Expression Analysis

1. RealTime ready (RTR) Cell Lysis Kit (cat# 05943523001;
Roche; Basel, Switzerland).
2. RTR Master Mix: 1 RTR Virus Master Mixture (cat#
05992877001; Roche) and 1 RTR Catalogue (cat#
05532957001;
Roche)
or
Designer
Assay
(cat#
05583055001; Roche) solutions.
3. LightCycler® 480 Multiwell Plates 480 (cat# 04729749001;
Roche).
4. LightCycler® 480 Sealing Foils (cat# 04729757001; Roche).

2.5 Whole-Cell
Patch-Clamp
Recordings

1. Artificial cerebrospinal fluid (ACSF) solution: 140 mM NaCl2
(cat#31434-1 kg; Sigma-Aldrich), 5.3 mM KCl (cat#
HC756324; Merck), 1.8 mM CaCl2 (cat# 1.02382.0250;
Merck), 0.8 mM MgCl2 (M8530-500 g; Sigma-Aldrich),
27.8 mM D-glucose (cat# G5767-500 g; Sigma-Aldrich), and
10 mM Hepes (cat# 3375-1 kg (cat# 35256-1 L; Honeywell;
Morris Plains, NJ)/NaOH (pH 7.4, 320 mOsmol/kg).
2. Patch pipette solution: 145 mM potassium D-gluconate (cat#
G4500-100; Sigma-Aldrich), 1 mM EGTA (cat# 3054.1;
Roth; Karlsruhe, Germany), 2 mM MgCl2, 4 mM Mg-ATP
(cat# A9187-100MG; Sigma-Aldrich), and 0.4 mM Na-GTP
(cat# G8877; Sigma-Aldrich) 10 mM HEPES/Tris (pH 7.2,
290–300 mOsmol/kg).

2.6 Amplified
Luminescent Proximity
Homogeneous Assay
(ALPHA™)

1. Brain-derived neurotrophic factor (BDNF; cat# cyt-207; Biotrend Chemikalien GmbH; Cologne, Germany; molecular
weight of 26,984 Da for the homodimer), 46.25 μg/mL
stock solution: Dissolve 10 μg of BDNF in 0.38 mL of 1
DPBS, supplemented with 0.1% (w/v) BSA. Store aliquots of
10 μL at 20  C for up to 1 year. Once thawed, store aliquots
at 4  C and use within 5 days.
2. TrkB stimulation buffer: 1% (w/v) BSA in 1 D-PBS.
3. TrkB cell lysis buffer: 1 CST Lysis Buffer (cat# 9803S; Cell
Signaling Technology; Danvers, MA), supplemented with
2 Phosphatase inhibitor cocktail II and III (cat# P5726,
P0044; Sigma-Aldrich) and 2 Complete protease inhibitor
(cat# 11873580001; Roche).
4. AlphaLISA™ Assay Buffer (cat# AL000F; PerkinElmer; Waltham, MA), diluted in deionized water to 1 solution (v/v).
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5. Phospho-TrkB ALPHA™ reagents: anti-TrkB antibody (cat#
MAB3971; R&D Systems), conjugated with biotin (referred to
as “TrkB biotinylated antibody”), and the anti-pTrkA/B (Tyr
706) antibody (cat# 4621BF; Cell Signaling Technology)
immobilized to AlphaLISA™ acceptor beads (referred as to
“TrkB Acceptor beads).
6. AlphaScreen™ Streptavidin Donor beads (cat# 6760002;
PerkinElmer).
7. 384-well Small Volume Deep Well microplate (cat# 784201;
Greiner Bio-One).

3

Methods
All incubations at 37  C are carried out in a humidified, 5% CO2
incubator.

3.1 hiPS Cell
Maintenance

1. Prepare one Matrigel™-coated 6-well plate. Briefly, dilute
Matrigel™ in DMEM/F-12 GlutaMAX™ according to the
manufacturer’s instructions. Employ 1 mL/well of Matrigel™
solution and incubate plates for 2 h at 37  C.
2. (A) Ad3Cl hiPS cells: Detach cells for passaging at 80% confluence using 1 mL/well of 0.5 mM EDTA (diluted in 1 DPBS)
for 4 min at 37  C. Carefully aspirate EDTA and flush the
loosened cells by adding 2 mL/well of hiPS cell medium and
transfer cell suspension to a conical 50 mL tube. Add 10 mL of
hiPS cell medium, resulting in a split ratio of 1:6 in step 3
(B) mc hiPS cells: Detach cells for passaging at 80% confluence using 1 mL/well of Accutase solution (diluted in an equal
volume of 1 DPBS) for 2 min at 37  C. Add 9 mL/well of
DMEM/F-12 GlutaMAX™. Collect the resulting clumps into
a conical 50 mL tube, centrifuge at 200  g for 5 min, then
aspirate DMEM/F-12 GlutaMAX™ and resuspend cells in
10 mL of hiPS cell medium, supplemented with 10 μM
Y-27632, resulting in a split ratio of 1:5 in step 3.
3. Aspirate the Matrigel™ solution from the above prepared
6-well plates and seed 2 mL/well of the cell suspension.
4. Let the cells settle in the laminar flow at RT for 10 more min to
ensure even distribution.
5. Exchange medium daily with fresh hiPS cell medium without
Y-27632 until next passaging step at 80% confluence.
6. For cryopreservation, detach Ad3Cl1 and mc hiPS cells as
described in step 2 and distribute to cryovials in 1 mL-aliquots
with approximately 4  106 cells/mL in hiPS cell cryopreservation medium. Store cryovials for 24 h at 80  C in a freezing
container, then transfer the cryovials to liquid nitrogen storage
tank for long-term storage.
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Fig. 1 Process overview: neuronal differentiation of hiPS cells. The neuronal differentiation protocol was based
upon previously published work, adapted to high-throughput needs. Briefly, (a) a hiPS cell monolayer was
formed; (b) neural induction was induced by dual SMAD inhibition via Noggin and SB431542; (c) NP cell
expansion was carried out using aggregate passaging and (d) FGF2-driven single cell expansion. The
expanded NP cells were frozen at this stage (indicated by star). For final neuronal differentiation in microplates, NP cells were incubated with Notch-signaling inhibitor DAPT (e). The duration of the individual phases
and the respectively employed surface coatings are indicated below. Scale bar: 100 μm
3.2 Directed
Differentiation into
Neurons

3.2.1

Neural Induction

The differentiation protocol (Traub et al., 2017 a), based upon
previous publications (Chambers et al., 2009 ; Borghese et al.,
2010 ; Shi et al., 2012 b ), is divided up into three parts , (1) neural
induction , (2) NP cell expansion and cryopreservation , and (3) final differentiation to neurons (Fig . 1). In the following method
description , the days are counted from day 1, which corresponds to
the seeding of hiPS cells.
1. On day 1, prepare one well of a Matrigel™-coated 6-well plate.
Briefly, dilute Matrigel™ in DMEM/F-12 GlutaMAX™
according to the manufacturer’s instructions. Employ 1 mL/
well of Matrigel™ solution and incubate plates for 2 h at 37  C.
2. Detach Ad3Cl1 and mc hiPS cells from maintenance culture at
80% confluence using 1 mL/well of Accutase solution (undiluted) for 6 min at 37  C.
3. Add 3 mL/well of DMEM/F-12 GlutaMAX™ and collect the
resulting hiPS single-cell suspension into a conical 50 mL tube.
Repeat this washing procedure three times, resulting in a total
suspension volume of 10 mL.
4. Centrifuge the detached cells at 200  g for 5 min.
5. Aspirate DMEM/F-12 GlutaMAX™ and resuspend cells at
2  106 cells/mL in hiPS cell medium, supplemented with
10 μM Y-27632 (see Note 4).
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6. Aspirate the Matrigel™ solution from the above prepared
6-well plates and seed 2 mL/well of the single-cell suspension.
7. Let the cells settle in laminar flow at RT for 10 more minutes to
ensure even distribution (see Note 5).
8. On days 2 and 3, replace medium with 2 mL/well of fresh hiPS
cell medium without Y-27632 (see Note 6).
9. From days 4 to 15, replace medium with 2 mL/well of NIM
daily (see Note 7).
10. On day 16, prepare one well of a PLO- and laminin-coated
6-well plate. Briefly, add 1 mL/well of PLO solution and
incubate plates for 1 h at RT. Subsequently, wash plates with
1 mL/well of 1 DPBS. Next, employ 1 mL/well of laminin
solution (diluted in DMEM/F-12 GlutaMAX™ at 20 μg/mL)
and incubate plates for 2 h at 37  C.
11. Detach the generated neuroectodermal sheet using 1 mL/well
of dispase solution to for 5 min at 37  C (see Note 8).
12. Carefully aspirate the dispase solution and replace by 2 mL/
well of NPM.
13. Detach the neuroectodermal sheet from the bottom of the well
using a cell scraper, and break it into smaller aggregates by
gently pipetting up and down three times.
14. Collect the resulting neural aggregates into a conical
50 mL tube.
15. Allow the aggregates to settle for 5 min at RT. Carefully aspirate the supernatant, and add 10 mL/well of fresh NPM.
Repeat this washing procedure three times.
16. Aspirate NPM and resuspend neural aggregates resulting from
one well of a 6-well plate in 2 mL of NPM.
17. Aspirate the laminin solution from the above prepared 6-well
plates and seed 2 mL/well of the neural aggregate solution.
This corresponds to a split ratio of 1:1 (see Note 9).
18. From days 17 to 19, replace medium with 2 mL/well of NPM
daily (see Note 10).
19. On day 20, repeat steps 10–17.
20. From days 21 to 24, replace medium with 2 mL/well of NPM
daily.
21. On day 25, prepare two wells of a PLO- and laminin-coated
6-well plate as described in step 10.
22. Repeat steps 11–15.
23. Aspirate NPM and resuspend neural aggregates resulting from
one well of a 6-well plate in 4 mL of NPM.
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Fig. 2 Large-scale expansion of hiPS cell-derived NP cells. Scheme of NP cell large scale expansion. During
FGF2-driven NP cell expansion, the number of cells increased over 10 days from 2  107 to 6.4  109
covering the scope of an HTS campaign. The expanded NP cells were frozen at this stage

24. Aspirate the laminin solution from the above prepared 6-well
plates and seed 2 mL/well of the neural aggregate solution.
This corresponds to a split ratio of 1:2.
25. From days 26 to 29, replace medium with 2 mL/well of NPM
daily.
3.2.2 NP Cell Expansion
and Cryopreservation

To obtain a sufficient number of cells for a large-scale screening
campaign, the following expansion scheme was applied (Fig. 2).
1. On day 30, prepare two Matrigel™-coated T175 flasks. Briefly,
dilute Matrigel™ in DMEM/F-12 GlutaMAX™ according to
the manufacturer’s instructions. Employ 12 mL/flask of Matrigel™ solution and incubate flasks for 2 h at 37  C.
2. Detach neural aggregates using 1 mL/well of Accutase solution (undiluted) for 5 min at 37  C.
3. Add 3 mL/well of DMEM/F-12 GlutaMAX™ and collect the
resulting NP cell suspension into a conical 50 mL tube. Repeat
this washing procedure three times, resulting in a total suspension volume of 10 mL/well.
4. Centrifuge the detached cells at 360  g for 5 min.
5. Aspirate DMEM/F-12 GlutaMAX™ and resuspend NP cells
resulting from two wells of a 6-well plate in 40 mL of NPM.
6. Aspirate the Matrigel™ solution from the above prepared
T175 flasks and seed 20 mL/flask of NP cells suspension.
7. On day 31, replace medium with 30 mL/flask of NPM.
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8. On day 32, prepare a Matrigel™-coated T-1000 flask as
described in step 1. Employ 68 mL/flask of Matrigel™ solution and incubate flasks for 2 h at 37  C.
9. Detach NP cells using 17 mL/flask of Accutase solution for
5 min at 37  C.
10. Add 8 mL/flask of DMEM/F-12 GlutaMAX™ and collect the
resulting NP cell suspension into a conical 50 mL tube, resulting in a total suspension volume of 25 mL/flask.
11. Centrifuge the detached cells at 360  g for 5 min.
12. Aspirate DMEM/F-12 GlutaMAX™ and resuspend the NP
cells, resulting from two T175 flasks in 200 mL of NPM.
13. Aspirate the Matrigel™ solution from the above prepared
T-1000 flask and seed 200 mL/flask of NP cell suspension.
14. On day 33, replace medium with 200 mL/flask of NPM.
15. On day 34, prepare three Matrigel™-coated T-1000 flasks as
described in step 8.
16. Detach NP cells using 100 mL/flask of Accutase solution for
5 min at 37  C.
17. Add 50 mL/flask of DMEM/F-12 GlutaMAX™ and collect
the resulting NP cell suspension into a conical 175 mL tube.
18. Centrifuge the detached cells at 360  g for 5 min.
19. Aspirate DMEM/F-12 GlutaMAX™ and resuspend NP cells
resulting from one T-1000 flask in 600 mL NPM.
20. Aspirate the Matrigel™ solution from the above prepared
T-1000 flasks and seed 200 mL/flask of NP cell suspension.
21. On days 35 and 36, replace medium with 200 mL/flask
of NPM.
22. On day 37, prepare eighteen Matrigel™-coated T-1000 flask as
described in step 8.
23. Repeat steps 16–18.
24. Aspirate DMEM/F-12 GlutaMAX™ and resuspend NP cells
resulting from three T-1000 flasks in 3.6 L of NPM.
25. Aspirate the Matrigel™ solution from the above prepared
T-1000 flasks and seed 200 mL/flask of NP cell suspension.
26. On days 38 and 39, replace medium with 200 mL/flask
of NPM.
27. On day 40, detach NP cells as described in steps 16–18.
28. Aspirate DMEM/F-12 GlutaMAX™ and resuspend NP cells
in NPCM.
29. Distribute NP cell solution to cryovials in 1-mL aliquots with
approximately 5  107 cells/mL. Store cryovials for 24 h at
80  C in a freezing container, then transfer cryovials to liquid
nitrogen storage tank for long-term storage.
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3.2.3 Final Differentiation
into Neurons

1. Remove the NP cell cryovial from the liquid nitrogen
storage tank.
2. Immerse the cryovial in a 37  C water bath for 3 min.
3. Remove the cryovial from the water bath and gently transfer
the NP cell solution to a conical 50 mL tube.
4. Rinse the cryovial with 1 mL of DMEM/F-12 GlutaMAX™,
and transfer drop-wise to the conical 50 mL tube containing
the NP cell suspension. Gently swirl the tube while adding the
medium to mix the solution completely and minimize the
osmotic shock on the thawed cells.
5. Slowly add 8 mL of DMEM/F-12 GlutaMAX™ to the conical
50 mL tube, resulting in a total suspension volume of 10 mL.
6. Centrifuge the NP cell suspension at 360  g for 5 min.
7. Aspirate DMEM/F-12 GlutaMAX™ and resuspend cells at
0.15  106 cells/mL in NDM.
8. Seed 0.04 mL/well of the NP cell suspension into CELLCOAT® μClear® poly-D-lysine coated 384-well microplates
(see Note 11).
9. From days 2 to 14 of final differentiation, replace half of the
medium with 0.02 mL/well of NDM every other day.

3.3 Gene Expression
Analysis

During directed differentiation into neurons, generate RT-PCR
lysates of relevant differentiation stages (Fig. 3).
1. (A) For cellular lysis of hiPS cells, follow the protocol until
Subheading 3.1, step 5.
(B) For cellular lysis of the neuroectodermal sheet, follow
protocol until Subheading 3.2.1, step 9.
(C) For cellular lysis of neural aggregates, follow the protocol
until Subheading 3.2.1, step 25.
(D) For cellular lysis of NP cells, follow the protocol until
Subheading 3.2.2, step 27. Aspirate DMEM/F-12 GlutaMAX™ and resuspend cells at 0.15  106 cells/mL in
NPM. Seed 2 mL/well of the NP cell suspension into one
well of a Matrigel™-coated 6-well plate and culture cells
for 2 days.
2. Wash cells three times with 2 mL/well of 1 DPBS.
3. Aspirate 1 DPBS and add 2 mL/well of 1 RTR Cell Lysis
Buffer, supplemented with 1 RNase inhibitor, of a 6-well
plate.
4. Incubate cells for 5 min at RT (see Note 12).
5. Prepare RTR master mixture, composed of 1 RTR Virus
Master and 1 RTR Assay (Table 1) according to the manufacturer’s instructions.
6. Transfer 9 μL/well of the RTR master mixture into a 384-well
LightCycler™ 480 plate.
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Fig. 3 Gene expression analysis during NP cell generation and expansion. Kinetic expression of hiPS cell
markers POU5F1 and NANOG (a), cortical markers FOXG1, PAX6 (b) as well as NP cell markers NES and VIM (c)
was measured in cellular lysates of directed differentiation day 1 (hiPS cells), day 16 (neuroectodermal sheet),
day 30 (neural aggregates) and day 40 (NP cells, respectively. n.d. ¼ not detected. RT-PCR data are given as
relative expression [2(–ΔCP)] values. n ¼ 6 replicates, error bars represent SEM
Table 1
Human RTR primer/probe assay sets
Gene

Supplier

Assay ID

FOXG1

Roche

138481

GAPDH

Roche

141139

NANOG

Roche

143702

NES

Roche

140436

PAX6

Roche

136139

POU5F1

Roche

113034

VIM

Roche

112941

Human RTR catalog or designer assays are listed according to gene name, supplier, and assay ID

7. Add 1 μL/well of the above generated RT-PCR lysates into the
same 384-well LightCycler™ 480 plate.
8. Seal the LightCycler™ 480 plate and centrifuge for 4 min at
1500  g.
9. Measure gene expression using a LightCycler™ 480 instrument
(Roche). Apply the following RT-PCR program: (1) Reverse
Transcription: 50  C, 8 min, 1 cycle; (2) Preincubation: 95  C,
30 s, 1 cycle; (3) Amplification: 95  C, 1 s, followed by 60  C,
20 s, 45 cycles; (4) Cooling: 40  C, 30 s, 1 cycle.
3.4 Immunofluorescence Staining

During directed differentiation into neurons, perform immunofluorescence staining of relevant differentiation stages (Figs. 4 and 5).
1. (A) For immunofluorescence staining of NP cells, follow the
protocol until Subheading 3.2.2, step 27. Aspirate
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Fig. 4 Immunofluorescence characterization of hiPS cell-derived NP cells. (a–f) NP cell markers in immunofluorescence. The NP cells were stained using antibodies for NeuN (a, green), NSE (b, green), Ki67 (c, green),
Nestin (d, green), Pax6 (e, green), and Otx1/2 (f, green). Nuclei are stained using DAPI (grey). Scale bar:
100 μm

Fig. 5 Immunofluorescence characterization of hiPS cell-derived neurons. hiPS cell-derived neurons were
characterized using synaptic antibodies for neurotransmitters L-Glut (a, c, red) and GABA (b, c, green), as well
as transporter proteins VGlut1 (d, green), VGAT, (e, green), and DAT (f, green) were stained. Tuj-1 and MAP2
were used as neuronal cytoskeletal markers (red). Nuclei are stained using DAPI (grey). Scale bar: 50 μm

DMEM/F-12 GlutaMAX™ and resuspend cells at
0.15  106 cells/mL in NPM. Seed 0.04 mL/well of the
NP cell suspension into a CELLCOAT® μClear® poly-Dlysine coated 384-well microplate and culture cells for
2 days.
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Table 2
Primary antibodies
Antigen

Abbr.

Dilution Supplier

Cat#

Nestin

Nes

1:150

Abcam, Cambridge, UK

ab22035

Paired-box protein 6

Pax6

1:150

Biolegend, San Diego, CA

PRB-278P

Homeobox protein OTX1/2

Otx1/
2

1:150

Merck Millipore

AB9566

Neuron-specific enolase

NSE

1:200

Novus Biologicals, Littleton, CO NB11058870

Neuronal Nuclei

NeuN

Ki-67

Ki-67

1:200

Pharmingen, Franklin Lakes, NJ 550609

Beta-3-tubulin

TUJ1

1:500

Abcam

Microtubule-associated protein 2 MAP2

Merck Millipore

1:1000 Abcam

MAB377X

ab14545
ab5392

Vesicular glutamate transporter 1 VGlut1 1:150

SYSY, Goettingen, Germany

135503

Vesicular GABA transporter

VGAT

1:150

SYSY

131011

Gamma-aminobutyric acid

GABA

1:500

ImmuSmol, Aquitaine, France

IS1006

L-Glutamate

L-Glut

1:500

ImmuSmol

IS018

Primary antibodies are listed according to antigen, abbreviation (abbr.), dilution, supplier, and catalog number (cat#)

(B) For immunofluorescence staining of differentiated neurons, follow the protocol until Subheading 3.2.3, step 9.
2. Wash cells three times with 0.07 mL/well of washing buffer
using a BioTek EL406 Washer Dispenser.
3. Aspirate washing buffer to a residual volume of 0.01 mL/well
and add 0.01 mL/well of 2 fixing solution.
4. Incubate cells for 15 min at RT.
5. Wash cells three times with 0.07 mL/well of washing buffer
(see Note 13).
6. Aspirate washing buffer to a residual volume of 0.01 mL/well
and add 0.01 mL/well of 2 permeabilization solution.
7. Incubate cells for 15 min at RT.
8. Aspirate washing buffer to a residual volume of 0.01 mL/well
and add 0.01 mL/well of 2 blocking solution.
9. Incubate cells for 60 min at RT.
10. Aspirate washing buffer to a residual volume of 0.01 mL/well
and add 0.01 mL/well of primary antibodies (Table 2, see
Note 14), diluted in 2 blocking solution.
11. Incubate cells over night at 4  C.
12. Wash cells three times with 0.07 mL/well of washing buffer.
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Table 3
Secondary antibodies
Target species

Fluorochrome

Dilution

Supplier

Cat#

Goat anti-mouse IgG

488

1:250

Thermo Fisher Scientific

A-11029

Goat anti-mouse IgG

546

1:250

Thermo Fisher Scientific

A-11030

Goat anti-rabbit IgG

488

1:250

Thermo Fisher Scientific

A-11034

Goat anti-rabbit IgG

546

1:250

Thermo Fisher Scientific

A-11010

Goat anti-chicken IgY

488

1:250

Thermo Fisher Scientific

A-11039

Secondary antibodies are listed according to target species, fluorochrome, dilution, supplier, and catalog number (cat#)

13. Aspirate washing buffer to a residual volume of 0.01 mL/well
and add 0.01 mL/well of species-specific secondary Alexa
Fluor™ antibodies (Table 3), diluted in 2 blocking solution.
14. Incubate cells for 120 min at RT in the dark.
15. Wash cells three times with 0.07 mL/well of washing buffer.
16. Aspirate washing buffer to a residual volume of 0.01 mL/well
and add 0.01 mL/well of DAPI solution (600 nM) diluted in
2 blocking solution.
17. Incubate cells for 5 min at RT in the dark.
18. Wash cells three times with 0.07 mL/well of washing buffer.
19. Perform imaging using an Opera HCA reader (PerkinElmer)
and a 405 nm, 488 nm, and a 561 nm laser, respectively.
3.5 Whole-Cell
Patch-Clamp
Recordings

During final differentiation into neurons, perform whole-cell
patch-clamp recordings on glass coverslips to track neuronal maturation (Fig. 6).
1. Prepare PLO- and laminin-coated glass coverslips in 6-well
plates. Briefly, add 1 mL/well of PLO solution and incubate
plates for 1 h at RT. Subsequently, wash plates with 1 mL/well
of 1 DPBS. Next, employ 1 mL/well of laminin solution
(diluted in DMEM/F-12 GlutaMAX™ at 20 μg/mL) and
incubate plates for 2 h at 37  C.
2. Follow the protocol until Subheading 3.2.3, step 7.
3. Aspirate laminin solution from the above prepared 6-well plates
and seed 2 mL/well of the NP cell suspension.
4. Culture the cells until day 20 of final differentiation and replace
half of the medium with 0.02 mL/well of NDM every
other day.
5. On days 11 and 20, perfuse each well at 1–2 mL/min
with ACSF.
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Fig. 6 Single-cell electrophysiological properties of the hiPS cell-derived neurons. (a, c) Action potentials
measured in response to current injections on days 51 (a) and 60 (c) of neuronal differentiation. (b, d) Wholecell sodium and potassium currents during stepwise depolarization from a holding potential of 70 to +20 mV
on days 51 (b) and 60 (d) of neuronal differentiation

6. Perform whole cell current clamp and voltage-clamp recordings at RT using a Heka EPC 9 Patch Clamp Amplifier (Heka,
Lambrecht, Germany) and the Tida software (Version
5.2.5, Heka).
7. Sample whole cell recordings with a rate of 20 kHz (10 kHz for
recordings of synaptic activity) and low-pass filtered at 2.9 kHz.
8. Record sodium and potassium membrane currents in voltage
clamp mode by performing a series of 10 depolarizing steps,
followed by 10 hyperpolarizing steps from a holding potential
of 70 mV to +20 mV, and 70 mV to 160 mV.
9. Record action potentials in current clamp mode with a holding
current that leads to a membrane potential of 70 mV, by
performing a series of stepwise increasing depolarizing current
injections.
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A

B

C

Fig. 7 TrkB phosphorylation in hiPS cell-derived neurons. (a) TrkB stimulation scheme: NP cells were seeded
into 384-well plates. Final differentiation was induced by DAPT-treatment for 14 days. hiPS cell-derived
neurons were stimulated with BDNF, washed, and lysed, respectively. Subsequently, pTrkB ALPHA™ was
measured. (b) pTrkB ALPHA™ assay principle: Upon binding of the BDNF dimer to the TrkB binding site,
receptor autophosphorylation occurs, triggering internal signalling cascades. Whereas the Acceptor bead
detects the one of the C-terminally phosphorylated sites of TrkB (T706), the biotinylated Donor bead detects
TrkB at an N-terminal site. The binding of the two antibodies brings donor and acceptor beads into proximity.
Laser irradiation of donor beads at 680 nm generates singlet oxygen, triggering a cascade of chemical events
in nearby acceptor beads, which results in a chemiluminescent emission at 615 nm. (c) TrkB dose-response
experiments were carried out using the hiPS cell-derived neurons, generated from both hiPS cell lines, mc
hiPS cells and AD3Cl1. The pTrkB Alpha™ signal was measured at the indicated concentrations of BDNF.
N ¼ 4 replicates. Error bars represent SEM

3.6 Automated
Measurement of TrkB
Phosphorylation
in 384-Well Format

Activity of tropomyosin receptor kinase B (TrkB) in the hiPS cellderived neurons was measured using an Alpha assay (Fig. 7).
1. Continue from Subheading 3.2.3, step 9, and measure TrkB
phosphorylation (Tyr 706) on day 14 of final differentiation.
2. Prepare 2 concentrated BDNF in TrkB stimulation buffer.
3. Aspirate NDM to a residual volume of 0.01 mL/well using a
BioTek EL406 Washer Dispenser (Biotek; Winooski,
Vermont).
4. Add 0.01 mL/well of the indicated BDNF concentrations
using a CyBi®-Well Vario 384 Channel Simultaneous Pipettor
(Cybio; Jena, Germany).

35

5. Incubate cells for 15 min at 37  C.
6. Wash cells three times with 0.07 mL/well of 1 DPBS using a
BioTek EL406 Washer Dispenser.
7. Aspirate 1 DPBS to a residual volume of 0.01 mL/well and
add 0.01 mL/ 384-well of TrkB cell lysis buffer.
8. Incubate cells for 5 min at RT.
9. Prepare phospho-TrkB ALPHA™ reagents in AlphaLISA™
Assay Buffer as follows: 2.5 μL/well of TrkB acceptor beads
(f.c.: 10 μg/mL); 2.5 μL/well of the TrkB biotinylated antibody (f.c.: 1 nM); 2.5 μL/384-well of AlphaScreen™
streptavidin-coated donor beads (f.: 20 ng/mL).
10. Transfer 5 μL/well of the above-generated cellular lysates into
a 384-well Small Volume Deep Well microplate.
11. Add 2.5 μL of the above prepared TrkB acceptor beads into
each well of the 384-well Small Volume Deep Well microplate.
12. Incubate the cellular lysates for 45 min at RT.
13. Add 2.5 μL of the above prepared TrkB biotinylated antibody
into each well of the 384-well Small Volume Deep Well
microplate.
14. Incubate the cellular lysates for 45 min at RT.
15. Add 2.5 μL of the above prepared AlphaScreen™ streptavidincoated donor beads under subdued light conditions into each
well of the 384-well Small Volume Deep Well microplate.
16. Incubate the cellular lysates for 30 min at RT.
17. Measure AlphaLISA™ signals using an EnVision™ 2104 Multilabel Reader (PerkinElmer; excitation: 680 nm, emission:
615 nm).

4

Notes
1. Matrigel™ may clump upon thawing. This may impair cell
attachment. To avoid clumping, add 0.5 mL of room temperature DMEM/F-12 GlutaMAX™ per frozen Matrigel™ aliquot and flick several times. Once liquefied in DMEM/F-12
GlutaMAX™, Matrigel™ can be stored for 1 week at 4  C
without clumping.
2. The bioactivity of cytokines such as FGF2 may vary between
different suppliers. Do not change the supplier during neuronal
differentiation as this may alter the efficiency of differentiation.
Furthermore, the optimal concentration of cytokines may vary.
Accordingly, compare various concentrations of cytokines.
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3. The quality of the B27 supplement can vary between different
batches. Compare several lots in terms of neural induction, and
reserve the optimal lot for further experiments.
4. hiPS cells should be seeded at 80–90% confluence. Do not use
overgrown cultures as this may impair efficiency of
differentiation.
5. A Single cells solution of hiPS cells will attach rapidly. If the
cells are not dispersed evenly after being plated, the uneven
density can alter the growth and subsequent differentiation.
6. If the hiPS cell cultures do not reach 100% confluence within
2 days after initial seeding for neuronal differentiation, cell
density has to be adjusted. The density of the hiPS is a key
factor in determining the efficiency of the differentiation, and
in obtaining a high yield of neurons. Furthermore, do not
exchange hiPS cell medium with NIM until hiPS cells have
reached 100% confluence.
7. During neural induction, cells are highly proliferative. If
medium consumption increases during this time period, and a
lot of cell death occurs, add double amounts of NIM, and
exchange medium twice a day.
8. The neuroectodermal sheet has to be broken up into small
aggregates. The concentration and incubation time of Dispase
solution needed, to fully dissociate the neuroectodermal sheet,
may vary. If cells do not detach within 10 min, incubation times
can be extended up to 30 min. If the Dispase incubation period
is too short, the cells will undergo a lot of mechanical damage
when using the cell scraper.
9. If the neuroectodermal aggregates do not attach to the PLOand laminin-coated 6-well plates within 24 h, repeat washing
steps, and transfer aggregates into freshly prepared PLO- and
laminin-coated 6-well plates.
10. Before changing media, do not prewarm NPM, as FGF2 will
lose its activity if incubated for long periods of time at 37  C.
This will result in poor proliferation rates and increased spontaneous differentiation of NP cells into neurons.
11. If the differentiating neurons start to detach from the PLOand laminin-coated cultureware, the culture can be overlaid
with higher concentrations of laminin (up to 20 μg/mL) to
reduce the likelihood of the cells detaching from the plate. This
higher concentration of laminin should be applied during frequent media changes. Furthermore, for long-term maturation
experiments, SureBond+ReadySet (cat# ax0052; Axol Bioscience; Cambridge, UK) can be used, following the manufacturer’s instructions, instead of PDL and laminin coatings.
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12. RT-PCR lysates can be stored at 20  C for half a year. Thaw
lysates on ice, and proceed to RT-PCR quickly, as the RNase
inhibitor gets inactivated during the freezing process.
13. PFA-fixed cells can be kept in 1 DPBS at 4  C for 2–3 weeks.
14. The optimal antibody concentrations have to be determined
experimentally, but the ratios given here can be used as a
starting point.
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Abstract
The advent of human-induced pluripotent stem (hiPS) cell–derived neurons promised to provide better model cells for drug
discovery in the context of the central nervous system. This work demonstrates both the upscaling of cellular expansion and
the acceleration of neuronal differentiation to accommodate the immense material needs of a high-throughput screening
(HTS) approach. Using GRowth factor–driven expansion and INhibition of NotCH (GRINCH) during maturation, the
derived cells are here referred to as GRINCH neurons. GRINCH cells displayed neuronal markers, and their functional
activity could be demonstrated by electrophysiological recordings. In an application of GRINCH neurons, the brain-derived
neurotrophic factor (BDNF)–mediated activation of tropomyosin receptor kinase (TrkB) was investigated as a promising
drug target to treat synaptic dysfunctions. To assess the phosphorylation of endogenous TrkB in the GRINCH cells,
the highly sensitive amplified luminescent proximity homogeneous assay LISA (AlphaLISA) format was established as a
primary screen. A high-throughput reverse transcription (RT)–PCR format was employed as a secondary assay to analyze
TrkB-mediated downstream target gene expression. In summary, an optimized differentiation protocol, highly efficient
cell upscaling, and advanced assay miniaturization, combined with increased detection sensitivity, pave the way for a new
generation of predictive cell-based drug discovery.
Keywords
human-induced pluripotent stem (hiPS) cells, upscaling of cell culture, tropomyosin receptor kinase B (TrkB), neuronal
model cells

Introduction
While access to primary human neurons for in vitro drug
discovery is obviously rather limited, the development of
human-induced pluripotent stem (hiPS) cell technology has
enabled differentiation toward human neuronal target cells.
However, the rather cumbersome and cost-intensive cell
culture requirements and the lengthy differentiation period
have so far rendered most existing expansion and differentiation protocols unsuitable for the generation of adequately
high cell numbers to support a high-throughput screening
(HTS) campaign (Heilker et al., 2014).
Two previous observations may help to overcome these
challenges: (1) fibroblast growth factor (FGF2) was found to
accelerate the expansion of stem cell-derived neural progenitor (NP) cells (Koch et al., 2009; Boissart et al., 2013), and (2)
the inhibition of Notch signaling was found to expedite the
neuronal maturation of various stem cell -derived NP cells
(Koch et al., 2009 ; Falk et al., 2012 ; Borghese et al., 2010). In
this described project , a combination of the two above described strategies was applied to NP cells derived from hiPS
cells by dual SMAD signaling inhibition (Chambers et al.,
2009 ). Whereas previous work mostly outlined the use of
partially differentiated NPs in HTS campaigns and/or was
restricted to smaller compound collections (McLaren et al.,
2013; Xu et al., 2013; Medda et al., 2016; Efthymiou et al.,

2014; Kumari et al., 2015), this work illustrates how to conduct neuronal differentiation in microplates of the 384-well
format covering a large-scale collection of approximately 1
million test compounds.
Applying this technique , the activation of the endogenous
brain-derived neurotrophic factor (B DNF)/tropomyosin
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receptor kinase (TrkB ) signaling pathway (Bothwell , 2014 )
was investigated in hiPS cell-derived GRowth factor-driven
expansion and INhibition of NotCH (GRINCH ) neurons.
Pharmacological modulation of TrkB holds potential for the
treatment of various neurological diseases. In consequence ,
this work aimed to enable high -throughput testing and pharmacological profiling of drug candidates with regard to TrkB
stimulation.
In a conventional HTS assay, TrkB levels would be vigorously overexpressed in a recombinant cell line. In contrast,
GRINCH neurons displayed endogenous TrkB at a comparably modest expression level, rendering the HTS conditions
more physiological and thereby minimizing the number of
false-positive hits. However, a significantly higher assay sensitivity was required to measure the stimulated phosphorylation
of endogenous TrkB and to monitor the physiological BDNFdriven signaling pathways. Addressing this challenge, the
Amplified Luminescent Proximity Homogeneous Assay LISA
(AlphaLISA) technology was employed, which integrates a
more sensitive acceptor bead type into the established Alpha
format (Cauchon et al., 2009). While the AlphaLISA format is
typically used to quantify the amount or modification of a
soluble cytoplasmic or secreted protein, the AlphaLISA assay
developed here detected the C-terminal phosphorylation (Tyr
706) of the solubilized integral membrane protein TrkB.
Another extremely sensitive detection technique is
reverse transcription (RT)-PCR. The following technological
leaps were applied to adapt this format to high-throughput
drug discovery (Heilker et al., 2014):
(1) the LightCycler device carried out RT-PCRs in
both the 384- and 1536-well microplate formats, (2) the
nonpurified mRNA contained in a cellular lysate was
directly employed in the LightCycler as a starting point
for a “crude lysate ” RT-PCR, and (3) acoustic dispensing
of aqueous cellular lysates in submicroliter volumes was
used . Combining these innovations , the BDNF -induced
transcription of the VGF gene was established as an RTPCR -traceable marker of TrkB activation .The procedures
for upscaling and accelerating the derivation of neurons
from hiPS cells, together with the HTS-compatible AlphaLISA and RT-PCR formats , enabled large -scale HTS for
TrkB-modulating agents.

Materials and Methods
Human iPS cell maintenance culture, neural induction, and
rosette passaging were carried out as discussed in the
supplement.

NP Single-Cell Expansion
After neural induction and rosette passaging, the neural rosettes
were dissociated into NP single cells by addition of Accutase
solution (cat. A6964, 100 mL, Sigma-Aldrich, St. Louis, MO)
for 5 min at 37 °C. The detached cells were transferred into a
cell culture tube, and two volumes of 1× Dulbecco’s
phosphate-buffered saline (DPBS) were added. The tube was
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centrifuged at 300g for 5 min. The supernatant was discarded,
and the pellet was resuspended in Neuronal Maintenance
Medium (NMM; Supplement), supplemented with 20 ng/mL
FGF2. Further expansion with daily exchange of medium was
carried out using Matrigel-coated T175 Nunclon Delta surface-treated EasYFlasks (cat. 178883, Thermo Fisher
Scientific, Waltham, MA) and T-1000 flasks (cat. PFHYS1008,
Merck Millipore, Darmstadt, Germany) as described below.
NP cells were frozen in NMM supplemented with 20 ng/mL
FGF2 and 10% DMSO.

Final Differentiation
For the below-described Alpha and RT-PCR assays, NP
cells were suspended at a concentration of 150,000 cells/mL
in neural differentiation medium (NDM), consisting of
NMM, supplemented with 6.6 µg/mL laminin and 10 µM
N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phenylglycine
t-butyl ester (DAPT; cat. 72082, Stemcell Technologies). A
total of 6000 NP cells/well of this suspension were dispensed into a Cellcoat Poly-d-Lysine 384-well µclear plate
(cat. 781946, Greiner Bio-One, Monroe, NC) using a
Multidrop Combi (Thermo Fisher Scientific) integrated
with a RAPIDSTAK (Thermo Fisher Scientific) and a
Celstir culture flask (Wheaton, Millville, NJ). During the
first week of the final differentiation phase, half of the
medium was exchanged with fresh NDM every other day
using the BioTek EL406 Washer Dispenser (BioTek
Instruments Inc., Winooski, VT) integrated into the belowdescribed automated differentiation cell culture system.
During the second week of microplate-based differentiation, no medium exchange was required.
For the other formats, namely, immunofluorescence staining (96-well format), whole-cell patch clamp recordings (12
mm cover slips in 24-well format), and next-generation
sequencing (NGS; 6-well format), NP cells were seeded at
a density of 60,000 cells/cm2 into PLO-laminin precoated
culture ware and cultured in NDM. Half of the medium was
exchanged every other day. The cells were cultured for the
indicated time periods.

RT-PCR from Nonpurified Cellular Lysate
After stimulation with BDNF as described in the supplement, the cells were washed three times with 70 µL/well of
1× DPBS and the supernatant was aspirated, leaving a
residual volume of 10 µL/well using a BioTek EL406
Washer Dispenser. Subsequently, the cells were lysed for 5
min at room temperature by adding 10 µL/well of 1×
Realtime Ready Cell Lysis Buffer, supplemented with 2×
RNase inhibitor (Realtime Ready Cell Lysis Kit, cat.
05943523001, Roche, Basel, Switzerland). Next, 9 µL/well
of Realtime Ready Master Mix, composed of 1× Realtime
Ready Virus Master Mixture (cat. 05992877001, Roche)
and 1× Realtime Ready Catalogue (cat. 05532957001,
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Roche) or Designer Assay (cat. 05583055001, Roche) solutions (respective assay ID numbers are given in the supplement), was prepared and transferred into a 384-well
LightCycler 480 Multiwell plate (cat. 04729749001,
Roche). Then 1 µL of the cellular lysate was added into
each well, using the Echo 555 Acoustic Dispenser (Labcyte
Inc., Sunnyvale, CA). The LightCycler 480 plate was sealed
and centrifuged for 4 min at 1500g. Gene expression was
measured using a LightCycler 480 instrument. The following RT-PCR program was used: (1) RT: 50 °C, 8 min, 1
cycle; (2) preincubation: 95 °C, 30 s, 1 cycle; (3) amplification: 95 °C, 1 s, followed by 60 °C, 20 s, 45 cycles; and (4)
cooling: 40 °C, 30 s, 1 cycle.

Amplified Luminescent Proximity Homogeneous
Assay
After stimulation as described in the supplement, the cells
were washed three times with 70 µL/well 1× DPBS, and
the supernatant was aspirated off to a residual volume of
10 µL/well using a BioTek EL406 Washer Dispenser.
Subsequently, the cells were lysed for 5 min at room temperature by addition of 10 µL/well 1× CST lysis buffer
(cat. 9803, Cell Signaling Technology), supplemented
with 2× protease inhibitor (cat. 11873580001, Roche) and
2× phosphatase inhibitor cocktails 2 and 3 (cat. P5726 and
cat. P0044, Sigma-Aldrich).
Next, 5 µL/well of the generated cellular lysate was transferred into the corresponding well of a 384-well small-volume,
flat-bottom plate (cat. 784075, Greiner Bio-One) using a CyBiWell vario 384-Channel Simultaneous Pipettor. Afterward, the
Alpha reagents for detection of either TrkB or C-terminally
phosphorylated TrkB (as described in the supplement) were
employed: 2.5 µL/well of the conjugated AlphaLISA acceptor
beads (final concentration: 10 µg/mL), diluted in 1× AlphaLISA
assay buffer (cat. AL000F, PerkinElmer, Waltham, MA), was
added to the cellular lysate. The microplate was incubated for
45 min at room temperature. Subsequently, 2.5 µL/well of the
biotinylated antibody (final concentration: 1 nM, diluted in 1×
AlphaLISA assay buffer) was added. The microplate was incubated for 45 min at room temperature. Finally, 2.5 µL/well of
AlphaScreen streptavidin-coated donor beads (cat. 6760002B,
PerkinElmer; final concentration: 20 µg/mL, diluted in 1×
AlphaLISA assay buffer) was added under subdued light conditions. The microplate was incubated for 30 min at room temperature in the dark. The AlphaLISA signal was measured
using an Envision Reader (extinction: 680 nm/emission: 615
nm) purchased from PerkinElmer.

Cellular Characterization
NGS, immunofluorescence, and whole-cell patch clamp
recordings were carried out as described in the supplement.

Results
HTS Adaptation of NP Cell Expansion
Originally starting with 4 × 106 hiPS cells in one well of a
six-well microplate, the first phase of differentiation as
described in the supplement provided approximately 2 ×
107 NP cells. During the single-cell expansion phase, the
number of NP cells increased between days 1 and 11 from
2 × 107 to 6.4 × 109 cells in four passaging steps (Fig. 1A).
If even larger numbers of NP cells are required, the NP cell
single-cell proliferation period may be extended to nine
passaging steps without harming the potential of the NP
cells for neuronal differentiation (data not shown). The NP
cells from this expansion culture were suitable for a freeze–
thaw cycle. Consequently, when sufficient numbers of the
NP cells had been reached to cover the scope of the planned
HTS campaign, the cells were frozen in appropriate
aliquots. By this means, the flask-based NP cell culture
was decoupled from the microplate-based final neuronal
differentiation.
A further feature facilitating the upscale was the change
of surface coating from PLO-laminin (as employed in other
protocols in the NP cell maintenance culture (Shi et al.,
2012 b)) to Matrigel during the FGF 2-driven NP cell
expansion phase . In this context , the use of Matrigel
served two purposes: (1) it shortened the duration of the
coating procedure from 3 to 1 h, and (2) the required
amount of Matrigel per culture dish area was more
economical than the necessary amount of PLO-laminin.

Marker Profile of the NP Cells after the FGF2Driven Expansion Period
In order to confirm the NP cell character of the cells after
the FGF2-driven expansion period, the NP cells were analyzed by immunofluorescence microscopy (Fig. 1B) using
NP-specific antibodies for nestin and Pax6. The intermediate filament nestin is known to be expressed in dividing precursor cells of the nervous system (NS). In Figure 1B, it
was detected with its characteristic cytoplasmic staining in
almost all the cells. Pax6 coordinates neurogenesis and proliferation. Practically all the NP cells in Figure 1B were
Pax6 positive. In accordance with the literature, Pax6 was
mostly observed within the nuclei of the NP cells. Moreover,
the expanded NP cells retained their characteristic neural
rosette morphology even after multiple passages in the
presence of FGF2, similar to NP cells omitting FGF2 in the
expansion phase (Shi et al., 2012b).
To further decode the NP cell marker profile, RT-PCR
experiments were performed, using primer probe sets for (1)
neuronal markers: neural cell adhesion molecule (encoded by
NCAM1) and neuron-specific enolase (encoded by ENO2);
(2) nonneuronal markers: alpha enolase (encoded by ENO1)
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Figure 1. HTS adaptation of NP
cell expansion. (A) Scheme of NP
cell expansion. During FGF2-driven
cell expansion, the number of NP
cells increased over 10 days from
2 × 107 to 6.4 × 109, covering the
scope of an HTS campaign. The
expanded NP cells were frozen at
this stage. (B) NP cell markers in
immunofluorescence. The NP cells
were stained using antibodies for
Nestin and Pax6. Scale bar: 100
µm. (C) Gene expression profiling.
NP cells were characterized by
RT-PCR using primer probe sets
for the indicated genes. Genes
undetectable in the NP cells
are marked by a star (*). The
brackets above indicate neuronal,
nonneuronal, neural crest (NC),
and NP cell markers. RT-PCR
data are given as 2^(–∆CP) values,
calculated as described in the
supplement. n = 8 replicates, error
bars represent SEM.

and neural crest marker SOX10; and (3) an NP cell marker
set (Shi et al., 2012b), incl. vimentin (encoded by VIM), nestin
(NES), sex-determining region Y-box 2 (encoded by SOX2),
and paired box protein 6 (encoded by PAX 6), respectively .
The highest expression was observed for the NP cellspecific markers (Fig. 1C). In contrast, only lower levels of
the mature neuronal markers NCAM 1, as well as ENO 2,
were detected , and the nonneural and neural crest markers
ENO1 and SOX10 were not detectable.

Enhanced Neuronal Maturation Using Notch
Inhibition
For other stem cell-derived NPs, it had previously been established that the inhibition of Notch activity combined with
growth factor withdrawal markedly accelerates neuronal differentiation (Borghese et al., 2010).
Likewise, the NP cells described here displayed a significantly
enhanced morphological and functional matura- tion, when
besides removing FGF2 from the culture medium, the Notch
signaling was inhibited by the addition of DAPT (Fig. 2).
Under conditions of FGF2 withdrawal , the DAPT- treated
cells (Fig . 2C,F) displayed a considerably augmented conversion of NP cells toward a neuronal morphology compared
with the NP cells without DAPT administration (Fig . 2B,E).
This finding was corroborated by the virtual disappearance of
the progenitor and cell cycle marker Ki-67 from the DAPTtreated cells (compare with Fig. 2E,F). In order to identify the
optimal time period for the DAPT -driven neuronal dif ferentiation process, the gene expression of the early neuronal
marker TUBB 3 and the above -described progenitor marker
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VIM was followed in a kinetic experiment (Fig. 2G). Over 2
weeks of DAPT administration, the mRNA level of TUBB3
increased by a factor of approximately 13 in comparison with
the NP cell expression level. Conversely, the mRNA level of
VIM declined by a factor of approximately 9 in the same time
period.
The enhancement of the maturation process by DAPT
compared with DAPT-free culture was also reflected by the
higher transcriptional expression of the mRNAs for presynaptic proteins synaptophysin (encoded by the SYP gene)
and synapsin (encoded by the SYN gene), as well as for the
postsynaptic density protein 95 (PSD95; encoded by the
disks large homolog 4 gene [DLG4]) (Shi et al., 2012b ).
Thus, 2 weeks of DAPT treatment increased the mRNA
levels of SYP, SYN, and DLG4 by factors of 39, 33, and
21, respectively (Fig . 2H), whereas FGF 2 withdrawal
without DAPT treatment produced a markedly less pro nounced increase of the same maturation markers by factors
of 18, 17, and 8, respectively . In consequence , the DAPT administration not only produced a purer neuronal culture
with fewer residual progenitor cells , but also enhanced
neuronal differentiation.
The neurons that are in this way derived from FGF2expanded NP cells in a 2-week DAPT-driven maturation
process are below referred to as GRINCH cells.

Comparative Characterization of the
Transcriptome
The GRINCH neurons were compared with various human
tissues on the level of the transcriptome using NGS-based
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Figure 2. Final differentiation of hiPS
cell–derived NP cells. Bright-light and
immunofluorescence microscopic
images, respectively, of (A,D) NP
cells, (B,E) cells derived from NP cells
after 14 days of FGF2 withdrawal,
and (C,F) cells after 14 days of DAPT
administration and FGF2 withdrawal.
For immunofluorescence, cells were
stained with nuclear marker DAPI and
antibodies specific for (D) cell cycle
marker Ki-67 (green) and NP marker
NSE (red), as well as (E,F) Ki-67
(green) and neuronal marker MAP2
(red). Scale bar: 100 µm. (G) Time
course of neuronal maturation for NP
cells undergoing DAPT administration
and FGF2 withdrawal. Gene
expression analysis for NP cell marker
VIM and neuronal marker TUBB3. n =
5 replicates. (H) Synaptic maturation
after 14 days of FGF2 withdrawal
with or without DAPT administration.
Gene expression analysis for pre- and
postsynaptic markers SYP, SYN, and
DLG4, respectively. (G,H) RTPCR data are given as 2^(–∆∆CP)
values, calculated as described in the
supplement. n = 6 replicates. Error
bars represent SEM.

quantification of mRNA . In a first approach , the overlap
was determined between the 1000 highest specifically
expressed genes (see Supplement Methods ) from each of
27 human tissues (Fagerberg et al., 2014 ) and the 1000
highest specifically expressed genes of the GRINCH
neurons . The best match of 270 overlapping genes was
observed between the transcriptomes of the GRINCH
neurons and the human cerebral cortex (Suppl . Fig. 1A).
All other 26 tissues not belonging to the NS that were
investigated in this analysis displayed a much lower
overlap with a mean value of 40 and a median value of 30
overlapping genes.
In a second approach (Suppl. Fig. 1B), the two aboveselected specific sets of 1000 genes each for the GRINCH
neurons and for the human cerebral cortex tissue were compared with all adult tissue-specific gene sets from the
NextBio body atlas (Kupershmidt et al., 2010 ) using the
proprietary body atlas score (BAS ) from NextBio to
quantify the overlap of gene expression. The highest BAS
values with respect to both the GRINCH neurons and
the human cortex tissue were found for the amygdala
region. Accordingly , all BAS values were normalized to a
100% score value for this brain region . The gene sets for
the GRINCH neurons showed by far higher relative BAS
(rBAS ) values with regard to the NS tissues (median
rBAS of 62) than for the non-NS tissues (median

rBAS of 8). Similarly, the human cerebral cortex samples
displayed median rBAS values of 63 for the NS and of 3 for
the non-NS tissues. In addition, there was a remarkable correlation of rBAS values between GRINCH neurons and the
human cortex tissue with respect to the overlap of gene
expression in the individual brain regions compiled in the
NextBio body atlas (Suppl. Fig. 1B).

Expression of Markers for Brain Regional
Patterning and Neuronal Subtypes
In order to assess the brain regional patterning and neuronal
subtype similarities of the GRINCH neurons in more detail,
an RT-PCR-based expression analysis was performed for a
series of well-established marker genes (Kirkeb y et al.,
2012): forebrain , midbrain , and hindbrain are the three
primary regions of the brain. For the regional patterning
analysis (Fig. 3A), the relative gene expression levels of
two markers each of the forebrain (FOXG 1, SIX 3),
midbrain (LMX1A, EN1), and hindbrain (GBX2, HOXA
4) were measured . All six marker genes were expressed ,
indicating a mixed brain regional patterning of the
GRINCH neurons.
In a more detailed analysis for subregional cortical marker,
the mRNAs encoding the upper-layer proteins BRN2 and
CUX1, as well as the
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Figure 3. Gene expression
analysis of the GRINCH neurons
(A) for the indicated regional
markers of fore-, mid-, and
hindbrain; (B) for the indicated
cortical region markers; and
(C) for markers of the indicated
neuronal subtypes. Genes
undetectable in the GRINCH
neurons are marked by a star
(*). RT-PCR data are given as
2^(–∆CP) values, calculated as
described in the supplement. n =
24 replicates, error bars represent
SEM.

deep-layer proteins TBR1 and CTIP2, were detected (Fig.
3B). In Figure 3C, the relative gene expression levels of
markers for cholinergic (CHAT, SLC18A3), serotonergic
(SLC6A4, TPH2), adrenergic (ADRA2B, DBH), dopaminergic (SLC6A3, TH), GABAergic (SLC32A1, GAD2),
and glutamatergic (SLC17A7, GRIA1) neuronal subtypes
were measured. Apart from the two serotonergic markers, at
least one marker for each other neuronal subtype was
detectable in the RT-PCR-based expression analysis. This
indicates that the GRINCH cells are composed of a mixture
of neuronal subtypes. In addition, the GRINCH cells were
analyzed for the presence of mRNAs encoding the glial
markers GFAP and S100B in comparison with the universal
neuronal marker mRNA for TUBB3. The respective
RT-PCR data indicate a restricted subpopulation of glia
cells among the largely neuronal culture.

Assessment of Neuronal Markers by
Immunofluorescence
To assess neuronal marker expression on the protein level, the
GRINCH neurons were analyzed by immunofluorescence
staining (Fig. 4A–C).
Beta -3-tubulin (Tuj -1), the TUBB 3 encoded marker
expressed on neurons but not on glial cells (Shi et al., 2012b),
was found to be expressed on a vast majority of the cells
described here, with its typical staining pattern reflecting the
microtubular cytoskeleton (Fig. 4A,C). A small percentage
of morphologically distinct , GFAP -positive nonneuronal
cells were detected among the GRINCH cells (data not
shown).
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Also in accordance with literature (Shi et al., 2012 b), the
presynaptic synaptophysin (Syp) was observed in both the
cell bodies and the cellular processes with a punctate
pattern corresponding to individual synapses (Fig. 4A).
The immune staining for microtubule -associated protein
2 (MAP2; Fig.4B), known to be connected with the neuronal
cytoskeleton of dendrites , displayed the characteristic
homogeneous distribution along the cellular protrusions (Shi
et al., 2012b ).
Along these MAP2-positive dendrites, but also on the cell
bodies , an antibody against the above - described PSD95
labeled sites of postsynaptic densities with their typical
dotted distribution in the microscopic image (Shi et al.,
2012 b ) (Fig . 4B). TrkB is another marker of neuronal
maturation, which has been associated with, for instance, the
late phase of long-term potentiation (Dragunow et al., 1997).
In Figure 4C, TrkB was found on the neurites of essentially all
analyzed neurons with its characteristic punctate distribution
(SILBER and STRYKER, 2001).

Evaluation of Functional Activity by
Electrophysiological Recordings
In order to validate whether the GRINCH neurons were
functionally active, whole-cell patch clamp recordings from
individual cells were employed (Fig. 4D–F). Stepwise depolarization from a holding potential of −70 to +20 mV (Fig. 4D)
initially induced characteristic inward sodium currents with an
amplitude of down to almost −2 nA; the subsequent outward
potassium currents reached an amplitude of up to approximately 1.5 nA. In response to current injection, the neurons
described here fired trains of up to 12 action potentials
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Figure 4. Immunofluorescence
analysis and single-cell
electrophysiological properties
of the GRINCH neurons. The
cells were stained with DAPI and
antibodies specific for (A) the
presynaptic protein SYP (green)
and the beta-3-tubulin (Tuj-1)
(red), (B) the postsynaptic PSD95
(green) and the dendrite-enriched
microtubule-associated MAP2
(red), and (C) TrkB (green)
and Tuj-1 (red). White scale
bar: 100 µm. The white frames
indicate areas of enlargement,
presented in images A*, B*, and
C*, respectively. Striped scale
bar: 10 µm. (D) Whole-cell
sodium and potassium currents
during stepwise depolarization
from a holding potential of −70
to +20 mV. (E) Action potentials
measured in response to current
injections. (F) Spontaneous and
(where black bar indicates) KClinduced neural network activity.

(Fig. 4E). Spontaneous excitatory postsynaptic currents
(EPSCs) were recorded at a holding potential of −70 mV, and
postsynaptic activity was increased by additional perfusion
with 10 mM potassium chloride producing currents with amplitudes of up to approximately 40 pA (Fig. 4F). These electrophysiological parameters characterize the 5-week matured
GRINCH neurons described here to possess a similar synaptic
activity as neurons differentiated over significantly longer time
spans from hiPS cells without DAPT stimulation (Shi et al.,
2012b).

Automated Long-Term Neuronal Differentiation
in Microplates
In order to enable a larger HTS campaign using hiPS cell–
derived neuronal model cells, a substantial number of microplates with differentiated neurons must be procured at a regular
weekly rate. To this purpose, a semiautomated cell dispense
system (Fig. 5A), as well as a fully automated system for sterile media exchange on microplates (Fig. 5B), was implemented. A microplate preparation scheme, as illustrated in
Figure 5C, could be applied. On three sequential days of week
1, a set of 168 microplates/day was loaded with NP cells

freshly resuspended in differentiation medium from a frozen
stock. During the first week of differentiation, two automated
exchanges of culture medium were carried out for each microplate. For the second week of differentiation, the microplates
were transferred to a nonintegrated incubator in order to vacate
168 microplate positions in the system-integrated incubator.
Following this schedule, 3 × 168 = 504 microplates/week with
2-week differentiated neurons can be provided from weeks 3
to 7. In consequence, this workflow can supply a total of 2520
microplates with GRINCH neurons in the campaign outlined
here, thereby enabling the measurement of 968,000 data points
in a 7-week HTS process.

HTS Measurement of TrkB Activation in
GRINCH Neurons Using AlphaLISA
The GRINCH neurons were assessed for their applicability to a target-focused screening campaign. For this purpose, an AlphaLISA format was developed to quantify
the protein expression level of the target of interest, TrkB,
in a cellular lysate. This AlphaLISA assay was found to
isoform-selectively detect TrkB but not TrkA or TrkC
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Figure 5. Semiautomated NP cell seeding and automated long-term neuronal differentiation in microplates. (A) NP cells from a
frozen stock were resuspended in neural differentiation medium, kept in suspension by a spinner flask (a), and seeded into 384-well
microplates using a Multidrop Combi (b). The microplates were transferred onto the Multidrop Combi by a microplate stacker (c)
prior to seeding. (B) An integrated robotic system for long-term neuronal differentiation in microplates was established in a cell
culture room with HEPA-filtered air feed and ambient air overpressure. An automated microplate incubator (a) was combined via
an airtight lock (b) with a laminar flow hood (c). Individual microplates were transported out of the incubator through the lock via
a plate shuttle system (d). A robotic arm (e) moved the microplate in the laminar flow hood. A combined washer dispenser device
(f) exchanged the cellular supernatant from the microplates with fresh medium from a reservoir bag (g). A scheduling software (h)
took care of a regular medium exchange on each plate. (C) In the exemplified workflow, three batches of 168 microplates/week (3 ×
168 = 504 plates/week) with NP cells from a frozen stock underwent a 2-week intramicroplate neuronal differentiation as described
above. Following this schedule, 504 microplates/week with 2-week differentiated neurons can be provided from weeks 3 to 7, thereby
supplying a total of 2520 microplates in the campaign outlined here.

(Suppl. Fig. 2C). In NP cells, TrkB was not expressed at a
concentration above the noise level of the AlphaLISA
assay. However, the protein level of TrkB was observed to
become upregulated after 14 days of DAPT-induced neuronal differentiation (Fig. 6A). The amount of TrkB further increased toward the time point representing 21 days
of differentiation.
In order to quantify the stimulation of TrkB by its cognate agonistic ligand BDNF, another AlphaLISA format
was developed to selectively measure the BDNF-induced
phosphorylation of TrkB at Tyr 706 (Suppl. Fig. 2A,B). In
this assay (Fig. 6B), the NP cells did not display a BDNFstimulated phosphorylation of TrkB. Only beginning with
day 7 of the DAPT-driven final differentiation procedure, a
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BDNF-stimulated TrkB phosphorylation was detected that
exceeded the background signal of the AlphaLISA assay by
a factor of approximately 2. The AlphaLISA signal for
phosphorylated TrkB (pTrkB) increased toward day 14 and
further toward day 21 of the final differentiation process.
However, beyond 14 days of differentiation the adhesion
of the differentiating GRINCH neurons to the microplate
coating began to decline. In consequence, the automated
washing step prior to stimulation of the cells with test compounds detached the 21-day differentiated cells from the
microplate bottom. In addition, a 21-day differentiation
period would reduce the throughput in an automated campaign. Accordingly, we compromised to a 14-day differentiation period for all automated testing.
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Figure 6. HTS assay for TrkB
activation in AlphaLISA format and
automated screening campaign.
Using specific AlphaLISA formats, the
concentration of (A) TrkB or (B)
maximal BDNF-inducible pTrkB was
measured in the lysate of NP(-derived)
cells that had undergone DAPT
administration and FGF2 withdrawal
for the indicated time periods of 0
(= NP cells), 7, 14, or 21 days. N =
16 replicates. Experiments in C–F
were carried out using the 2-week
matured GRINCH neurons. (C) The
pTrkB Alpha signal was measured
at the indicated concentrations of
BDNF. The triangle (extended by
the dotted line) indicates the pTrkB
Alpha signal after pretreatment of the
cells with the Trk inhibitor K252a. n
= 4 replicates. Error bars represent
SEM. (D–F) Approximately 3200
compounds from a chemical diversity
set were measured in a duplicate (n =
2), single-dose (approximately 10 µM)
automated screening campaign using the
pTrkB Alpha format: (D) histogram of
bioactivities for all 3200 compounds, (E)
bioactivities of all 3200 compounds, and
(F) comparison between bioactivities of
all 3200 compounds in two automated
screening runs.

To monitor how fast the activated TrkB was dephosphorylated, a time course of the pTrkB AlphaLISA signal after
maximal stimulation with BDNF was recorded (Suppl. Fig.
3). The pTrkB AlphaLISA signal declining with receptor
desensitization(Zheng et al., 2008) was fitted with a onephase decay algorithm and displayed a signal half-life of
approximately 1.5 h. In order to work with a large
signal window in HTS experiments, the TrkB stimulation
period was set to 15 min. This left a sufficient time period
between stimulation and lysis to allow for microplate
movements in the automated system . In this form, the
pTrkB AlphaLISA assay was adapted to a robotic
system. The suitability of the automated assay protocol
to identify positive modulators of TrkB was validated ,
for instance, by dose-response testing of BDNF (Fig. 6C).
The measured EC50 value of 660 pg/ mL (24 pM with
respect to the BDNF homodimer ) corresponds well with
the literature value (Massa et al., 2010 ). A Z′ value of 0.77
confirmed the robustness of the AlphaLISA assay.
In a series of quality control measurements , Z′values varied between 0.71 and 0.85 when GRINCH neurons had
been derived from different batches of frozen NP cells.

Automated Screening Campaign on Chemical
Diversity Set
Approximately 3200 compounds from a chemical diversity set
were measured twice in a single-dose (approximately 10 µM),
automated screening campaign using the pTrkB Alpha format.
The percent of control (POC) value was defined by setting the
vehicle control stimulation to 100 POC and the maximal stimulation by BDNF (31.6 ng/mL, 1.1 nM) to 200 POC. The bioactivity of all compounds was rather narrowly distributed
around the 100 POC value with a standard deviation of 1.2
POC, as derived from the fitted Gaussian curve (Fig. 6D).
Approximately 60 of the 3200 compounds tested at 10 µM displayed a bioactivity above or equal to 110 POC in either of the
two screening runs (Fig. 6E). Despite the moderate effects in
the pTrkB Alpha format when compared with BDNF, the
Alpha signals were relatively similar in the two replicate
screening runs (Fig. 6F). However, a counterscreen on nondifferentiated NP cells enabled the identification of the above primary hit compounds as assay technology-related false
positives. In consequence, larger compound collections need
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to be screened in order to identify viable starting points for
small-molecule TrkB agonists.

Secondary Profiling of TrkB Modulators in
GRINCH Neurons Using RT-PCR
An NGS analysis (data not shown) combined with a literature study indicated four potential transcriptional reporter
genes for TrkB activation in the hiPS cell-derived neurons:
VGF , EGR 1, EGR 3, and SCG 2. When transferred to
the above -described LightCycler -based RT-PCR format
using nonpurified mRNA in cellular lysates , two of these
reporter genes , VGF and EGR 1, provided a sufficient
and statistically relevant assay window (Suppl. Fig. 4A).
The latter two genes are known as BDNF -regulated
immediate early genes involved in the modulation of
synaptic plasticity (Alder et al., 2003; Bozdagi et al., 2008).
Between these two genes, the VGF reporter was selected due
to its higher expression level. In this VGF-focused RT-PCR
assay , dose -response testing of BDNF (Suppl . Fig . 4B)
revealed an EC 50 value of 360 pg /mL (13 pM for the
homodimer ), which corresponded well with the above determined EC50 value in the pTrkB AlphaLISA format. A
Z′ value of 0.87 proved the robustness of the RT-PCR assay.

Discussion
The introduction of the hiPS cell technology has opened
novel routes to generate a variety of disease-relevant cells
as model systems for drug discovery. This is of particular
relevance in the pharmaceutical industry, where human primary cells are not available in sufficient numbers like, for
instance, in the case of neuronal cells. However, it is still a
challenge to generate sufficient numbers of these cells for a
large-scale HTS campaign in an affordable cost range and
within an acceptable time frame. In order to address these
requirements, two strategies were adapted in this work: (1)
large-scale expansion at a NP cell stage, and (2) enhanced
and accelerated maturation via Notch inhibition generating
functional neurons.
In the context of preparing an HTS campaign described
here, NP cell expansion provided convincing advantages in
comparison with “run-through” neuronal differentiation
protocols starting from the hiPS cell level: (1) hiPS cells
display a higher probability of spontaneous differentiation
toward an unwanted direction. (2) For a run-through neuronal differentiation protocol, the upscaled expansion phase
needs to be carried out on the level of the hiPS cells.
However, the maintenance culture for hiPS cells is very
labor-intensive, for instance, requiring the manual removal
of spontaneously differentiating cells under the microscope.
In contrast, the last expansion cycles of the NP cells
employed here were carried out in five-layered T-1000
flasks. Accordingly, all 6.4 billion NP cells required for a
large-scale HTS campaign could be harvested in parallel as
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a single batch. Avoiding batch-to-batch variability ensured
a higher level of uniformity at the start of the intramicroplate differentiation process. In addition, quality control
measures such as gene expression profiling only had to be
applied to a single batch of NP cells. (3) Conveniently, the
NP cells described here could be frozen at the end of the
expansion phase in aliquots, and then thawed and directly
suspended in differentiation medium to be dispensed into
384-well microplates. By this means, the NP cell expansion
phase was decoupled from the compound testing phase of
the HTS campaign.
In this work, an improved upscaling of the NP cells was
accomplished by the employment of the proliferation stimulator FGF2. This growth factor plays an important role not
only for neural precursor cell survival, but also for cell proliferation (Schwindt et al., 2009).Consequently, it has been
used to amplify hES cell- and hiPS cell-derived neuronal
progenitor cells (Koch et al., 2009 ; Boissart et al.,2013 ).
By this means, the above-established protocol achieved
an expansion of the NP cells by a factor of 320 within
only 11 days. This level of upscaling produced a sufficient
number of NP cells to cover a standard large -scale HTS
campaign of approx. 1 million single-dose measurements.
To further optimize the NP cell expansion process in
terms of limited incubator capacity and coating issues ,
NP cells were expanded in T-1000 flasks coated with
Matrigel.
At the end of NP cell expansion, a broad gene and protein expression analysis was performed, confirming the
bona fide NP cell character of the GRINCH cells generated
here. Furthermore, the presence of characteristic neural
rosette structures, and their persistent capability to mature
into physiologically relevant neurons by FGF2 withdrawal,
together with or without addition of DAPT, confirmed the
stability of NP cell characteristics over up to nine passages
in the presence of FGF 2. As pointed out above , a second
prominent hindrance in applying hiPS cell-derived neurons
for HTS purposes is the lengthy neuronal maturation process (e.g., up to 95 days starting from hiPS cells (Shi et al.,
2012a; Shi et al., 2012 b )). Borghese et al. (Borghese et al.,
2010 ) pharmacologically blocked Notch signaling by the γsecretase inhibitor DAPT , which had previously been demonstrated to produce identical effects as Notch loss -offunction mutations (Geling et al., 2002). In a combination of
growth factor withdrawal and inhibition of Notch sig naling , they elegantly shortened the neuronal and synaptic
maturation process for their human embryonic stem cellderived neural stem cells (hESNSCs ). Moreover , the parallel pharmacological inactivation of Notch signaling in all
NP cells synchronized the time course of neuronal matu ration , thereby providing a purer neuronal population.
Similar to the effects on the hESNSCs , the admini stration of DAPT to the NP cells described here during the
differentiation process accelerated neuronal maturation, indicated by the increased expression levels of synaptic genes
in comparison with cells that had solely been matured via
FGF2 withdrawal.
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The GRINCH neurons showed several features supporting the notion that they represent pharmacologically predictive model cells for drugs directed toward the NS. Thus,
their transcriptome extensively overlaps with NS tissue and
sparsely with non-NS tissues. In addition, they displayed a
broad assortment of brain regional and neuronal subtypespecific markers rendering them comparable to a “wholebrain” amalgam of various neuronal subtypes. This observation is in agreement with previous findings: despite the partially
caudalizing effects of FGF2 (Koch et al., 2009), a mixture of
regional identities was generated from NP cells that had
undergone FGF2-driven expansion (Zhang, 2006).
Furthermore, it had previously been found that the
administration of DAPT to dual-SMAD-induced NP cells
biases differentiation toward cortical neurons (Eiraku et
al., 2008).
In agreement with this observation , the GRINCH neurons also displayed various markers of the upper and
deeper cortical layers . Corroborating this view , a conspicuous correlation was found between the transcrip tomes of the GRINCH neurons and the human cortex when
determining the respective overlaps with a variety of NS
and non-NS tissues.
Moreover, the presence of synaptic markers and the
functional activity as observed by spontaneous EPSCs and
induced action potential firing indicate a certain degree of
maturation that renders the neurons suitable for the in vitro
investigation of topics such as synaptic plasticity. While
synaptic markers were already detectable in immunofluorescence after 2 weeks of DAPT-driven neuronal maturation, the functional activity displayed a marked increase
beyond this time point. Accordingly, the above-described
patch clamp experiments were carried out after 35 days of
FGF2 withdrawal and DAPT administration.
The GRINCH neurons displayed a relatively low expression level of TrkB when compared with a TrkB overexpressing Chinese hamster ovary (CHO) cell line (compare
with Suppl. Fig. 2). Accordingly, detection methods with
adequate sensitivity were required. In this work, two adequately sensitive and HTS-compatible detection formats
were adapted to meet this challenge, the AlphaLISA and the
RT-PCR technique.
The AlphaLISA format is commonly applied to quantify
the phosphorylation of cytoplasmic proteins such as ERK or
CREB. In the case of integral membrane proteins such as
TrkB, the cellular lysis conditions had to be balanced
between a sufficiently harsh solubilization of TrkB and sufficiently mild conditions to conserve the epitopes detected
by the AlphaLISA antibodies. The EC50 value of 660 pg/
mL (24 pM with respect to the homodimer) for BDNF in
the pTrkB AlphaLISA format corresponded well with a literature potency of approximately 60 pM for human BDNF
to promote survival of mouse hippocampal neuronal
cultures (Massa et al., 2010).
In contrast, an EC50 value of 15 ng/mL (560 pM) for
BDNF was found with a CHO cell line overexpressing

TrkB in the pTrkB AlphaLISA format. Likewise, the EC50
value for BDNF in an enzyme-linked immunosorbent assay
(ELISA) for pTrkB using primary mouse cortical neurons
had been observed to be approximately 10-fold lower than
in the same assay format employing a recombinant cell
line (Cazorla et al., 2011b). This suggests that assays based
on rather physiological cellular systems may be more
sensitive to agonistic potencies with regard to TrkB than the
same assays using the heterologous cellular system.
In a technology comparison carried out in primary rat
neurons (DIV21), the EC50 value for BDNF of 18 ng/mL
(650 pM) in the pTrkB AlphaLISA format matched well
with the EC50 value of 12 ng/mL (440 pM) based on
Western blot analysis for phosphorylated TrkB (Suppl. Fig.
5). With respect to sensitivity, the signal-to-background
ratio for the pTrkB Alpha assay was approximately 20:1. In
contrast, the enhanced chemiluminescence (ECL) signal of
the quantified Western blot analysis only displayed a signalto-background ratio of below 3:1.
The above-described crude lysate RT-PCR protocol
enabled an HTS workflow without any washing steps. This
is of particular importance with respect to cells like the
GRINCH neurons that only display a fragile attachment to
the microplate coating. Moreover, the simple four-step procedure of stimulation, lysis, acoustic transfer, and RT-PCR
required little liquid handling and was ideally suited for
high-throughput applications. As opposed to a conventional
luciferase-based reporter gene assay in a recombinant cell
system, the application of the RT-PCR format to GRINCH
neurons monitored the endpoint of a physiological signaling pathway with a disease-relevant reporter transcript integrated into its endogenous transcriptional control elements.
The low-volume acoustic dispenser employed here also
lends itself conveniently to the 1536-well format. Transferring
200 nL of cellular lysate, which corresponds to the homogenate from 50 neurons, proved sufficient to drive an RT-PCR
with a CP value of 24 for the BDNF-induced VGF transcript
(data not shown). With cell numbers derived from hiPS
cells still being relatively limited in comparison with classic
recombinant cell systems, the transfer toward the 1536-well
format will further broaden the applicability of the hiPS
technology to HTS.
In this work, the RT-PCR assay was employed as a
secondary profiling assay after primary testing in the
AlphaLISA assay. However, the ease of miniaturization for
the RT-PCR format also points toward its use for primary
HTS in future applications. Additionally, RT-PCR may be
employed in a multiplexed format, investigating several
target-modulated transcription events in parallel RT-PCRs
and enabling pharmacological profiling with regard to various signaling pathways. Apart from compound testing, the
microplate-based RT-PCR format turned out to be very useful for multiparametric optimization of differentiation
protocols.
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The protocols for NP cell expansion and automated
intramicroplate differentiation described here can be transferred to hiPS cell lines that are derived from diseased
donors. For instance, dopaminergic neurons differentiated
from hiPS cells that had been derived from patients with a
monogenic variant of Parkinson’s disease recapitulated
some facets of the disease phenotype in the cellular model:
they displayed, for example, an increased proportion of
apoptotic cells under conditions of oxidative stress in comparison with neurons differentiated from iPS cells generated from age- and gender-matched healthy control
donors (Reinhardt et al., 2013). In combination with the
above -developed techniques of HTS adaptation , the diseased donor -derived hiPS cell clones open new ex perimental routes of tremendous potential for early drug
discovery, such as large-scale disease modeling.
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ABSTRACT
Brain-derived neurotrophic factor (BDNF) is a central modulator
of neuronal development and synaptic plasticity in the central
nervous system. This renders the BDNF-modulated tropomyosin
receptor kinase B (TrkB) a promising drug target to treat synaptic
dysfunctions. Using GRowth factor-driven expansion and INhibition of NotCH (GRINCH) during maturation, the so-called
GRINCH neurons were derived from human-induced pluripotent
stem cells. These GRINCH neurons were used as model cells for
pharmacologic profiling of two TrkB-agonistic antibodies, hereafter referred to as AB2 and AB20. In next-generation sequencing studies, AB2 and AB20 stimulated transcriptional changes,
which extensively overlapped with BDNF-driven transcriptional
modulation. In regard to TrkB phosphorylation, both AB2 and
AB20 were only about half as efficacious as BDNF; however,
with respect to the TrkB downstream signaling, AB2 and AB20

Introduction
Nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF) (Barde et al., 1982), neurotrophin (NT)-3 (NT3),
and NT4 represent the NT family of growth factors, acting
on tropomyosin receptor kinase (Trk)A, TrkB, TrkC, and p75
NT receptor (Bothwell, 2014). Although all four NTs are
agonists for p75NTR, they display some selectivity in regard
to the Trk receptors: NGF is a preferential agonist for TrkA,
NT3 for TrkC, and BDNF and NT4 for TrkB (Bothwell, 2014).
Among the NTs, BDNF stands out for its high expression
levels in the central nervous system (CNS) and its effects on
synaptic plasticity (Adachi et al., 2014). Accordingly, BDNF
has been implicated in a multitude of CNS-related diseases
(Adachi et al., 2014) such as Alzheimer disease, Parkinson
https://doi.org/10.1124/jpet.117/240184.
s This article has supplemental material available at jpet.aspetjournals.org.

displayed increased efficacy values, providing a stimulation at
least comparable to BDNF in respect to VGF transcription, as
well as of AKT and cAMP response element-binding protein
phosphorylation. In a complex structure of the TrkB-d5 domain
with AB20, determined by X-ray crystallography, the AB20
binding site was found to be allosteric in regard to the BDNF
binding site, whereas AB2 was known to act orthosterically with
BDNF. In agreement with this finding, AB2 and AB20 acted
synergistically at greater concentrations to drive TrkB phosphorylation. Although TrkB downstream signaling declined
faster after pulse stimulation with AB20 than with AB2, AB20
restimulated TrkB phosphorylation more efficiently than AB2. In
conclusion, both antibodies displayed some limitations and
some benefits in regard to future applications as therapeutic
agents.

disease, schizophrenia, depression, bipolar disorder, anxiety,
Huntington disease, stroke, epilepsy, eating disorders, and
substance use.
Therefore, pharmacologic stimulation of TrkB holds
the potential for the treatment of various CNS disorders
(Longo and Massa, 2013); however, the dimensions of the
BDNF dimer and its cognate binding sites on TrkB are
beyond what can typically be bridged by a small molecule
(Longo and Massa, 2013). Yet, since there are possibilities
(Pardridge, 2012) to shuttle a new biologic entity across
the blood-brain barrier (BBB), a bivalent biopharmaceutical agent, such as an agonistic antibody against TrkB,
could drive receptor dimerization and its transphosphorylation in manner similar to that of the dimeric physiologic
TrkB agonist BDNF.
Accordingly , in this work , we analyzed two antibodies ,
AB2 and AB20 (U.S. patent 20100196390 A1; U.S. patent
20100150914 A), directed against extracellular epitopes of
TrkB.

ABBREVIATIONS: AKT kinase, Ak strain thymoma kinase; BBB, blood-brain barrier; BDNF, brain-derived neurotrophic factor; CHO, Chinese
hamster ovary; CNS, central nervous system; CREB, cAMP response element-binding protein; DPBS, Dulbecco’s phosphate-buffered saline; ERK,
extracellular signal-regulated kinase; GRINCH, GRowth factor-driven expansion and INhibition of NotCH; hiPS cells, human induced pluripotent
stem cells; NGF, nerve growth factor; NGS, next-generation sequencing; NT, neurotrophin; RT-PCR, reverse-transcription polymerase chain
reaction;TBS,Tris-bufferedsaline;Trk,tropomyosinreceptorkinase.
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In regard to the ultimate target cells of biopharmaceutical
TrkB modulators, an ideal in vitro model system would use
human neurons. Such cells express TrkB and downstream
signaling components in physiologic amounts and correct
stoichiometric ratios. Although access to primary human
neurons is obviously limited, the advent of human induced
pluripotent stem (hiPS) cell technology has enabled the differentiation toward neuronal target cells in huge numbers, for
instance, the so-called GRINCH (GRowth factor-driven expansion and INhibition of NotCH neurons) (Heilker et al.,
2014;Traub et al., 2017a).
Whereas the endogenous expression levels of TrkB- and
TrkB-associated signaling biomolecules in GRINCH neurons
represent a better physiologic recapitulation of the in vivo
systems, it is much more challenging to measure the respective pharmacologic responses than in a recombinant
system. To address this challenge, we used the highly sensitive amplified luminescent proximity homogeneous assay
LISA (AlphaLISA) format (Cauchon et al., 2009) and an HTSadapted version of reverse-transcription polymerase chain
reaction(RT-PCR)(Traub et al., 2017a).
For the pharmacologic profiling of drug candidates, it is
important to monitor one of the disease-relevant signaling
events associated with the drug target (Heilker et al., 2014). In
this work, we compared the efficacies of BDNF, AB2, and
AB20 in regard to: 1) TrkB phosphorylation; 2) TrkB downstream signaling modulators extracellular signal-regulated
kinase (ERK), Ak strain thymoma kinase (AKT), and cAMP
response element-binding protein (CREB); and 3) the TrkBdriven transcription of the synaptic plasticity marker VGF
mRNA as an early response gene (Alder et al., 2003). Thus, the
applied experimental profiling panel monitors drug efficacy
checkpoints all along the signaling chain from the drug target
TrkB toward VGF as a disease-relevant biomarker endpoint.

Materials and Methods
BDNF and Agonistic Antibodies
BDNF was purchased from Biotrend Chemikalien GmbH (cat. no.
CYT-207; Cologne Germany) with a molecular weight of 26,984 Da for
the homodimer. AB2 was derived from the previously described
antibodyC2 (U.S. patent 20100196390A10).InAB2,thehumanizedV
regions of C2 were grafted onto the constant regions of a human IgG 1
antibody.AB20wasderivedfromthepreviously describedantibodyC20
(U.S. patent 20100150914 A1) by grafting the murine V regions of C20
onto the constant regions of a human IgG1 antibody . Isotype -matched
control anti-2,4,6 trinitrophenyl antibody (IgG, derived from 1B7.11;
American Type Culture Collection , Rockville , MD) was used as reference. Fc -mediated effector functions of all antibodies were reduced
by mutating leucines 234 and 235 to alanines (Xuetal.,2000).

HiPS Cell Maintenance Culture and Neuronal Differentiation
The minicircle hiPS cell line (cat. no. SC301A-1) was purchased
from System Biosciences (Mountain View, CA). HiPS cell maintenance
culture, neural induction, neural progenitor cell expansion, and final
neuronal differentiation toward GRINCH neurons were carried out as
describedpreviously(Traub et al., 2017a).

CellSensor Cell Lines
CellSensor Chinese hamster ovary K1 (CHO-K1) cell lines, which
are stably cotransfected with: 1) a gene encoding a nuclear factor of
activated T cell promoter-regulated b lactamase reporter and 2) a gene
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encoding TrkA (cat. no. K1516), TrkB (cat. no. K1491), or TrkC (cat. no.
K1491) were purchased from Life Technologies (Carlsbad, CA). The
three cell lines are hence referred to as CHO-TrkA/B/C cells, respectively. The cells were cultured according to the manufacturer’s
instructions. For the 384-well Alpha assays and immunofluorescence
staining, the cells were seeded at a concentration of 100,000 cells/cm2
into one well of a black PureCoat amine-coated 384-well plate (cat. no.
359324; Corning Inc., Corning, NY), and cultured for 24 hours.

Next-Generation Sequencing
Next-generation sequencing (NGS) was carried out as described in
the Supplemental Material.

RT-PCR from Nonpurified Cellular Lysate
Stimulation of TrkB Signaling for the RT-PCR Format. The
supernatant of the 384-well microplates containing the 6,000 GRINCH
neurons/well (hereafter referred to as the cell plate) was aspirated to a
residual volume of 10 ml/well using a BioTek EL406 Washer Dispenser
(BioTek, Winooski, VT). Stimulation buffer consisted of 1 Dulbecco’s
phosphate-buffered saline (DPBS), supplemented with 1% (w/v)
bovine serum albumin (cat. no. A3059-100g; Sigma-Aldrich, St. Louis,
MO). An equal volume of 10 ml/well of stimulation buffer containing
BDNF, AB2, AB20, or IgG control was added to the cellular supernatant, producing the indicated final concentrations. The cells were then
incubated for 6 hours at 37°C and 5% CO2.
For pathway inhibition experiments, 10 ml/well of 20 mM K252a,
100 mM PD98059, 50 mM LY294002, or 100 mM U73122 diluted in
stimulation buffer supplemented with 2% DMSO was added to the
cellular supernatant before agonist addition. After incubating for
30 minutes at 37°C and 5% CO2 with one of the small-molecule
inhibitors, 20 ml/well of the indicated agonist diluted in stimulation
buffer was added, resulting in final concentrations of 100 ng/ml BDNF
(3.7 nM), 100 ng/ml AB2 (0.66 mM), and 100 ng/ml AB20 (0.66 mM).
The cells were then incubated for 6 hours at 37°C and 5% CO2.
Cell Lysis and VGF Gene Expression Measurement in the
RT-PCR Format. After 6 hours of stimulation, the GRINCH neurons were washed three times with 70 ml/well 1 DPBS, and the
supernatant was aspirated to a residual volume of 10 ml/well using a
BioTek EL406 washer dispenser. Subsequently, the cells were lysed
for 5 minutes at room temperature using 10 ml/well 1 Realtime
Ready cell lysis buffer, supplemented with 2 RNase inhibitor (cat.
no. 05943523001, Realtime Ready cell lysis kit; Roche, Basel, Switzerland). Next, 9 ml/well Realtime ready master mix, composed of 1
Realtime Ready virus master (cat. no. 05992877001; Roche) and 1
Realtime Ready Catalogue (cat. no. 05532957001, Roche) primer
probe set for VGF (Assay ID: 146837) was prepared and transferred
into a 384-well LightCycler 480 plate (cat. no. 04729749001; Roche).
Then 1 ml/well of the lysate was transferred from the cell plate to the
384-well LightCycler 480 plate using the CyBi-Well Vario 384 Channel
Simultaneous Pipettor (Cybio, Jena, Germany). The LightCycler
480 plate was sealed and centrifuged for 4 minutes at 1500g. Gene
expression was measured using a LightCycler 480 instrument. The
following RT-PCR program was used: 1) reverse transcription: 50°C,
8 minutes, one cycle; 2) preincubation: 95°C, 30 seconds, one cycle; 3)
amplification: 95°C, 1 second, followed by 60°C, 20 seconds, 45 cycles;
and 4) cooling: 40°C, 30 seconds, one cycle.

AlphaLISA Format
Stimulation of TrkB Signaling for the AlphaLISA Format.
The supernatant of the 384-well microplates containing the 6,000
GRINCH neurons/well or 10,000 CHO-TrkA/B/C cells/well (hereafter
referred to as the cell plate) was aspirated to a residual volume of
10 ml/well using a BioTek EL406 washer dispenser. An equal volume
of 10 ml/well of BDNF, AB2, AB20, or IgG control in stimulation buffer
was added for 15 minutes at 37°C and 5% CO2, resulting in the
respectively indicated concentrations of agonists. For synergism
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experiments, the GRINCH neurons were stimulated for 15 minutes at
37°C and 5% CO2 with combinations of BDNF and AB2, BDNF and
AB20 or AB2 and AB20 at the indicated concentrations.
For pathway inhibition experiments, 10 ml/well of 20 mM K252a,
100 mM PD98059, 50 mM LY294002, or 100 mM U73122 diluted in
stimulation buffer were added to the cellular supernatant before
agonist addition. After incubating for 30 minutes at 37°C and 5% CO2
with one of the small-molecule inhibitors, 20 ml/well of the indicated
agonist diluted in stimulation buffer was added, resulting in final
concentrations of 10 ng/ml BDNF (0.37 nM), 100 ng/ml AB2 (0.66 mM),
and 1 mg/ml AB20 (6.67 mM). The cells were then incubated for
15 minutes at 37°C and 5% CO 2.
To analyze the kinetics of TrkB signaling pathways after stimulation with BDNF, AB2, or AB20, three different stimulation schemes
were applied. All incubations were carried out at 37°C and 5% CO2.
For the restimulation scheme, the GRINCH neurons were stimulated
for 15 minutes with 10 ng/ml BDNF (0.37 nM), 100 ng/ml AB2 (0.66 mM),
or 1 mg/ml AB20 (6.67 mM) in stimulation buffer and then washed three
times with 70ml/well neural differentiation medium (Traub et al., 2017a),
incubated for the indicated variable intermittent phase in the absence of
an agonist ,and subsequently stimulated again for 15 minutes until cellular lysis with the same concentrations of BDNF ,AB2,or AB 20 as administered before the intermittent phase . For the single -pulse scheme ,
the GRINCH neurons were stimulated for 15 minutes with 10 ng/ml
BDNF (0.37 nM),100 ng/ml AB 2(0.66 mM ),or 1mg/ml AB 20 (6.67 mM )in
stimulation buffer and then washed three times with 70 ml/well neural
differentiation medium, incubated for the indicated variable time in the
absence of anagonist . For the continuous stimulation scheme , the
GRINC neurons were stimulated for the indicated varible time periods
with 10ng/ml BDNF(0.37nM),100ng/mlAB2(0.66mM),or1mg/mlAB20(6.
67mM).
Cell Lysis. After stimulation, GRINCH neurons or CHO-TrkA/B/C
cells were washed three times with 70 ml/well 1 DPBS, and the
supernatant was aspirated off to a residual volume of 10 ml/ well using a
BioTek EL406 washer dispenser (BioTek). Subsequently, the cells were
lysed for 5 minutes at room temperature by the addition of 10 ml/well 1
Cell Signaling Technology lysis buffer (cat. no. 9803; Cell Signaling
Technology, Danvers, MA), supplemented with 2 protease inhibitor
(cat. no. 11873580001; Roche, Basel, Switzerland) and 2 phosphatase
inhibitor cocktails 2 and 3 (cat. no. P5726, cat. no. P0044; SigmaAldrich).
Trk Phosphorylation Measured in the Alpha Format. Custommade Alpha reagents were used to measure Trk phosphorylation:
AlphaLISA Acceptor beads (cat. no. 6772003; PerkinElmer, Hopkinton,
MA) were conjugated with an antiphosphorylated Trk (pTrk) antibody
(cat. no. 4621BF; Cell Signaling Technology), which nonselectively detects
TrkA, TrkB, or TrkC phosphorylated at the tyrosine, homologous to
Tyr706 in TrkB. 1) For the selective detection of phosphorylated TrkB
(pTrkB), the prepared Acceptor beads were used together with a
biotinylated, isoform-selective anti-TrkB antibody (cat. no. MAB3971;
R&D Systems Inc., Minneapolis, MN) and streptavidin-coated Alpha
Donor beads (cat. no. 6760002B; PerkinElmer). 2) For the nonselective
detection of all three phosphorylated Trk isoforms, the prepared Acceptor
beads were used together with a biotinylated, anti-pan-Trk antibody (cat.
no. 4609BF; Cell Signaling Technology) and streptavidin-coated Alpha
Donor beads.
Using these Alpha reagents, 5 ml/well of the produced cellular lysate
was transferred into the corresponding well of a 384-well smallvolume, flat-bottom plate (cat. no. 784075; Greiner Bio-One GmbH,
Frickenhausen, Germany) for Alpha detection using a CyBi-Well
Vario 384-channel simultaneous pipettor. Subsequently, 2.5 ml/well
of the anti-pTrk Acceptor beads (final concentration: 10 mg/ml), diluted
in 1 AlphaLISA assay buffer (cat. no. AL000F; PerkinElmer), was
added. The microplate was incubated for 45 minutes at room temperature. Subsequently, 2.5 ml/well of the respective biotinylated
antibody (final concentration: 1 nM, diluted in 1 AlphaLISA assay
buffer) was added. The microplate was incubated for 45 minutes at
room temperature. Finally, 2.5 ml/well of Alpha streptavidin-coated

Donor beads (final concentration: 20 mg/ml, diluted in 1 AlphaLISA
assay buffer) was added under subdued light conditions. The microplate was incubated for 30 minutes at room temperature in the dark.
The AlphaLISA signal was measured using an Envision reader (extinction: 680 nm/emission: 615 nm) purchased from PerkinElmer.
Phosphorylation of ERK, AKT, or CREB Measured in the
Alpha Format. For detection of ERK, AKT, and CREB phosphorylation, AlphaScreen Surefire kits for pERK 1/2 (Thr202/Tyr204;
cat. no. TGRES50K,PerkinElmer),pAKT 1/2/3(Ser473;cat.no.TGRA
4S50K,PerkinElmer ) ,and pCREB (Ser133;cat.no.TGRCBS 50K, PerkinElmer )were used with the generated cellular lysates according to the
manufacturer’sinstructions.

Immunofluorescence Staining of CHO-TrkA/B/C Lines
The CHO-TrkA/B/C cells were stimulated for 15 minutes at 37°C
and 95% CO2 with 10 mg/ml AB2 or AB20. Subsequently, the cells were
washed three times with 1 Tris-buffered saline (TBS; cat. no. T59121L; Sigma-Aldrich) and then fixed with 4% (v/v) paraformaldehyde
solution (cat. no. 252549-500; Sigma-Aldrich) for 15 minutes at room
temperature. Next, the cells were washed three times with 1 TBS
and incubated with 10% (v/v) fetal bovine serum (cat. no. 26140-079;
Life Technologies) in 1 TBS for 60 minutes at room temperature. The
cells were then washed three times with 1 TBS and incubated with
species-specific secondary Alexa Fluor antibodies (Thermo Fisher
Scientific Inc., Waltham, MA) diluted in 1 TBS at room temperature for 2 hours in the dark. Finally, the cells were washed once with
1 TBS, incubated for 5 minutes with 300 mM 49,6-diamidin-2phenylindol (cat. no. D1306; Thermo Fisher Scientific Inc.) in 1
TBS and then washed once again with 1 TBS. Imaging was
performed using an Opera HCA reader (PerkinElmer) using a 405-nm
and a 561-nm laser.

Crystallization and Data Collection
Crystallization and data collection were carried out as described in
the Supplemental Material.

Structure Solution and Refinement
Structure solution and refinement were carried out as described in
the Supplemental Material.

Data Analysis
Data analysis was carried out as described in the Supplemental
Material.

Results
Selectivity of AB2 and AB20 for TrkB Isoforms. The
selectivity of AB2 and AB20 was analyzed in three CHO cell
lines that recombinantly overexpressed TrkA, TrkB, or TrkC.
The response of the three cell lines was measured using the
Alpha format. This Alpha assay quantified the phosphorylation of a homologous tyrosine (corresponding to Tyr706 or
TrkB) in the cytoplasmic domain of all three Trk isoforms.
Although NGF and NT3, physiologic agonists of TrkA and
TrkC, respectively, induced the efficient phosphorylation of
the respective tyrosine in their cognate receptors, neither AB2
nor AB20 produced any detectable pTrkA or pTrkC (Fig. 1, A
and C). In contrast, both AB2 and AB20 generated a clear
phosphorylation of Tyr706 in the TrkB-overexpressing CHO
cells (Fig. 1B). Hereby, AB2 displayed a molar potency similar
to that of BDNF, and AB20 displayed a significantly weaker
molar potency than BDNF (Table 1; Supplemental Fig. 1). The
maximal extent of TrkB phosphorylation after AB2 or AB20
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Fig. 1. Isoform selectivity of TrkBdirected antibodies AB2 and AB20.
Dose-response testing was carried out
in three CHO cell lines, recombinantly
overexpressing (A) TrkA, (B) TrkB,
and (C) TrkC. The cells were stimulated with AB2, AB20, or control IgG.
As positive controls, the physiologic
agonists NGF, BDNF, or NT-3 of the
respective Trk isoforms were used.
Potency and efficacy values for (B) are
given in Table 1. n = 8 replicates, error
bars represent S.E.M. (D) Immune staining using AB2 and AB20 as primary
antibodies was done on the same three
cell lines: antibodies labeled in green,
nuclear stain shown in white. Scale bar:
25 mM.

administration was, however, significantly lower than the
amount of pTrkB after maximal BDNF stimulation (Table 1;
Supplemental Fig. 1). The finding of TrkB selectivity for AB2
and AB20 was further corroborated by an immunofluorescence study, in which the same two antibodies detected only
epitopes in the TrkB-overexpressing but not in the TrkA- or
TrkC-overexpressing, CHO cells (Fig. 1D). Selective TrkB
activation was also reflected by an orthogonal Western blot
analysis (Supplemental Fig. 2).
Transcriptional Modulation by BDNF, AB2, and
AB20. NGS was used to monitor how BDNF, AB2, and

AB20 modulate the transcriptome of the hiPS cell–derived
GRINCH neurons. In this study, 42 genes were selected as
described in the Supplemental Material. Briefly, the selection
was based on: 1) the absolute gene expression levels after
BDNF, AB2, AB20 or control IgG stimulation; 2) the degree of
deregulation after agonist treatment; and 3) the false discovery rate.
Among these 42 genes, all 29 genes that were upregulated
by BDNF were also upregulated by AB2 and AB20 (Fig. 2A).
Likewise, all 13 genes that were downregulated by BDNF
were also downregulated by AB2 and AB20. Hereby, the rank

TABLE 1
EC50 and relative efficacy values for BDNF, AB2, and AB20 in the indicated TrkB signaling assays and
using the indicated model cells
The EC50 values of BDNF, AB2, and AB20 are given in ng/ml and in pM. The 95% confidence intervals (95% CI) of the
EC50 values are indicated. Assays in the CHO-TrkB cells and in the GRINCH neurons were carried out using n = 8 and
n = 4 replicates, respectively.
CHO-TrkB

BDNF

AB2

AB20

EC50 (ng/ml)
95% CI(ng/ml)
EC50 (pM)
Efficacy (%)
S.E.M. (%)
EC50 (ng/ml)
95% CI (ng/ml)
EC50 (pM)
Efficacy (%)
S.E.M. (%)
EC50 (ng/ml)
95% CI (ng/ml)
EC50 (pM)
Efficacy (%)
S.E.M. (%)

GRINCH Neurons

pTrkB

pTrkB

pERK

pAKT

pCREB

VGF

15
13; 16
540
100*
1.1
59
50; 68
390
28
1;9
404
340; 480
2700
32
2.5

0.67
0.58; 76
25
100*
2.1
10
7.0; 15
67
51
4.7
80
57; 110
530
46
7.0

0.20
1.6; 2.6
7.4
100*
2.8
5.1
3.9; 6.7
34
79
4.3
43
32; 57
290
72
3.7

0.33
0.26; 0.42
12
100*
3.0
4.6
2.8; 7.8
31
102
7.3
37
30; 46
250
91
2.6

0.13
0.13; 0.16
4.7
100*
2.4
1.1
0.58; 1.9
7.0
108
7.3
67
49; 92
450
182
3.0

0.41
0.31; 0.55
15
100*
3.4
2.5
2.1; 2.9
17
101
2.5
11
8.6; 15
73
113
5.1

Relative efficacy values and the respective S.E.M. values are given in %, normalized to BDNF as a full agonist with
100%, as indicated by the asterisk *.
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Fig. 2. Transcriptional modulation by BDNF,
AB2, AB20, and IgG control in GRINCH
neurons, analyzed by NGS. (A) 42 genes
deregulated by BDNF, AB2, or AB20 versus
IgG control. The amplitude of deregulation
is indicated by the Log2R value. Red-coded
numbers denote an upregulation, green-coded
numbers a downregulation of gene expression.
(B) Log2R values of the 42 genes deregulated
by AB20 plotted versus the respective values
for AB2. (C) Venn diagram. The numbers in
the respective intersections designate the
overlapping deregulated genes between the
three agonists BDNF (green), AB2 (red), and
AB20 (yellow). Red numbers designate upregulated genes, green numbers downregulated,
and black numbers the sum of deregulated
genes. n = 4 replicates.

order of the fold changes was similar between BDNF versus
control and AB2 versus control, as well as BDNF versus
control and AB20 control. VGF, for instance, was the most
upregulated gene for all three agonists; however, the amplitude of deregulation for several genes was higher for BDNF
than for AB2 or AB20, for example, in regard to the upregulated genes BCL2L2PABPN, HES4, and RELL2, as well as
the downregulated genes ANXA1P2 and RP11466H18.1 (Fig.
2A). In contrast, the amplitude of deregulation was quite
similar between AB2 and AB20 (Fig. 2B).
In accordance with the described overlap of downstream
signaling between BDNF and the two agonistic antibodies, the
24 genes that were at least 2-fold deregulated by AB2 are a
true subset of the 41 genes that were at least 2-fold deregulated by BDNF (Fig. 2C). Likewise, 21 of the 22 genes that
were at least 2-fold deregulated by AB20 are a subset of the
41 genes that were at least 2-fold deregulated by BDNF. In
summary, AB2 and AB20 deregulated an overlapping gene
set with BDNF, but BDNF acted as a more efficacious agonist than the two antibodies in regard to the amplitude of
deregulation.
Modulation of TrkB Signaling Pathways by BDNF,
AB2, and AB20. The stimulation of endogenous TrkB signaling by BDNF, AB2, and AB20 was measured using GRINCH
neurons as model cells. Downstream signaling (Minichiello,
2009) was monitored with a focus on phosphorylation of ERK,

AKT, and CREB, as well as on the expression of VGF (Fig. 3A),
an early response gene after NT receptor activation (Alder
et al., 2003). In the pTrkB Alpha assay (Fig. 3B), BDNF,
AB2, and AB20 displayed EC50 values (Table 1) of 0.67 ng/ml
(25 pM), 10 ng/ml (67 pM), and 80 ng/ml (530 pM). Thus, all
three agonists were significantly more potent in regard to
the GRINCH neurons than to the TrkB overexpressing CHO
(CHO-TrkB) cells (Table 1). Hereby, AB2 and AB20 were
pronouncedly less efficacious in respect to TrkB phosphorylation than the physiologic agonist BDNF in both cell
types: Both antibodies produced an approximately 30%
maximal stimulation (normalized to the maximal stimulation by BDNF as 100%) in the CHO-TrkB cells and
approximately half-maximal stimulation in the GRINCH
neurons (Table 1).
To explore the downstream efficacies of the TrkB agonists,
Alpha assays were adapted to the GRINCH neurons, which
selectively detected the phosphorylation of ERK, AKT, and
CREB (Minichiello, 2009). In the assay for phosphorylated
ERK (pERK; Fig. 3C), BDNF, AB2, and AB20 displayed
potencies (Table 1) that were 2-to 3-fold higher than with
respect to phosphorylation of TrkB in the same cells; however,
the rank order of potencies for the three agonists was the same
between the pTrkB and the pERK signal, with BDNF . AB2 .
AB20. The relative efficacies for ERK phosphorylation of AB2
and AB20 were 79% and 72% compared with relative efficacies
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Fig. 3. TrkB-modulated signaling pathways in GRINCH neurons. (A) Dimeric BDNF stimulates TrkB dimerization. TrkB transphosphorylation leads
to: 1) activation of AKT via PI3K and PDK1; 2) activation of Ras, MEK, and ERK; 3) activation of CREB via activation of PLC, inositol triphosphate (IP3),
and CAMK; 4) transcription activation of VGF. The agonist-modulated effects on phosphorylation are indicated by the measured Alpha values for (B)
pTrkB, (C) pERK, (D) pAKT, and (E) pCREB. (F) RT-PCR data for the agonist-modulated effect on VGF expression based on 2^(-ΔCP) values were
normalized to vehicle-stimulated effects. Potency and efficacy values for (B–F) are given in Table 1. n = 4 replicates; error bars represent S.E.M.

of 51% and 46%, respectively, for the herein described TrkB
phosphorylation (Table 1).
Potencies of all three agonists in the assay for phosphorylated AKT (pAKT) assay (Table 1; Fig. 3D) were quite similar
to the potencies in the pERK assay, thereby maintaining also
the same rank order of potencies as in the pTrkB assay. In
regard to AKT phosphorylation, however, AB2 and AB20 were
about equally efficacious agonists as BDNF (Table 1; Fig. 3D).
The absolute potencies of the three agonists in regard to the
signals for phosphorylated CREB (pCREB) were similar to the
respective potencies for the described phosphorylation events
(Table 1; Fig. 3E). Moreover, the rank order of potencies
among the three TrkB agonists was once more maintained.
Similar to the observations for the pAKT signal, AB2 displayed an efficacy comparable to that of BDNF in respect to
CREB phosphorylation. As to AB20, this antibody even exceeded the efficacy of the physiologic agonist BDNF by a factor
of approximately 1.8.
Finally, the effect of the three agonists was investigated in
the context of a TrkB-induced transcription event. As described for the NGS experiments (Fig. 2), the most extensive
increase in transcription after TrkB activation was observed
in regard to the VGF gene. Consequently, the agonist-induced
expression of the VGF gene was monitored in GRINCH
neurons using an RT-PCR assay (Fig. 3F). In line with all
four of the herein described TrkB-modulated phosphorylation
events, the three TrkB agonists stimulated VGF transcription
with picomolar potencies and with the same rank order of
potencies. Similar to AKT phosphorylation, the efficacies of
AB2 and AB20 were comparable to that of the physiologic
agonist BDNF.
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The pan-Trk kinase domain inhibitor K252a (Massa
et al., 2010) inhibited all five of the here described agoniststimulated signaling events (Supplemental Fig. 3), endorsing
the view that all observed agonistic effects are mediated by the
Trk receptor. In further agreement with previously described
TrkB-modulated signaling routes (Massa et al., 2010): 1) the
mitogen-activated protein kinase kinase inhibitor PD98059
partially inhibited ERK phosphorylation, 2) the phosphatidylinositol 3 (PI3)-kinase inhibitor LY294002 decreased AKT
phosphorylation, and 3) the phospholipase C inhibitor U73122
reduced phosphorylation of CREB for all three agonists
(Supplemental Fig. 3).
Allosteric Binding Mode of AB20. BDNF binding to the
TrkB immunoglobulin superfamily d5 domain was modeled on
the previously published structures of: 1) the TrkB-d5 domain
in complex with NT4/5 (Banfield et al., 2001) and of 2) the
unliganded form of BDNF in a heterodimer with NT4
(Robinson et al., 1999). The validity of the TrkB-d5/BDNF
model was further corroborated by the complex structure of
the TrkA-d5 domain with NGF, which displayed homologous
interaction sites between the NT and the receptor surface
as observed for the complex between TrkB-d5 and NT4/5
(Banfield et al., 2001). Furthermore, affinity studies carried
out between the Trk-d5 fragment and NT4/5 or BDNF have
suggested that the NT binding site is located wholly within the
d5 domain.
Whereas AB2 was known to act orthosterically with BDNF
(U.S. patent 20100196390 A), AB20 was assumed to bind to a
distinct epitope outside of the BDNF -binding site (U .S . patent
20100150914 A1). Indeed ,the described X-ray crystallography
studies identified a complex structure of the BDNF -binding
TrkB-d5domain
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and AB20 (Fig. 4), with the binding epitope of AB20 localized
at b-strands C, F, and G on the opposite side of the TrkB-d5
domain with respect to the BDNF binding site.
Synergies between BDNF and AB2 or AB20. To validate whether AB2 or AB20 exerted a synergistic effect with
BDNF or with each other, a series of costimulation studies in
the Alpha format was carried out using the GRINCH neurons
as model cells. When AB2 was administered together with
BDNF, maximal BDNF-driven phosphorylation of TrkB was
reduced at high concentrations of AB2 (Fig. 5A). This observation is in accordance with the previously described competitive binding mode between BDNF and AB2 in regard to
TrkB. In contrast to AB2, high concentrations of AB20
did not reduce the BDNF-driven phosphorylation of TrkB;
however, no synergistic or additive effect was seen between
BDNF and AB20 in regard to maximal stimulation, even at
high AB20 concentrations (Fig. 5B). Likewise the EC50 value
for the BDNF stimulation was not significantly altered by the
presence of AB20.
As already described, AB2 and AB20 acted as partial
agonists in regard to TrkB phosphorylation when applied
individually (Table 1). In a costimulation experiment with
both TrkB-directed antibodies, an additive effect was observed
in regard to the maximal pTrkB signal (Fig. 5C). At the
highest concentrations of both AB2 and AB20, the attained
pTrkB signal was similar to the maximal stimulation obtained
with BDNF. In regard to potency values, no significant synergistic effect was noted between AB2 and AB20.
Kinetics of TrkB Signaling Pathways after Stimulation with BDNF, AB2, or AB20. Using the Alpha formats
as readouts, three different stimulation schemes (Fig. 6A)
were applied to analyze how BDNF, AB2, and AB20 regulate
the phosphorylation of TrkB, ERK, AKT, and CREB kinetically. For scheme I, referred to as restimulation, the indicated
agonist was administered for a pulse period of 15 minutes,

Fig. 4. Binding sites of BDNF/NT4 and AB20 on TrkB-d5 domain. The
complex structure of the TrkB-d5 domain with AB20 was resolved by
X-ray. The binding epitope of AB20 is labeled in pink. The binding site of
BDNF (black) was modeled on the previously resolved complex structure
of the TrkB-d5 domain with NT4.

then washed off and readministered for a second pulse of
15 minutes at the end of the indicated time period. Using this
scheme, the phosphorylation of TrkB, as well as of its downstream effectors ERK, AKT, and CREB, could be restimulated
only by AB20 (Fig. 6B).
For scheme II, referred to as single-pulse stimulation,
the indicated agonist was administered for a pulse period
of 15 minutes, washed off, and then omitted from the cell
supernatant for the remainder of the indicated time. In
the first 6.5 hours after single-pulse stimulation, the
BDNF-stimulated Alpha signals for pTrkB, pERK, and pAKT
maintained a higher level than the respective AB2- or AB20stimulated signals (Fig. 6C). In the same time frame, the AB2stimulated Alpha signals for pTrkB, pERK, and pAKT were
higher than the respective AB20-stimulated signals. In regard
to pCREB signal kinetics, hardly any differences were seen
between stimulation by BDNF or AB2; however, the level of
pCREB generated by AB20 was lower than that generated
by BDNF or AB2 during 2.5 hours after the single-pulse
stimulation.
For scheme III, referred to as continuous stimulation, the
specified agonist was administered at the beginning and
then remained in the cell supernatant for the remainder of
the indicated time. For time periods up to 2 hours, the
BDNF-stimulated Alpha signals for pTrkB, pERK, and
pAKT were higher than the respective signals with AB2 or
AB20 stimulation (Fig. 6D). Only in regard to the pCREB
signal did the AB20 stimulation provide higher Alpha
signals than BDNF or AB2 for all analyzed incubation
periods.

Discussion
The purpose of this work was to characterize two TrkBdirected antibodies, AB2 and AB20, in terms of pharmacology
and downstream signaling using the physiologically relevant
GRINCH neurons as a cellular model.
The binding selectivity of AB2 and AB20 for the TrkB
isoform was supported by immunofluorescence investigation, where both antibodies immune-stained the TrkBoverexpressing, but not the TrkA- or TrkC-overexpressing,
CHO cells. Likewise, a functional selectivity of these two
antibodies was observed using the same three CHO cell lines
recombinantly overexpressing one of the Trk receptors, NGF
and NT3, and the physiologic agonists of TrkA and TrkC,
respectively, stimulated Trk phosphorylation in CHO cells
that were transfected with TrkA or TrkC, respectively.
Neither AB2 nor AB20 was capable of inducing Trk activation
in the latter two cell lines. In contrast, both AB2 and AB20
were capable of functionally activating Trk phosphorylation in
the CHO cells that overexpressed TrkB; however, the maximal
extent of AB2- or AB20-driven phosphorylation of TrkB was
significantly lower than the efficacy of the BDNF-driven
response in both the TrkB-overexpressing CHO cells and the
GRINCH neurons.
Similar to the dimeric physiologic agonist BDNF, both
TrkB-directed antibodies are supposed to be capable of inducing TrkB receptor dimerization (Cazorla et al., 2011 b).
BDNF may , however , lead to a functionally preferred dimer
arrangement that is more conducive to, for instance , receptor
transphosphorylation (Cazorla et al., 2011b). Concerning AB
20 , the latter hypothesis was corroborated by the herein
described
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Fig. 5. Costimulation by pairs of TrkB agonists. GRINCH neurons were costimulated by (A) BDNF and AB2, (B) BDNF and AB20, as well as (C) AB2
and AB20. One of the two agonist concentrations is given on the x-axis; the second costimulatory agonist concentration is indicated by the symbol (with
the respective decadic logarithm of the mass concentration (mg/ml) indicated in the legend; the “veh” curve represents the use of vehicle instead of second
agonist). n = 6 replicates; error bars represent S.E.M.

X-ray structure, where this antibody binds TrkB on the
opposite site of the TrkBd5 domain compared with the
presumable BDNF binding site. Yet, also for AB2, for which
the binding site on TrkB overlaps with that of BDNF, the
steric relationship and euclidean distance of the two TrkB
protomers may be quite different from the BDNF-induced
physiologic receptor dimerization.
Apart from presumably rendering the TrkB dimer less
suitable for transphosphorylation, the AB2- or AB20induced spatial relationship of the TrkB protomers may
modulate the accessibility of the intracellular phosphorylation sites in regard to further kinases that accept TrkB as a
substrate (Huang and McNamara, 2010). Accordingly, such
different agonist-dependent TrkB-dimeric structures may
also result in diversely efficacious downstream signaling.
This could explain why AB2 and AB20 displayed lower
efficacies than BDNF also in regard to TrkB-modulated
ERK phosphorylation and why AB20 appeared to be more
efficacious than BDNF or AB2 in respect of CREB phosphorylation. Notably, a similar partial agonism of some commercially available TrkB-directed antibodies compared
with BDNF as a full agonist had been observed previously
(Cazorla et al., 2011b). The partial efficacy of AB2 and AB20 in
comparison withBDNF wasalsoreflected byNGSexperi-ments
in which the amplitude of deregulation for most of the
monitored genes was higher for BDNF than for the two
agonistic antibodies.
In the work of Todd et al. (2014), the signaling efficacies
of two different TrkB-agonistic antibodies were similar to
BDNF after a 5-hour incubation period. Likewise, Qian
et al. (2006) established five TrkB-directed antibodies that
all stimulated TrkB-dependent luciferase signaling after an
incubation of 16 hours to an extent similar to that of BDNF.
Correspondingly, AB2 and AB20 in this work displayed
similar efficacies as BDNF, for example, in the VGF transcription readout after a 6-hour incubation. Hereby, the signal
accumulation over the incubation period of several hours may
mask a partial agonism of an antibody as observed for the
respective phosphorylation measurements after incubation
periods of 15 minutes.
Additionally, AB2 and AB20 displayed similar maximal effects as BDNF with respect to AKT phosphorylation, despite
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the agonist incubation time of 15 minutes. To explain
this finding, one needs to consider that for some of the
downstream TrkB-dependent signaling events other upstream members of the signaling chain might constitute
the bottleneck of efficacy. In consequence, more efficacious
pTrkB stimulation by BDNF than by AB2 or AB20 will
not necessarily translate into a higher downstream readout. In agreement with this view, a broad overlap of the
deregulated gene sets induced by any of the three here
investigated agonists was observed in the NGS experiments. These observations argue against highly divergent
ligand-biased signaling routes between BDNF, AB2, and
AB20. In summary, the therapeutic value of an antibody
with increased efficacy with respect to an upstream signaling event will depend on the translation of this efficacy into
disease-relevant downstream events. For instance, AB2
and AB20 drove expression of the synaptic plasticity
marker activity-regulated cytoskeleton-associated protein
with, to some extent, lower efficacy than BDNF in rat primary
neurons (Supplemental Fig. 4). Arc is an immediate-early gene,
transcribed in response to neuronal activation. The newly
translated protein is believed to play a critical role in learning and memory-related molecular processes (McIntyre et al.,
2005). In GRINCH neurons, administration of BDNF, AB2, or
AB20 over 7 days produced an approximately 2.5- to 3-fold
increase in the VGF mRNA level without any significant
efficacy differences between the three agonists (Supplemental
Fig. 5).
The X-ray structure with the AB20-binding epitope on
the opposite side of the d5 domain compared with the BDNF
or AB2 binding site held out the prospect of synergistic TrkB
activation. Indeed, AB2 and AB20 displayed additive effects
on TrkB phosphorylation in GRINCH neurons; however, the
maximal effect of the costimulation with both TrkB-directed
antibodies did not exceed the maximal pTrkB signal as
attained after solely stimulating with BDNF.
In contrast to the additive effects observed between AB2
and AB20, no significant synergism in regard to the pTrkB
signal was observed in a costimulation approach with AB20
and BDNF using the same model cells. One explanation for
this finding might be that the more potently induced BDNFdriven TrkB activation leads to a receptor dimer that is
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Fig. 6. Kinetics of TrkB signaling pathways after stimulation with BDNF, AB2, or AB20. TrkB stimulation was carried out using one of three (A)
agonist administration schemes I–III; filled arrows indicate time spans with agonist in the cell supernatant; striped arrows indicate time periods after
washing off the agonist from the cell supernatant. GRINCH neurons were stimulated according to schemes I, II, or III in (B), (C), or (D), respectively. The
agonist-modulated effects on phosphorylation are shown as the measured Alpha values for pTrkB, pERK, pAKT, and pCREB, as indicated. Alpha signals
are normalized to vehicle control. n = 8 replicates; error bars represent S.E.M.

spatially incompatible with the AB20-induced dimer. In consequence, BDNF dominates the pTrkB effect in costimulation
experiments with AB20. Finally, the BDNF-stimulated

phosphorylation of TrkB was inhibited at high concentrations of
AB2, which is in good agreement with the supposedly overlapping binding sites of BDNF and AB2.
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A restimulation approach was carried out on the GRINCH
neurons with two 15-minute pulses of agonist administration,
the first before and the second after a gap period without
agonist in the cell supernatant. With increasing length of the
agonist-free intermittent period, the BDNF- or AB2-driven
Alpha signals for pTrkB, pERK, pAKT, and pCREB declined. Only AB20 led to an increased or at least maintained signal in all four phosphorylation assays after
longer agonist-free gap periods. One possible explanation
is that both BDNF and AB2 caused receptor internalization, whereas AB20 might have stimulated the phosphorylation of TrkB and downstream signaling without
downregulating the receptor from the cell surface. If the
receptor remains at the plasma membrane, the extracellular agonist may dissociate into the cell supernatant in the
intermittent periods, thereby unblocking the ligand binding
site of TrkB for a renewed stimulation during the second
agonist pulse.
Such an explanation is in concordance with results of the
single-pulse stimulation experiments, where the decline of
pTrkB, pERK, pAKT, and pCREB was most pronounced after
AB20 stimulation: If TrkB remains at the plasma membrane,
AB20 may dissociate into the agonist-free supernatant and
thereby diminish the activation state of the receptor. This
working hypothesis is also in agreement with the findings in
the continuous-stimulation experiment: If TrkB-dissociated
AB20 can be replenished from the cell medium during the
whole course of the experiment, the signal decrease during
continuous AB20 administration should be similar to the
signal decline during permanent AB2 exposure. Indeed, the
Alpha signals between AB20 and AB2 in respect to pTrkB,
pERK, and pAKT were virtually identical in the continuous
stimulation mode. In regard to CREB phosphorylation, the
Alpha signal stimulated by AB20 was even higher than that
induced by BDNF or AB2 for all observed time points. In all
the kinetic experiments described here, the contribution of a
potential agonist-stimulated novel synthesis in regard to
TrkB, ERK, AKT, and CREB cannot be estimated. Accordingly, the measured concentrations of phosphorylated signaling proteins cannot be recalculated into a relative value of
percent phosphorylation.
The use of GRINCH neurons as model cells for the
pharmacologic studies provided several benefits. Thus, transcriptional and immunofluorescence-based analysis showed
these hiPS-derived cells to be a balanced mixture of various
neuronal subtypes, including particular cortical neurons, the
latter cells being of particular relevance to study diseaserelevant TrkB pharmacology (Traub et al., 2017a).Practically,
theuseofthese model cells profited from theoption totransiently
freeze their neural precursor cells , from which the GRINCH
neurons can be derived by a small -molecule – accelerated ,2weekneuronaldifferentiationprotocol.
Pharmacologic modulation of TrkB holds out the prospect of
addressing various neurologic diseases. In this work, two
previously described TrkB-agonistic antibodies were compared with BDNF activity in terms of TrkB receptor selectivity, potency, and efficacy. Both antibodies were found to be
TrkB isoform selective. Both AB2 and AB20 displayed potencies in the picomolar range in regard to the various herein
described pharmacologic readouts. In regard to some of the
TrkB-modulated signaling events, neither AB2 nor AB20
attained the same maximal effect as the physiologic agonist
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BDNF. If this partial agonism of the antibodies translates into
an attenuated in vivo therapeutic effect, the respective
cellular assay formats will be important tools for further
optimization of the drug candidates. Likewise, the in vitro
observed differences in restimulation kinetics may turn out to
be predictive for in vivo tachyphylactic drug effects. As
antibodies generally cross the BBB only to a limited extent,
an appropriate trans-BBB shuttle system (Pardridge, 2012)
may be required to render AB2 and AB20 valuable therapeutic
tools for CNS disorders in the future. In summary, the
developed techniques of pharmacologic analysis described
here, together with the GRINCH neurons, open new experimental routes with tremendous potential for early TrkBdirected drug discovery.
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One of the fundamental barriers during clinical drug development is the difference of drug
efficacies in heterologous disease-model cells as compared with human patients. Numerous
disorders are multi-causal, based on a complex interplay of dysregulated signaling pathways.
Easily expandable host systems such as human embryonic kidney (HEK) or CHO (chinese
hamster ovary) cells, and the recombinant overexpression of the cellular target of interest,
facilitated the establishment of robust HTS assays with high signal-to-noise ratios. However,
focusing on particular pathways and targets, without reflecting the addressed cellular
background, rather generates artificial in vitro screening systems. Hence, these model systems
cannot fully recapitulate the pathophysiological situation.
In this context, the utilization of human iPS cell-derived model cells combines several
advantages of recombinant overexpressing cells and primary cells: these cells can proliferate
infinitely in an undifferentiated state; furthermore, once differentiated, they mirror the native
cell function and therefore allow access to complex signaling pathways and physiological
consequences.
In the scope of this thesis, a robust human iPS cell-derived neuronal model system, suitable
for a large-scale HTS campaign, was established. The optimization of a monolayer-based
neuronal differentiation protocol, omitting cumbersome EB- or even contaminating feeder-layer
cultures, built the basis of a successful HTS-adaptation. The generated neurons displayed
important physiological characteristics, such as the expression of relevant marker proteins, as
well as electrophysiological activity. Furthermore, the cells were analyzed with regard to the
neuronal subtype occurrence. Using next generation sequencing, gene expression analysis,
as well as protein detection, provided the evidence of a mixture of neuronal subtypes.
In order to implement the model system for HTS, three main “roadblocks” have been
addressed: First, the need for high cell numbers, second, the length of the maturation, and
third, the requirement of protocol reproducibility. Within this work, the first two challenges have
been met by FGF2-driven expansion and cryopreservation of the generated NP cells, and by
the accelerated neuronal maturation based upon Notch signaling inhibition. Furthermore, the
established protocol was successfully reproduced using two different iPS cell lines.
Subsequently, the suitability of the generated model system for drug discovery was
demonstrated by applying the derived neurons in a screening project, identifying positive
modulators of TrkB. As a second application, the cells have been utilized for the
pharmacological profiling of TrkB-agonistic antibodies.
In conclusion, the here developed differentiation protocol, generating a human iPS cell-derived
neuronal model system, can be used for large-scale drug screening campaigns in the context
of neuronal diseases.
In the future, the protocol can be transferred to iPS cell lines from diseased patients, in order
to generate an even more precise model system, reflecting the underlying disease phenotype.
Patient-derived neurons, as well as iPS cell-derived neurons with introduced, diseaseassociated mutations, will represent a versatile model system not only for lead identification
via HTS campaigns, but also for lead generation. As these cells contain essential signal
proteins of the in vivo targeted cell type, even affected downstream signaling pathways could
be investigated, in order to characterize and select the most promising drug lead.
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Although, the differentiation protocol, developed within this project, was based upon a cortical
approach, the produced NP cells displayed a broad differentiation potential, generating a
mixture of neuronal cells. Hereafter, a detailed characterization, determining the exact
proportions of subtypes, e.g. using FACS analysis, would further improve the classification of
the model system. Once classified, it would be interesting to investigate the overall
differentiation potential of the iPS cell-derived NP cells. In the here applied differentiation
protocol, the gamma-secretase inhibitor DAPT was used to accelerate the underlying
maturation process, rather than inducing the generation of a specific cell type. Consequently,
various media compositions, containing subtype-specific growth factors or small molecules,
such as midbrain patterning factors (SHH, FGF8, RA) (Lee et al., 2000), could be tested on
the generated NP cells. Furthermore, the administration of FGF2 during NP cell expansion has
been described to contribute to the development of a mixture of neuronal subtypes (Zhang,
2006), reaching from forebrain to spinal cord. Accordingly, non-posteriorizing growth factors,
such as FGF4 (Hendrickx et al., 2009), could be evaluated for their potential to facilitate NP
cell expansion without influencing the generation of specific neuronal subtypes.
Within this work, it could be demonstrated, that the developed iPS cell differentiation protocol
generates a neuronal model cell, suitable for early drug discovery in the field of neuronal
disease, focusing, amongst others, on synaptic signaling.
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SUPPLEMENT METHODS
Human iPS cell maintenance culture
The minicircle hiPS cell line (catalogue number [cat#] SC301A-1) was purchased
from System Biosciences (Mountain View, CA). CellstarTM 6-well plates (cat#
657160; Greiner Bio-One, Frickenhausen, Germany) were coated with MatrigelTM
(cat# 354277; Corning Inc.) following the instructions of the manufacturer. The hiPS
cells were expanded on the MatrigelTM-coated CellstarTM 6-well plates in mTeSRTM 1
complete medium (cat# 05850; STEMCELL Technologies, Vancouver, Canada),
supplemented with 1x Antibiotic-Antimycotic (cat# 15240-062; Life Technologies,
Carlsbad, CA). Cell passaging was performed at 80% confluency using the Accutase
cell detachment solution (cat# SCR005; Merck Millipore, Billerica, MA), diluted with
an equal volume of 1x Dulbecco’s Phosphate buffered saline (1x DPBS; cat# 4200067; Life Technologies) for 2 minutes at 37° C. The detached cells were centrifuged
at 200 g for 5 minutes, then re-suspended in to mTeSRTM 1 complete medium,
supplemented with 10 µM Y-27632 (cat# Y0503-5MG; Sigma-Aldrich, St. Louis, MO),
an inhibitor of the Rho-associated, coiled-coil containing protein kinase (ROCK). This
ROCK inhibitor served to reduce passaging-related cellular apoptosis. Twenty-four
hours after transferring the cells to a new culture dish, the cell supernatant was
replaced by mTeSRTM 1 complete medium without the ROCK inhibitor. The latter
medium was exchanged daily until the next passaging step.

Neural induction and rosette passaging
The here applied tripartite neural induction and rosette passaging protocol is based
upon previous publications (Borghese et al., 2010; Chambers et al., 2009; Shi et al.,
2012b). In the following method description, the days are
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counted from day 1, which corresponds to the seeding of hiPS cells for growth to
confluency.

1. Growth to confluency
On day 1, a single-cell suspension containing 4 x 106 hiPS cells in mTeSRTM 1
complete medium, supplemented with 10 µM ROCK inhibitor Y-27632 was seeded
into one well of a MatrigelTM-coated CellstarTM 6-well plate. On day 2 and on day 3,
the supernatant was aspirated and replaced by mTeSRTM 1 complete medium
without the ROCK inhibitor.

2. Dual SMAD inhibition
On day 4, following the formation of a confluent hiPS cell layer, the medium was
changed to neural induction medium (referred to as “NIM”) to induce neuroepithelial
sheet formation3. NIM was prepared as follows: Dulbecco's Modified Eagle's Medium
(DMEM)/F-12/with

GlutaMAXTM

(cat#

10565-018,

Life

Technologies)

and

NeurobasalTM Medium (cat# 12348-017, Life Technologies) were mixed in a 1:1
(vol/vol) ratio, then

supplemented with 0.5 x N-2 (cat# 17502-048; Life

Technologies), 0.5 x B-27 (cat# 17504-044; Life Technologies), 2.5 μg/ml insulin
(cat# 19278; Sigma-Aldrich), 2 mM L-glutamine (cat# 25030-024; Life Technologies),
50 μM 2-mercaptoethanol (cat# 21985-023; Life Technologies), 0.5 x non-essential
amino acids (NEAA; cat# 11140-050; Life Technologies), 100 U/ml penicillin and
100 μg/ml streptomycin (cat# 15140-122; Life Technologies), 500 ng/ml noggin (cat#
3344-NG-050; R&D Systems, Minneapolis, MN), and 10 µM SB431542 (cat# 1614;
Tocris Bioscience, Ellisville, MO). From day 4 to day 16, the medium was daily
exchanged with fresh NIM.
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3. Neural rosette passaging
On day 16, the neuroepithelial sheet was treated for 5 minutes with dispase solution
(dispase dissolved at 1 mg/ml in 1x DPBS; cat# 17105; Life Technologies) at 37°C.
The supernatant was removed, and neural maintenance medium (NMM; the above
defined NIM omitting noggin and SB431542) was added to the well. Afterwards, the
cellular sheet was manually detached from the bottom of the well using a Blade 25
cell scraper (cat# 83.1830; SARSTEDT, Nuembrecht, Germany), and then broken
into smaller aggregates by gently pipetting up and down three times. Subsequently,
the aggregates were allowed to settle by gravity to the bottom of a cell culture tube.
The supernatant was carefully aspirated without disturbing the pellet, and fresh NMM
was added. This washing procedure was conducted three times. Then the
aggregates were re-plated in NMM, supplemented with 20 ng/ml FGF2 (cat# 4114TC; R&D Systems) into one well of a 6-well plate, which had previously been coated
first for 1 h with 0.01% (w/v) poly-L-ornithine (PLO; cat# P4957; Sigma-Aldrich) and
then for 2 h with 20 µg/ml laminin (cat# L2020, Sigma-Aldrich). The medium
containing FGF2 was daily exchanged until day 30. In between, on day 20 and 25,
the neural rosettes were detached from the bottom of the well, then treated and replated as described above for the neuroepithelial layer.

RT-PCR from non-purified cellular lysate
RT-PCR reagents
For hiPS cell-derived neural progenitor and neuron characterization, as well as for
TrkB signaling studies, the following Realtime ReadyTM Assays were used according
to the below described procedure, employing either custom-designed or catalogue
primer probe sets: NCAM1 (Assay ID: 111243), ENO2 (Assay ID: 111828), ENO1
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(Assay ID: 115582), SOX10 (Assay ID: 140255), NES (Assay ID: 140436), SOX2
(Assay ID: 136988), PAX6 (Assay ID: 136139), GAPDH (Assay ID: 141139), FOXG1
(Assay ID: 138481), SIX3 (Assay ID: 104439), EN1 (Assay ID: 111415), LMX1A
(Assay ID: 140210), GBX2 (Assay ID: 140730), HOXA4 (Assay ID: 140800), CHAT
(Assay ID: 143270), SLC18A3 (Assay ID:146988), SLC6A4 (Assay ID:112029),
TPH2 (Assay ID: 113296), ADRA2B (Assay ID: 146984), DBH (Assay ID: 114447),
SLC6A3 (Assay ID: 143278), TH (Assay ID: 144937), SLC32A1 (Assay ID: 129078),
GAD2 (Assay ID: 114396), SLC17A7 (Assay ID: 136646),

GRIA1 (Assay ID:

107344), GFAP (Assay ID: 113023), S100B (Assay ID: 101079), POU3F2 (Assay ID:
144935), CUX1 (Assay ID: 145413), TBR1 (Assay ID: 144940), BCL11B (Assay ID:
127362), SYP (Assay ID: 136197), SYN (Assay ID: 120199), DLG4 (Assay ID:
145168), VIM (Assay ID: 112941), TUBB3 (Assay ID: 140055), VGF (Assay ID:
146837), EGR1 (Assay ID: 100904), EGR3 (Assay ID: 138478) and SCG2 (Assay ID:
111858).

Stimulation of TrkB signaling
To investigate TrkB-modulated gene expression via RT-PCR, the GRINCH neurons
were stimulated with BDNF (cat# CYT-207, Biotrend Chemikalien GmbH, Cologne,
Germany; molecular weight of 26,984 Da for the homodimer). For this purpose, an
equal volume of stimulation buffer (1x DPBS, supplemented with 1% [w/v] bovine
serum albumin [BSA; cat# A3059-100g, Sigma-Aldrich] and 2% DMSO) containing
BDNF at the indicated concentrations was added to the cellular supernatant.
Stimulation was carried out for 6 hours at 37°C and 5% CO2, For gene expression
analysis of VGF, EGR1, EGR3 and SCG2, the cells were treated with 100 ng/ml (3.7
nM) BDNF or vehicle (i.e. stimulation buffer) alone. For the VGF dose-response
curves, the cells were treated with BDNF at the below indicated concentrations. For
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TrkB inhibition experiments, the cells were incubated with a 10 µM solution of the Trk
kinase domain inhibitor K252a for 30 minutes at 37°C and 5% CO2 prior to addition
of 100 ng/ml BDNF (3.7 nM). In the automated assay format, the supernatant of the
384-well microplates, containing the hiPS cell-derived neurons, was aspirated to a
final volume of 10 µl/well using a BioTek EL406 Washer Dispenser. Subsequently, 10
µl/well of test compounds, BDNF or vehicle controls diluted in stimulation buffer were
transferred into the microplate using a CyBi®-Well vario 384 Channel Simultaneous
Pipettor (Cybio, Jena, Germany).

Determination of crossing point values
Crossing point (CP) values were generated via “Abs Quant/2nd Derivative Max”
using the LightCyclerTM 480 Software, Version 1.5.1.62 (Roche). The generated CP
values were either directly plotted in a graph or analyzed as follows: first, delta (∆)
CP values were generated by normalizing the CP value of the transcript of interest to
the CP values of the internal housekeeping transcript GAPDH. Second, the ∆CP
values were either transformed using the mathematical formula 2(-∆CP) and directly
plotted in a graph, or the 2(-∆CP) values were further recalculated to a 2(-∆∆CP) value in
reference to the corresponding 2(-∆CP) value of a calibrator control, e.g. nondifferentiated NP cells.

Amplified Luminescent Proximity Homogeneous Assay (AlphaTM)
AlphaTM reagents
The AlphaLISATM reagents to detect TrkB and C-terminally phosphorylated TrkB
(pTrkB) in cellular lysates were custom-made at PerkinElmer (Hopkinton, MA) as
described below. For the measurement of TrkB protein concentration in cellular
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lysates, an anti-pan-Trk antibody (cat# 4609BF, Cell Signaling Technology, Danvers,
MA) was conjugated with biotin, and an anti-TrkB antibody (cat# MAB3971, R&D
Systems) was immobilized to AlphaLISATM acceptor beads (cat# 6772003,
PerkinElmer). For the detection of pTrkB, the above anti-TrkB antibody (cat#
MAB3971, R&D Systems) was conjugated with biotin and the anti-pTrkA/B (Tyr 706)
antibody (cat# 4621BF, Cell Signaling Technology) immobilized to AlphaLISATM
acceptor beads. The AlphaScreenTM SurefireTM GAPDH detection reagents (cat#
TGRGDS10K)

were

purchased

from

PerkinElmer

and

used

according

to

manufacturer’s instructions.

Stimulation of TrkB signaling
384-well plates, containing the GRINCH neurons, were aspirated to a final volume of
10 µl/well using a BioTek EL406 Washer Dispenser. 2x BDNF, 2x test compound, or
vehicle solutions were prepared in the same stimulation buffer as described above for
RT-PCR. Subsequently, 10 µl/well of the latter solutions were used to stimulate the
neurons for 15 minutes at 37°C and 5% CO2. The final concentration of BDNF was
set (i) to 100 ng/ml (3.7 nM) for the time-course of differentiation, (ii) to 10 ng/ml
BDNF (0.37nM) for the kinetics experiment, and (iii) to the indicated concentrations
for the dose-response curve. To measure the AlphaTM signal under conditions of Trk
inhibition, a final concentration of 10 µM K252a was administered for 30 minutes at
37°C and 5% CO2 prior to addition of 31.6 ng/ml BDNF (1.2 nM).

Normalization of data
For the time-course of differentiation, the signals were first normalized to the internal
housekeeping protein GAPDH, then further normalized to the vehicle-treated NP
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cells. For the kinetics of dephosphorylation and the dose response experiments, the
AlphaTM signals were directly plotted in the graphs.

Immunofluorescence staining
The cells were fixed with 4% (v/v) paraformaldehyde solution (cat# 252549-500ml,
Sigma-Aldrich) for 15 minutes at room temperature. Subsequently, the cells were
washed 3 times with 1x Tris Buffered Saline (TBS; cat# T5912-1L, Sigma-Aldrich)
and permeabilized with 0.3% (v/v) TritonTM X-100 (cat# T8787-100 ml, SigmaAldrich) in 1x TBS. Next, unspecific antibody binding was blocked by incubating the
cells with 10% (v/v) Fetal Bovine Serum (FBS, cat# 26140-079, Life Technologies) in
0.3% (v/v) TritonTM X-100 for 60 minutes at room temperature. The cells were then
incubated with primary antibodies against nestin (Nes; 1:300 dilution; cat# ab22035,
Abcam, Cambridge, GB), paired box protein (Pax6; 1:300 dilution; cat# PRB-278P,
BiolegendTM, San Diego, CA), neuron specific enolase (NSE; 1:400 dilution; cat#
NB110-58870, Novus Biologicals, Littleton, CO), Ki-67 (1:400 dilution; cat# 550609,
BD Pharmingen™, Franklin Lakes, NJ), beta-3-tubulin (Tuj-1; 1:1000 dilution; cat#
ab14545, Abcam), microtubule-associated protein 2 (MAP2; 1:500 dilution; cat#
ab5392, Abcam), synaptophysin (Syp; 1:500 dilution; cat# ab68851, Abcam),
postsynaptic density protein 95 (PSD95; 1:100 dilution; cat# ab2723, Abcam),
vesicular glutamate transporter 1 (vGlut1; 1:300 dilution; cat# 135503, Synaptic
Systems, Goettingen, Germany) or tyrosine receptor kinase B (TrkB; stock 1mg/ml,
1:500 dilution; patent application US2010/0150914, Novartis, Basel, Switzerland),
diluted in 1x TBS supplemented with 0.3% (v/v) TritonTM X-100 and 10% (v/v) FBS
overnight at 4°C. The next day, the cells were washed 3 times with 1x TBS, and were
incubated with species-specific secondary Alexa FluorTM antibodies (Thermo Fisher
Scientific) diluted in 1x TBS supplemented with 0.3% (v/v) TritonTM X-100 and 10%
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(v/v) FBS at room temperature for 2 hours in the dark. Finally, the cells were washed
once with 1x TBS, incubated for 5 minutes with 300 µM 4′,6-Diamidin-2-phenylindol
(DAPI; cat# D1306, Thermo Fisher Scientific) in 1x TBS, then washed once again
with 1x TBS. Imaging was performed with an Opera HCA reader (PerkinElmer) using
a 405 nm, 488 nm, and a 561 nm laser, respectively.

Whole-cell patch-clamp recordings
The cells were perfused at 1–2 ml/minute with artificial cerebrospinal fluid (ACSF)
solution, which contained 140 mM NaCl2, 5.3 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2,
27.8 mM D-glucose, and 10 mM Hepes/NaOH (pH 7.4, 320 mOsmol/kg). Whole cell
current clamp and voltage-clamp recordings were performed at room temperature
with a Heka EPC 9 Patch Clamp Amplifier (Heka, Lambrecht, Germany) and the Tida
software (Version 5.2.5, Heka). For whole cell recordings, the patch pipette (tip
resistance ~5 mΩ) contained 145 mM potassium gluconate, 1 mM EGTA, 2 mM
MgCl2, 4 mM Mg ATP, and 0.4 mM Na GTP, 10 mM HEPES/Tris (pH 7.2, 290–300
mOsmol/kg). Whole cell recordings were sampled with a rate of 20 kHz (10 kHz for
recordings of synaptic activity) and low-pass filtered at 2.9 kHz.
Sodium and potassium membrane currents were recorded in voltage clamp mode by
performing a series of 10 depolarizing steps, followed by 10 hyperpolarizing steps
from a holding potential of -70 mV to +20 mV, and -70 mV to -160 mV, respectively.
Action potentials were recorded in current clamp mode with a holding current that
leads to a membrane potential of -70 mV, by performing a series of stepwise
increasing depolarizing current injections. Spontaneous postsynaptic currents were
recorded at a holding potential of -70 mV, and postsynaptic activity was increased by
additional perfusion with 10 mM KCl.
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Next generation sequencing (NGS)
The cells were washed 3 times with 1x DPBS, and 600,000 cells per 6-well were
lysed in 250 µl 1x RLT lysis buffer (cat# 79216, Qiagen, Hilden, Germany),
supplemented with 1% (v/v) mercaptoethanol. Total RNA was individually extracted
using the Ambion MagmaxTM-96 total RNA isolation kit (cat# AM1830; Thermo Fisher
Scientific)

according

to

the

manufacturer’s

instructions.

RNA

quality

and

concentration was measured using an RNA Pico chip on an Agilent Bioanalyzer
(Agilent Technologies, Santa Clara, CA).
The sequencing library preparation was done using 200 ng of total RNA input with
the TruSeq RNA Sample Prep Kit v2-Set B (cat# RS-122-2002; Illumina Inc., San
Diego, CA) producing 275 bp fragments including adapters in average size. In the
final step before sequencing, 8 individual libraries were normalized and combined
using the adapter indices supplied by the manufacturer. The combined libraries were
then clustered on the cBot Instrument (Illumina Inc.) using the TruSeq SR Cluster Kit
v3 - cBot – HS (cat# GD-401-3001; Illumina Inc.). Sequencing was performed as 50
basepair single

reads and 7 bases index reads using a HiSeq2000 instrument

(Illumina Inc.) with the TruSeq SBS Kit HS- v3

(50-cycle) (cat# FC-401-3002;

Illumina Inc.). Raw data from the HiSeq2000 device (FASTQ format) were aligned to
the human reference genome (Ensembl version 70) using the STAR program (Dobin et
al., 2013) on default settings. Mapped reads have been normalized to gene expression
using the program Cufflinks (Trapnell et al., 2010). Data quality of the sequenced RNA
was assessed by RNA -SeQC (DeLuca et al., 2012 ). From each of 27 human tissues
and the GRINCH neurons , a sample set a subset of 1000 representative expressed
genes was selected in two steps: 1) by filtering for
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transcripts with a high abundance (10% expression percentile) and 2) by selecting
those genes with a relative specific expression compared to the 27 other samples
(i.e. the 1000 genes with highest fold change vs. the mean expression in all 27 other
samples). These gene sets are referred to as the 1000 “highest specifically
expressed genes” for all 28 samples.

Data analysis
EC50 determination, standard error of mean, and Z’ statistics
Using the GraphPad Prism Software version 6.01 (GraphPad Software, La Jolla, CA)
or a proprietary high-throughput screening (HTS) application, dose–response curves
were fitted to the following equation:
Y=Bottom

+

(Top-Bottom)/(1+10^((LogEC50-X)*HillSlope)),

where

X

is

the

concentration of BDNF, “Top” and “Bottom” are mean reference values for stimulated
and vehicle-treated samples. Using the same software, the standard error of mean
(SEM) was calculated. The Z’ value was calculated as described previously (Zhang
et al., 1999).

Kinetics of TrkB dephosphorylation
The kinetics of TrkB dephosphorylation were fitted to the one phase decay equation
from GraphPad Prism Software version 6.01: Y=(Y0 - Plateau)*exp(-K*X) + Plateau,
where X is the decay time, Y is the AlphaTM signal, Y0 is the AlphaTM signal at time-
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point zero, Plateau is the Y value at infinite times, and K is the rate constant,
expressed in reciprocal of the X axis time units. Half-life was computed as ln(2)/K.

Biostatistics for BDNF induced gene up-regulation
To calculate the statistical significance of BDNF induced gene up-regulation, the
unpaired t-Test following Mann Whitney was performed using GraphPad Prism
Software version 6.01
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A
Human Tissue
Counts
1. Cerebral Cortex (3)
270
2. Lung Normal (8)
30
3. Lymph Node Normal (13)
79
4. Bone Marrow Normal (8)
93
5. Spleen Normal (5)
15
6. Kidney Normal (4)
28
7. Urinary Bladder Normal (4)
27
8. Heart Normal (9)
31
9. Skin Normal (6)
41
10. Pancreas Normal (4)
28
11. Adipose Tissue Normal (5)
26
12. Liver Normal (5)
19
13. Gall Bladder Normal (7)
42
14. Adrenal Gland Normal (6)
76
15. Thyroid Gland Normal (9)
40
16. Salivary Gland Normal (6)
19
17. Esophagus Normal (6)
20
18. Stomach Normal (4)
22
19. Duodenum Normal (4)
17
20. Small Intestine Normal (8)
14
21. Colon Normal (6)
22
22. Appendix Normal (6)
29
23. Endometrium Normal (7)
81
24. Ovary Normal (4)
61
25. Placenta Normal (7)
61
26. Prostate Normal (7)
54
27. Testis Normal (8)
54

B

Nervous System

Supplement Figure 1. Comparative characterization of the transcriptome. The
GRINCH neurons were analyzed by NGS (n=4 replicates). (A) The “Counts” value
indicates the overlap between the 1000 highest specifically expressed genes from
each of 27 human tissues and the 1000 highest specifically expressed genes of the
GRINCH neurons. (B) The two above selected sets of the 1000 highest specifically
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expressed genes each for the GRINCH neurons (filled bars) and for the human
cerebral cortex tissue (unfilled bars) were compared to all adult tissue specific gene
sets from the NextBio body atlas. The proprietary body atlas score (BAS) from
NextBio, which quantifies the overlap between two gene sets, was normalized to the
BAS value for the amygdala region (set to 100%), which displayed the highest
overlap in regard of both the GRINCH neurons and the human cerebral cortex tissue.
The tissues above the horizontal separating line belong to the nervous system. Error
bars represent SEM values of combined scores from tissues that do not belong to the
nervous system.
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Supplement Figure 2. Selectivity AlphaTM assays for total or phosphorylated TrkB.
(A) Pan phospho-Trk detection: Stably transfected CHO-TrkA (cat# K1516, Life
Technologies) and CHO-TrkC (cat# K1515, Life Technologies) cell lines were treated
for 10 minutes with the indicated concentrations of NGF (cat# SRP3015, SigmaAldrich), BDNF (cat# cyt-207, Biotrend) or NT3 (cat# SRP3128, Sigma-Aldrich). An
alternative antibody (Tyr 706; cat# 4621BF, Cell Signaling Technology) to the one
employed for selective detection of TrkB phosphorylation was used in this pan pTrk
AlphaTM assay. NGF was found to induce phosphorylation of TrkA, and NT3 was
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found to stimulate phosphorylation of TrkC. (B) Phospho TrkB detection: The same
stably transfected CHO-TrkA and CHO-TrkC cell lines as well as the stably
transfected CHO-TrkB (cat# K1435, Life Technologies) cell line were treated for 10
minutes with the indicated concentrations of NGF, BDNF, or NT3. In this selective
pTrkB AlphaTM assay the phosphorylated forms of TrkA and TrkC were not
detectable. (C) Total TrkB detection: The same lysates were analyzed for total TrkB
expression using the TrkB-isoform-selective antibody (cat# MAB3971, R&D Systems)
but in combination with a non-isoform selective and not phosphorylation-dependent
Trk antibody (cat# 4609BF, Cell Signaling Technology). In this selective “total” TrkB
AlphaTM assay, TrkB was detectable in the CHO-TrkB cells. Neither TrkA nor TrkC
were detectable in CHO-TrkA and CHO-TrkC cells, respectively. The background
signals of the assay using assay buffer instead of cellular lysates are indicated on the
right of each graph. Error bars represent SEM.

Supplement Figure 3. pTrkB AlphaTM kinetics in GRINCH neurons. The decline of
the pTrkB AlphaTM signal after maximal BDNF/vehicle stimulation was monitored for
the indicated time periods. The dotted line indicates the 15 min stimulation period that
was employed for the HTS assay. n=7 replicates. Error bars represent SEM.
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Supplement Figure 4. Secondary profiling of TrkB modulators in GRINCH neurons
using RT-PCR. (A) Four potential transcriptional reporter genes (VGF, EGR1, EGR3,
and SCG2) for TrkB activation were measured in the LightCyclerTM-based RT-PCR
format. n=4 replicates. (B) The RT-PCR signal for the VGF transcript was measured
at the indicated concentrations of BDNF. The triangle (extended by the dotted line)
indicates the RT-PCR signal after pretreatment of the cells with the Trk inhibitor
K252a. n=4 replicates. Error bars represent SEM.
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SUPPLEMENTAL METHODS
Next generation sequencing (NGS)
Stimulation of TrkB signaling for the NGS format
The supernatant of the 6-well microplates containing the 600,000 GRINCH
neurons/well was aspirated. The GRINCH neurons were stimulated for 6 hours at
37°C and 5% CO2 with EC95 concentrations of BDNF (3 nM; 79 ng/mL), AB2 (3 nM;
448 ng/mL), and AB20 (6 nM; 896 ng/mL), or with IgG control (6 nM; 896 ng/mL),
diluted in neural differentiation medium (NDM;(Traub et al., 2017a)). The cells were
washed once with 1x DPBS, and 600,000 cells per 6-well were lysed in 250 µL 1x
RLT lysis buffer (cat# 79216, Qiagen, Hilden, Germany), supplemented with 1% (v/v)
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mercaptoethanol. Total RNA was individually extracted using the Ambion Magmax TM96 total RNA isolation kit (cat# AM1830; Thermo Fisher Scientific Inc., Waltham, MA)
according to the manufacturer’s instructions. RNA quality and concentration was
measured using an RNA Pico chip on an Agilent Bioanalyzer (Agilent Technologies,
Santa Clara, CA). The sequencing library preparation was done using 200 ng of total
RNA input with the TruSeq RNA Sample Prep Kit v2-Set B (cat# RS-122-2002;
Illumina Inc., San Diego, CA) producing 275 bp fragments including adapters in
average size. In the final step before sequencing, 8 individual libraries were
normalized and combined using the adapter indices supplied by the manufacturer.
The combined libraries were then clustered on the cBot Instrument (Illumina Inc.)
using the TruSeq SR Cluster Kit v3 - cBot – HS (cat# GD-401-3001; Illumina Inc.).
Sequencing was performed as 50 basepair single reads and 7 bases index reads
using a HiSeq2000 instrument (Illumina Inc.) with the TruSeq SBS Kit HS- v3 (50cycle) (cat# FC-401-3002; Illumina Inc.). FASTQ format were aligned to the
corresponding reference genomes (Ensembl version 70) using the STAR program on
default settings(Dobin et al., 2013). Mapped reads have been normalized to reads
per kilobase per million (RPKM) mapped reads using the program Cufflinks (Trapnell
et al., 2010). Data quality of the sequenced RNA was assessed by RNA-SeQC
(DeLuca et al., 2012).
Differential expression was calculated based on voom transformed counts using the
Bioconductor package limma (url: http:// bioinf.wehi.edu.au/limma). P-values
corresponded to the false discovery rate (FDR) values, adjusted by applying
Benjamini-Hochberg correction. Differential gene expression has been calculated
according to:
DGE score = |log2(x_mean_treated) –log2(x_mean_untreated)| * -log10(FDR),
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whereby x_mean_treated and x_mean_untreated correspond to the mean group
RPKM of treated and untreated samples, respectively.
In this study, 42 genes were selected based (i) on absolute expression (minimum
group median of five Reads Per Kilobase Million mapped reads (RPKM) ≥ 5) and (ii)
at least twofold up- or downregulation by at least one of the three agonists and (iii) a
False Discovery Rate (FDR) ≤ 0.01.

Crystallisation and data collection
Initial crystal hits were found with the Low Ionic Strength Screen (LISS, Hampton
Research) under a condition containing 6 %w/v Polyethylene glycol 3,350 and 0.025
M TRIS at pH8.5. Crystals grew within 5 days at a protein concentration of 11 mg/mL.
Crystals were cryo-protected with reservoir buffer supplemented with glycerol to a
final concentration of 30% and flash cooled in liquid nitrogen. The crystallographic
experiments were performed on the X06SA beam line at the Swiss Light Source,
Paul Scherrer Institute, Villigen, Switzerland. Data were processed with MOSFLM
(Leslie and Powell, 2007), XDS (Kabsch, 2010), SCALA and POINTLESS (Evans,
2006) within autoPROC (Vonrhein et al., 2011).

Structure solution and refinement
The structure was determined by molecular replacement with PHASER (McCoy et
al., 2007) using pdb entry 1hcf as start model for trkB. The models for the Fab were
prepared as follows: A proprietary Fab structure was separated at the elbow region to
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yield two structures containing the variable and the constant part, respectively.
These coordinates and sequence files of the AB20 Fab were used as input files for
Sculptor within the PHENIX suite (Adams et al., 2010) to produce the search models
for molecular replacement. The molecular replacement solution was refined with
autoBUSTER (Bricogne et al., 2011). Model building was done with COOT (Emsley
et al., 2010). The quality of the final model was assessed with MOLPROBITY (Chen
et al., 2010).

Data analysis
Crossing point determination
Crossing point (CP) values were generated via “Abs Quant/2nd Derivative Max”
using the LightCyclerTM 480 Software, Version 1.5.1.62 (Roche). The delta (Δ) CP
values were calculated as the difference between CP values for VGF gene
expression and the respective CP values of the same cellular lysate for the internal
housekeeping gene transcript of GAPDH. Subsequently, the derived 2(-ΔCP) values of
the agonist-stimulated samples were recalculated to 2(-ΔΔCP) values in reference to
the corresponding 2(-ΔCP) values of the non-stimulated control samples. The 2(-ΔΔCP)
values are referred to as VGF relative mRNA expression. Using cellular lysates that
had not been reverse transcriptase-treated, control PCR assays for VGF were carried
out. These “minus RT” controls produced CP values that were independent of agonist
or vehicle stimulation (data not shown). Accordingly, the above calculated 2(-ΔΔCP)
values were not affected.
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Determination of EC50, efficacy and standard error of mean
Using the GraphPad Prism Software version 6.01 (GraphPad Software, La Jolla, CA)
or a proprietary high-throughput screening (HTS) application, dose–response curves
were fitted to the following equation: Y=Bottom + (Top-Bottom)/(1+10^((LogEC50X)*HillSlope)), where X is the concentration of BDNF, “Top” and “Bottom” are mean
reference values for stimulated and vehicle-treated samples. The 95% confidence
intervals (C.I.) of the EC50 values are indicated in Table 1. The efficacy of the
agonistic antibodies was normalized to BDNF, defining BDNF to be a full agonist with
an efficacy of 100 %. Using the same software, the standard errors of mean (SEM)
were calculated and are indicated as error bars.
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Supplement Figure 1

Supplemental Fig. 1. Trk phosphorylation stimulated by BDNF, AB2, and AB20 in
CHO-TrkA/B/C cells. (A) CHO-TrkA, CHO-TrkB, or CHO-TrkC cells were stimulated
for 15 min at 37°C with 100 ng/mL BDNF (3.7 nM), 1 µg/mL AB2 (6.6 µM), or
1 µg/mL AB20 (6.6 µM), as indicated. Total cell lysates were analyzed for receptor
phosphorylation using a pan phospho-Tyrosine (pTyr) specific antibody (clone 4G10;
cat# 05-321; Sigma-Aldrich). A representative Western Blot experiment is shown. (B)
The relative expression level of Trk receptor phosphorylation was calculated in
quantified Western Bot signals normalized to untreated control lysates and loading
control ACTB (-actin; cat# 3700; Cell Signaling Technology). N= 3 replicates, error
bars represent SEM. (C) CHO-TrkB cells were stimulated for 15 min at 37°C with the
indicated concentration of BDNF indicated. Total cell lysates were analyzed for TrkB
receptor phosphorylation using a pTrkB (Tyr 817) specific antibody (cat# 2149-1;
Epitomics, Burlingame, CA). As protein loading control an ACTB specific antibody
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(clone AC-74; cat# A2228; Sigma-Aldrich) was used. A representative Western Blot
experiment is shown.
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Supplement Figure 2

Supplemental Fig. 2. Relative efficacy values for BDNF, AB2 and AB20 in the
indicated TrkB signaling assays and using the indicated model cells. Relative efficacy
values and the respective SEM values are given in % (Table 1), normalized to BDNF
as a full agonist with 100 %. Assays in the CHOTrkB cells and in the GRINCH neurons
were carried out using N=8 and N=4 replicates, respectively. Univariate Analysis of
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variance (ANOVA) was performed using GraphPad Prism Software version 7.00.
P-values are indicated by the number of asterisks, with *, **, ***, **** corresponding to
P ≤ 0.05, P ≤ 0.01, P ≤ 0.001, P ≤ 0.0001, respectively. “ns” indicates no significance.
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Supplemental Fig. 3. Inhibition of TrkB-modulated signaling pathways in GRINCH
neurons. The inhibitory effects of K252a, PD98059, LY29400, and U73122 on
agonist-modulated phosphorylation of (A) pTrkB, (B) pERK, (C) pAKT, and (D)
pCREB are monitored. The normalized effects are calculated with respect to (i) the
uninhibited effect of the respective agonist, defined as 100% effect, and (ii) the
uninhibited vehicle-stimulated controls, defined as 0% effect. White, light grey, and
dark grey columns represent the measurements using stimulation by BDNF, AB2,
and AB20, respectively. N = 4 replicates, error bars represent SEM.

94

A
50
AB2

BDNF

AB20

( fo ld c h a n g e )

A rc m R N A

40

30

20

10

0
1

2

0

0

6

9

5

0
3

4

0

1

0

0

2

9

1

5

0
6

0

4

3

0

0
1

0

2

9

1

5

0

0
6

4

3

1

0

0

s tim u la t io n tim e (m in )

B
AB2

AB20

BDNF

8

ARC/ ACTB

p r o t e in r a t io

10

6
4
2

0
8

9

0
1

5

0
6

4

5

0
3

1

0
1

8

0

5

0
9

6

4

5

0
3

1

0

0

8
1

9

0
6

5
4

0
3

1

5

0

s tim u la t io n tim e (m in )

Supplemental Fig. 4. TrkB-modulated expression of the early synaptic plasticity
marker Arc/ARC in rat primary neurons. Rat primary neurons were isolated from rat
embryos (E8) plated in 96 well plates and differentiated for 21 days into full
differentiated mature neurons (DIV21) as described elsewhere (Rosenbrock et al.,
2010). The neurons were stimulated for the indicated time period using agonist with
the final concentrations of 50 ng/mL BDNF (1.85 nM), 1 µg/mL AB2 (6.6 µM),
1 µg/mL AB20 (6.6 µM). (A) RT-PCR analysis for the agonist-modulated effect on
Arc/Arg3.1 mRNA expression is shown as fold change levels upon 2^(-∆∆Ct) values,
normalized to vehicle-treated control and housekeeping gene 18s. N= 3 replicates,
error bars represent SEM. (B) ARC/ARG3.1 protein upregulation is shown as relative
expression levels in quantified Western Bot signals normalized to vehicle-treated
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control and protein loading control ACTB (ß-Actin). A representative analysis of N = 3
Western Blot experiments is shown.
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Supplement Figure 5
Supplemental Fig. 5. Long term TrkB-modulated expression of the synaptic
plasticity marker VGF in GRINCH neurons. GRINCH neurons were stimulated for 7 d
using agonist with the final concentrations of 1 µg/mL BDNF (37 nM), 1 µg/mL AB2
(6.6 µM), 1 µg/mL AB20 (6.6 µM). RT-PCR analysis for the agonist-modulated effect
on VGF mRNA expression is shown as fold change levels upon 2^(-∆∆Ct) values,
normalized to vehicle-treated control and housekeeping gene GAPDH. N= 3
replicates, error bars represent SEM. Univariate Analysis of variance (ANOVA) was
performed using GraphPad Prism Software version 7.00. P-values are indicated by
the number of asterisks, with *, **, ***, **** corresponding to P ≤ 0.05, P ≤ 0.01, P ≤
0.001, P ≤ 0.0001, respectively. The differences of BDNF vs. AB2, BDNF vs. AB20,
or AB2 vs. AB20 were non-significant.
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