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Zusammenfassung

Christina Lorbeer

Untersuchung von zellulären Eigenschaften in sich entwickelnden

neuralen Systemen mit Licht

In dieser Arbeit wurden drei verschiedene optische Verfahren auf ihre Eignung für unter-
schiedliche Probleme in Entwicklungsstudien, wie z. B. unterschiedliche Probengrößen, die
schnelle Beurteilung pharmakologischer Daten und die Manipulation ausgewählter Zellen,
getestet. Die drei Teile dieser Arbeit beschäftigen sich mit diesen Problemen.

Die Probendicke bestimmt die optische Technik, die für die Analyse des Präparates geeignet
ist. Proben bis zu 100mm können durch konfokale Mikroskopie (Reihani and Oddershede, 2009)
abgebildet werden. Für Präparate von Submillimeterbereichen bis zu mehreren Millimetern ist
die Selective Plane Illumination Microscopy (SPIM) verfügbar. Vor kurzem wurde eine Technik
entwickelt, die für das Scannen größerer Proben geeignet ist, die Scanning Laser Optical
Tomography (SLOT). In dieser Arbeit wurde untersucht, ob sich SLOT für die Beurteilung von
3D-Daten von kleinen und mittelgroßen Proben eignet. Zusätzlich wurde evaluiert, ob SLOT
für Manipulationsexperimente an sich entwickelnden neuralen Systemen verwendet werden
kann.

Das Bauchmark und Gehirne von Drosophila melanogaster L3-Larven wurden als kleine Probe
verwendet. Mittelgroße Proben waren die Gehirne und optischen Loben von Locusta migratoria
L1 und L3 Larven. Die Manipulation der zellulären Neurotransmitterspiegel erfolgte über die
Injektion des Medikaments Reserpin in Heuschreckenlarven des dritten Larvenstadiums. Reserpin
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verhindert die Wiederaufnahme aminerger Neurotransmitter wie zum Beispiel des Serotonins
in die synaptischen Vesikel. In allen Proben wurden Serotonin mittels Immunfluoreszenz
visualisiert. Es wurde demonstriert, dass SLOT eine geeignete Methode ist, um 3d-Datensätze
von Fluoreszenz- und Durchlichtsignalen der zu analysierenden Proben zu erhalten. Einzelne
Zellkörper sowie die Neuriten der serotonergen Neuronen wurden deutlich dargestellt. Es
konnte deutlich gezeigt werden, dass die Behandlung mit Reserpin dazu geführt hat, dass die
Serotonin-Level in einigen, aber nicht allen serotonergen Neuronen, gesenkt wurde.

Im zweiten Teil wurde ein Modell für die neuronale Differenzierung gewählt, um die cy-
tosolische Calciumdynamik im Verlauf neuronaler Differenzierung zu analysieren: die humane
embryonale Stammzelllinie NT2 (Klon D1). Diese Experimente wurden mit der Entwicklung
einer schnellen Screening-Technik auf der Basis von Calcium-Imaging kombiniert. Mittels eines
calcium-sensitiven Fluoreszenzfarbstoffs wurde die Reaktion von humanen NT2-Vorläuferzellen
und Neuronen auf die Zugabe von Acetylcholin analysiert. Die nikotinischen Rezeptoren wurden
durch d-Tubocurarin blockiert und die muskarinischen Rezeptoren durch Atropin. Auf diese
Weise konnte gezeigt werden, dass der cytosolische Calciumanstieg nach cholinerger Stimulation
in NT2-Vorläuferzellen allein durch muskarinische Acetylcholin-Rezeptoren induziert wurde.
Mittels Calcium-Imaging wurde eine Veränderung des cholinergen Rezeptortyps aufgrund der
Retinsäure-induzierten Differenzierung nachgewiesen: Die NT2 Neuronen haben entweder
muskarinische oder nikotinische Rezeptoren.

Weiterhin wurde gezeigt, dass eine andauernde cholinerge Stimulation von NT2-Zellen
während der neuronalen Entwicklung der Anteil an GABAergen Neuronen erhöht, während der
Prozentsatz des cholinergen Phänotyps nicht verändert wird.

Neben der Erfassung von zellulären Eigenschaften gibt es optische Techniken, die für
die Manipulation von Proben angewendet werden können. Die optische Stimulation von
Neuronen ist eine neuartige optische Technik, die im Fokus der aktuellen Forschung steht.
In Zellen, die keine photosensitiven Pigmente exprimieren, kann die optische Anregung über
Infrarotstimulation erfolgen. Diese optische Stimulation kann dadurch verbessert werden, dass
die Zellen mit Nanopartikeln beladen werden. Elektrisch leitende Nanopartikel konzentrieren die
viii



Energie des Laserlichts durch einen physikalischen Prozess, der Plasmonresonanz genannt wird.
Im dritten Teil dieser Arbeit wurden die NT2 Vorläuferzellen und Neurone mit Laserlicht

mit und ohne Nanopartikel angeregt. Die Fluoreszenz des Calcium-Sensor Fluo-4 AM wurde
verwendet, um die Effekte dieser optischen Stimulation zu analysieren. Die Ergebnisse zeigen,
dass die cytosolischen Calcium-Level in NT2 Zellen anstiegen, wenn die Zellen mit 532nm
Laserpulsen angeregt werden. Wurden die Zellen mit 200nm Goldnanopartikeln behandelt,
erfolgte in mehr Zellen eine Erhöhung der cytosolischen Calciumspiegel und der Anstieg des
Calciumsignales war stärker. Darüber hinaus unterschied sich die Calciumantwort in NT2-
Neuronen von den Calciumsignalen in NT2-Vorläuferzellen.
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Abstract

Christina Lorbeer

Optical imaging techniques for the study of cellular properties in

developing neural systems

In this thesis three different optical techniques were tested for their suitability to analyze
problems in developmental studies, such as different sample sizes, the fast assessment of
pharmacological data and the manipulation of selected cells. The three parts of this thesis deal
with these problems.

The sample thickness restricts the optical technique that is appropriate for the sample analysis.
Specimen up to 100 µm can be measured by confocal microscopy (Reihani and Oddershede,
2009). For specimen of submillimeter range to several millimeters size, the Selective Plane
Illumination Microscopy (SPIM) is available. Recently, a technique was developed that is suitable
for scanning larger samples, the scanning laser optical tomography (SLOT). In this thesis, the
suitability of SLOT for the assessment of 3-D data of small and midsized specimen was tested.
Additionally, it was evaluated whether SLOT can be used for manipulation experiments on
developmental neural systems.

The ventral nerve cords and brains of Drosophila melanogaster L3 larvae were used as small
specimen. Mid-sized specimen were the Locusta migratoria L1 and L3 larva brains and optical
lobes. The manipulation of cellular neurotransmitter levels was implemented via the injection
of the serotonin depleting drug reserpine into L3 locust larvae. In all specimen, serotonin was
visualized via immunofluorescence. It was shown that SLOT is suitable for the assessment of
3-D fluorescence and transmitted light data of the analyzed samples. Single cell bodies as well
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as the neurites of the serotonergic neurons were depicted clearly. Furthermore, the reserpine
induced serotonin-depletion of a subset of neurons in the locust brains could be clearly shown.

A model for neuronal development was chosen to analyze cytosolic calcium dynamics during
neuronal development: the human embryonal carcinoma cell line NT2 (clone D1). These
experiments were combined with the development of a fast screening technique based on calcium
imaging. The calcium-sensitive fluorescent dye Fluo-4 AM was used to analyze the calcium
responses of the human NT2 precursor cells and neurons after stimulation with acetylcholine.
The nicotinic receptors were blocked by d-tubocurarine and muscarinic receptors were inhibited
by atropine. That way it was shown that the cytosolic calcium increase after cholinergic
stimulation in NT2 precursor cells was induced solely by muscarinic acetylcholine receptors.
By means of calcium imaging, a change of the cholinergic receptor type due to the retinoic
acid induced differentiation was shown: The NT2 neurons either have muscarinic or nicotinic
receptors.

Further, it was shown that a prolonged cholinergic stimulation of NT2 cells during the
neuronal development increases the share of GABAergic neurons, whereas the percentage of
the cholinergic phenotype is not altered.

Aside from the detection of properties, there are optical techniques that can be applied to
manipulate specimen. A novel application is the optical stimulation of neurons that is in the
focus of current research. In cells that do not express photosensitive pigments this can be done
via infrared stimulation. The optical stimulation can be enhanced by nanoparticle treatment.
The energy of the laser light is focused by electrically conducting nanoparticles via a physical
process called plasmon resonance.

In the third part of this work the precursor cells and neurons derived from the human embryonic
stem cell line NT2 clone D1 were excited with laser light with and without nanoparticles. The
fluorescence of the calcium-sensor Fluo-4 AM was used to analyze the effects of this optical
stimulation. The results show calcium responses after stimulation by 532 nm laser pulses.
When the cells were treated with 200 nm gold nanoparticles more cells elevated their cytosolic
calcium levels and the calcium increase was stronger. In addition, the calcium response in NT2
xii



neurons differed from the calcium signals in NT2 precursor cells.
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2 CHAPTER 1: GENERAL INTRODUCTION

List of Abbreviations

This list includes the abbreviations concerning the general introduction and the general discus-
sion.

5-HT 5-hydroxytryptamine, serotonin

5-HTP 5-hydroxytryptophan

AM acetoxymethyl

acetyl-CoA acetyl coenzyme A

ACh acetylcholine

cAMP cyclic adenosine monophosphate

ChAT choline acetyltransferase

CICR calcium-induced calcium increase

CNS central nervous system

DNA deoxyribonucleic acid

ER endoplasmic reticulum

FRET Förster resonance energy transfer

GABA gamma-aminobutyric acid

INS infrared neural stimulation

IP3 inositol-3-phosphat

IP3R inositol 1,4,5-trisphosphate receptor

LZH Laserzentrum Hannover e.V.
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mAChR muscarinic acetylcholine receptor

MEA multielectrode array

NA numerical aperture

nAChR nicotinic acetylcholine receptor

OPT optical projection tomography

PKA protein kinase A

PKC protein kinase C

PLC phospholipase C

PMT photomultiplier tube

PNS peripheral nervous system

RA retinoic acid

RAR retinoic acid receptor

RXR retinoic x receptor

RYR ryanodine receptor

SERCA sarco/endoplasmic reticulum calcium-ATPase

SERT serotonin transporter

SLOT scanning laser optical tomography

SPIM selective plane illumination microscopy

STED stimulated emission depletion

VGCC voltage-gated calcium channel

VMAT vesicular monoamine transporter
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Introduction

An important field of application for optical methods in biology are developmental studies.
Developmental studies can be performed on different types of specimen: fixed specimen can be
stained and provide information about the distribution of proteins or the gene expression at a
particular stage. In living cells, protein dynamics can be observed, as well as receptor activities
and ion dynamics. In differentiating cells, the impact of external cues on the differentiation and
cellular functions can be analyzed. Thus optical methods also provide the tool for watching
cell biological issues and to stimulate and manipulate the cells.

Studies on developing neurosystems often comprise the pharmacological manipulation of
neurotransmitter systems. Reserpine induces the depletion of biogenic amines, such as serotonin.
The larva of Drosophila melanogaster and Locusta migratoria have a clear amount of serotonergic
neurons (Tyrer et al., 1984; Vallés and White, 1988). Thus the reserpine-induced depletion of
serotonergic neurons can be analyzed in a straightforward way. The sample thickness and the
size of the analyzed structure restrict the optical tool that can be utilized. Samples of up to
50 - 100 µm thickness can be analyzed with an epifluorescence or a confocal microscope. For
larger specimen, tomographic techniques such as the selective plane illumination microscopy
(SPIM, Huisken et al., 2004) and the optical projection tomography (OPT, Sharpe et al., 2002;
Sharpe, 2003) can be employed. I tested the suitability of a novel 3-D scanning technique
named scanning laser optical tomography (SLOT, Lorbeer et al., 2011) in detecting changes in
neuronal transmitter levels after chemical manipulation experiments.

Using SLOT, at present only fixed specimen can be analyzed. However, the development of
neural systems includes highly dynamic processes. Thus is also necessary to employ optical
techniques to observe and analyze intracellular dynamics in living cells of a developing neural
system. Therefore, another developmental model was chosen: the human embryonal carcinoma
cell line NT2 (clone D1).

NT2 cells can be differentiated into neurons (Andrews, 1984). They are a model for studies
on neuronal development. NT2 cells and neurons express cholinergic receptors and they respond
to cholinergic stimulation with an increase of the cytosolic calcium level (Squires et al., 1996;
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Newman et al., 2002). This makes them a good test object for an assay that employs the
calcium response. In this thesis, the different abundance of functional muscarinic and nicotinic
cholinergic receptors was quantified in NT2 precursor cells and neurons in a fast screening
assay that employs calcium imaging.

Calcium is involved in a plethora of cellular functions. It is known that calcium is also
involved in the neurotransmitter choice (Walicke and Patterson, 1981; Gu and Spitzer, 1997;
Watt et al., 2000; Spitzer et al., 2004). This raised the question of a possible influence of
the cholinergic stimulus-induced calcium increase on the neurotransmitter plasticity of NT2
neurons. The second part of this thesis deals with this key question.

In the first and second part of this thesis, methods for the optical detection were applied
to analyze developmental problems. Additionally to the optical detection methods, there are
novel optical techniques that present a tool to manipulate the specimen. Caged molecules can
be intracellularly released by photoactivation (Kaplan et al., 1978). This allows to manipulate
selected cells in a fixed period. Single cells and even single molecules can be trapped and
moved by the optical tweezer (Ashkin, 1970; Ashkin et al., 1986, reviewed by Zhang et al.,
2013). A relatively young field of application for optical tools is the neuronal stimulation
by light. Photoreceptor cells endogenously express light sensors. In the last two decades,
optogenetics emerged (Zemelman et al., 2002, 2003; Lima and Miesenboeck, 2005), a tool
for the manipulation of non-photoreceptor cells in order to express photoreceptor constructs.
Another approach for the optical stimulation of neurons is the infrared neural stimulation that
uses light of 1840 - 2100 nm wavelength (Izzo et al., 2006; Matic et al., 2013) to stimulate
neurons. The basic effect is that the water is heated and due to the temperature increase,
the neurons are stimulated (Shapiro et al., 2012). The optical stimulation of neurons can be
enhanced by plasmon resonance of nanoparticles. The principle how infrared neural stimulation
and the nanoparticle mediated optical stimulation of cells work is the same.

The optical stimulation of neurons is increasingly advancing into an important tool in research.
To my knowledge, a nanoparticle-mediated optical stimulation of human neurons in vitro has
so far not been shown. In this thesis, two optical methods were combined. NT2 precursor
cells and neurons were stimulated by laser light with and without gold nanoparticle treatment.
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Additionally, the different calcium responses before and after the neuronal differentiation were
observed by means of the calcium sensor Fluo-4 AM and analyzed.

Synaptic transmission

Synaptic transmission can take place either at electrical or chemical synapses. Electrical
synapses, also called gap junctions, are coupled channels that traverse the plasma membranes
of two adjacent cells. They enable the direct transmission of ions or second messengers.

Chemical synapses transmit their information via neurotransmitters. Neurotransmitters are
synthesized in the axon terminal and in the neuron’s cell body and afterwards transported to
the axon terminal. In the presynaptic ending, they are stored in vesicles (Bear et al., 2012). At
the presynaptic side, voltage-gated calcium channels (VGCC) are opened due to an incoming
neuronal signal. The subsequent calcium increase triggers vesicle fusion with the presynaptic
membrane and neurotransmitter release into the synaptic cleft (Bear et al., 2012). Once they
are released into the cleft, neurotransmitters bind to the corresponding receptors on the post-
and presynaptic membrane. Activation of the corresponding presynaptic receptor is involved in
feedback inhibition of the signal. Another mechanism to terminate the signal is the re-uptake
by transporters or cleavage of neurotransmitter by proteins present in the synaptic cleft.

Acetylcholine

Acetlycholine (ACh) is the ester of acetic acid and the amino alcohol choline. It is synthesized
by the choline acetyltransferase (ChAT) from choline and acetyl coenzyme A (acetyl-CoA). In
the synaptic cleft, ACh is cleaved by the enzyme acetylcholinesterase into choline and acetate.

ACh is a prominent neurotransmitter in the peripheral nervous system (PNS) and central
nervous system (CNS). It acts through two major types of receptors. One is the muscarinic
acetylcholine receptor (mAChR), that features five metabotropic subtypes. Its downstream
effects are transmitted by the G protein the receptor is coupled to. Three subtypes (M1, M3,
M5) induce phospholipase C (PLC) activation and inositol-3-phosphat (IP3) mediated calcium
release from the endoplasmic reticulum (reviewed in Resende and Adhikari, 2009). Muscarinic
receptors can have an effect on the level of the intracellular cyclic adenosine monophosphate
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(cAMP). The M2 and M4 subtypes inhibit the adenylate cyclase (Migeon et al., 1994, 1995),
whereas the M1, M3 and M5 subtypes can activate adenylate cyclases and thus increase the
cAMP level (Baumgold and Fishman, 1988). The adenylate cyclase defines if this occurs in a
calcium/calmodulin dependent way (Felder, 1995; Suh, 1995) or independent from the calcium
level (Murthy and Makhlouf, 1997).

The second type of acetylcholine receptor is the ionotropic nicotinic acetylcholine receptor
(nAChR). These cation channels are heteropentamers composed from a reservoir of nine α
subunits and three β subunits (Champtiaux et al., 2003; Dajas-Bailador and Wonnacott, 2004).
nAChR differ in their subunit composition as well as in their calcium permeability (Fucile, 2004;
Shen and Yakel, 2009).

Acetylcholine elicits a variety of different effects that arise from the diversity of its receptors,
as well as from a highly regulated chronology of acetylcholine receptor expression in different
tissues and cell types (Oettling et al., 1988; Margiotta and Gurantz, 1989; Squires et al., 1996).

This broad diversity of receptor types, subtypes, and resulting downstream effectors is one
reason for the multitude of processes ACh is involved in. Induction of muscle contraction at the
neuromuscular endplate as well as sympathetic innervation and sweat secretion are under ACh
control. Besides these PNS interactions, mAChR as well as nAChR are involved in learning
and memory formation (Hasselmo, 2006). In addition, ACh has direct impact on a cellular
level: can either promote or inhibit cell proliferation, depending on ACh receptor type and cell
type (Lauder and Schambra, 1999), and influences neurite outgrowth (Mattson, 1988; Coronas
et al., 2000).

GABA

Gamma-aminobutyric acid (GABA) is a major inhibitory neurotransmitter in mammalian CNS.

There are two major types of receptors for GABA. The first are GABAA-receptors. They
are ionotropic heteropentamers that are permeable for Cl− ions. Most GABAA-receptors
are composed of two α(1 − 6), two β(1 − 3), and one γ(1 − 3) subunit. Besides these most
common subunits, at least another six more types exist: δ, ε, π, θ, and ρ1 − 3 (reviewed in
Rudolph et al., 2001; Ben-Ari et al., 2007). A special case of the GABAA receptor is the
GABAA − ρ receptor. It consists exclusively of ρ subunits. Activating GABAA receptors
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induces an inhibitory postsynaptic potential.

The second type are GABAB-receptors. They are G protein coupled metabotropic receptors.
The GABAB-receptor is formed by a protein comprised of seven transmembrane domains.
Two subtypes exist: GABAB1 and GABAB2, which can assemble via linking their intracellular
C-termini. The GABAB receptor-induced K+ channel opening causes hyperpolarisation and
prevents opening of voltage-gated sodium channels. The GABA signaling is terminated by
GABA reuptake into the presynapse.

The inhibitory character of GABAergic signaling is true for mature neurons. In immature,
developing neurons, the chloride gradient is reverse to mature neurons: the chloride concen-
tration in the cytosol of developing neurons is higher than in the extracellular space. Here,
GABAA-receptor opening leads to a depolarization due to chloride outflow (reviewed in Ben-Ari
et al., 2007).

Serotonin

The biogenic amine serotonin acts as a hormone and a neurotransmitter.

In animals, it is produced from L-tryptophan in a two step reaction: L-tryptophan is converted
to 5-hydroxytryptophan (5-HTP). This reaction requires the cofactor tetrahydrobiopterin and
elementary oxygen O2. This step is catalyzed by the enzyme tryptophan hydroxylase. In the
second step, the 5-hydroxy-tryptophane-decarboxylase converts 5-HTP to 5-hydroxytryptamine
(serotonin, 5-HT), transferring the carboxy-group to pyridoxal phosphate.

Serotoinin is transported into the presynaptic vesicles by the vesicular monoamine transporter
(VMAT). Reserpine irreversibly blocks the VMAT. Aside from serotonin, norepinephrine and
dopamine are monoamines acting as neurotransmitter, too. Therefore, reserpine treatment
leads to the inhibition of norepinephrine, dopamine, and serotonine reuptake and storage. I
have employed reserpine for manipulation of serotonin levels in Locusta migratoria third instar
larva.

The serotonin receptor comprises 7 families (5 −HT1 - 5 −HT7), including several subtypes.
Except for the ionotropic 5 −HT3 receptor, all 5-HT-receptors are metabotropic. Depending
upon the receptor and cellular type, serotonin is involved in a great variety of processes like
emesis, regulation of gastrointestinal motility, mood disorders, and peripheral vascular tone
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(reviewed in Mohammad-Zadeh et al., 2008).

Calcium and neurotransmitter plasticity

The divalent cation calcium (Ca2+) is a rather important and universal intracellular second
messenger. In unstimulated cells, the concentration of cytosolic free calcium is held extremely
low at about 10−4 millimolar (mM), whereas the extracellular calcium concentration is higher
than 1 mM (Alberts et al., 1995; Bear et al., 2012). Intracellular calcium levels can locally and
globally increase due to calcium channel activation. The extent of calcium increase depends on
different factors such as cell type, cell state, and the geometry of the cellular compartments,
such as spines in dendrites or filopodia of growth cones. Thus, a small calcium influx can result
in a vast local increase of free calcium concentration.

One remarkable thing about calcium signaling is that the calcium signal can amplify itself.
Free calcium binds to ryanodine receptors (RYR) in the membrane of the endoplasmic reticulum
(ER) and triggers the release of more calcium. This is called calcium-induced calcium release
(CICR). The calcium signal is not strictly limited to one cell: via calcium permeant gap
junctions, intercellular calcium signals can be transmitted.

Thus, the elevated intracellular calcium levels originate from the extracellular space, neigh-
boring cells or intracellular stores, such as the endoplasmic reticulum.

Not only the source of calcium is diverse, but also the form of calcium response after stimulus,
such as calcium puffs, waves or sparks (reviewed in Berridge et al., 2000). Repetitive short
pulses with subsequent decline result in oscillations of intracellular calcium levels. Location,
frequency, amplitude and duration of this calcium signal determine the responding calcium
sensitive proteins which define the cellular answer to the stimulus (Dupont et al., 2011, reviewed
in Smedler and Uhlén, 2014). This system is known as calcium encoding.

All together, calcium is involved in a multitude of cellular processes: Regulation of cell cycle,
life-and-death, migration, exocytosis, muscle contraction, sensual perception, neurotransmitter
plasticity, and much more (reviewed by Berridge et al., 2000, Walicke and Patterson, 1981;
Bordey et al., 2000; Spitzer et al., 2004).
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Neurotransmitter plasticity

Neuronal differentiation is a highly regulated process that features a multitude of checkpoints
(Ben-Ari and Spitzer, 2010). Checkpoints are cellular control systems that ensure a correct
sequence of neuronal differentiation, from cell body migration, neurite outgrowth, transmitter
determination to synaptogenesis.

A key to the checkpoint mechanism is calcium encoding (Smedler and Uhlén, 2014). There
are several possible factors controlling the expression of a neurotransmitter. An elegant working
thesis postulates three influential factors, namely the expression of channels and transmitters,
cellular activity and extracellular influences as signaling proteins. These three factors have an
impact on each other and determine neurotransmitter choice (Spitzer et al., 2004).

Decades ago, successful attempts to influence this process have attracted attention in the
scientific community. Furshpan and Potter described neurotransmitter plasticity in cultured
immature rat sympathetic neurons (Potter et al., 1983). It is known that neurotransmitter
choice is dependent on calcium availability (Walicke and Patterson, 1981). It could be shown
that calcium waves and oscillations decide on the fate of the neuron (Gu and Spitzer, 1997).
In developing Xenopus laevis embryos there is a period when spinal neurons have spontaneous
calcium activity. When this calcium activity is altered, the phenotype of the adult neuron
is changed. Silencing the neurons leads to an enhanced cholinergic phenotype and novel
appearance of glutamatergic neurons. Increasing the spiking activity has the opposite effect.
Thus the emerging picture is that the neurotransmitter choice can be influenced in a homeostatic
manner (Watt et al., 2000; Spitzer et al., 2004).

This plasticity is not only reported for animal model systems and cultivated rat neurons,
but also for stem neurons derived from the human embryonal carcinoma stem cell line NT2.
In the late nineties, Zigova et al. demonstrated that via exposition to lithium chloride, a
dopaminergic phenotype can be induced in differentiated NT2 neurons (Zigova et al., 1999).
Also, it is known that NT2 precursors and neurons have cholinergic receptors (Squires et al.,
1996; Newman et al., 2002) and respond with calcium increase to cholinergic stimulus. Based
on these findings, this work aims to examine the influence of prolonged increased calcium levels
due to cholinergic stimulation during neuronal differentiation on neurotransmitter choice.
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Applied test subjects and cell line

Drosophila melanogaster

Since the early 20th century, Drosophila melanogaster has become a famous experimental
animal of geneticists and developmental biologists. It reproduces quickly and is unassuming
to keep. In the year 2000, the complete genome of Drosophila melanogaster was published
(Adams et al., 2000). Its genome is rather small: It comprises 4 chromosomes. Today, more
than 19.800 genes are identified and many of them show sequence similarities to human genes.
Drosophila melanogaster can be genetically modified (Brand and Perrimon, 1993), so loss of
function and gain of function experiments can be performed. The developmental mechanism
of pattern formation were discovered employing a mutational screen on the Drosophila model
organism. In 1995, Christiane Nüsslein-Vollhardt, Edward B. Lewis and Eric F. Wieschaus
received for the Nobel Prize in Physiology and Medicine prize "for their discoveries concerning
the genetic control of early embryonic development" (Lewis et al., 2012).
Drosophila melanogaster is a holometabolous insect. That means it passes through the

complete metamorphosis. This includes four life stages: egg, larva, pupa and adult. After
fertilization, the female deposes the eggs. At 25°C, embryogenesis takes one day. The first and
second instar lasts one day each, the third larval stage takes 2-3 days. Afterwards, the third
instar larva pupates. Five days later, the adult fly hatches. Taken together, the life cycle takes
ten days at 25°C (from http://flymove.uni-muenster.de, Weigmann et al., 2003)
The ventral nerve cord and central nervous system of a third instar larva is about 500 µm

long and 400 µm wide (see Lorbeer et al., 2011). Valles et al. have described identified
serotonergic neurons in the central nervous system of Drosophila melanogaster larva (Vallés and
White, 1986). The limited amount of serotonergic neurons make an anti-serotonin staining a
straight-forward method for labeling single cells and their neurites. Taken together, Drosophila
larva and adult flies are convenient test subjects when small samples are needed.

Locusta migratoria

The habitat of the migratory locust Locusta migratoria is spread over several countries. It
occurs in Africa, Australia, New Zealand as well as Asia and occasionally has been even found
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migrating to south-eastern Europe. Fertilized female locusts deposit their pod into moist sand.
Such a pod contains up to 70 eggs (Ball and Truman, 1998). Under optimal conditions, the
first larva hatch after less than 2 weeks. Normally, locusts pass through 5 larval stages (L1 - L5,
fig. 1.1a depicts the third and fourth larval stage). The transition from one larval stage to the
next occurs in a molt. When a L5 locust molts, it enters the adult stage (see fig. 1.1c).

a

L3

L4

Adult

c d

L3 brain + OLb

Me
La

MB

AL

CB

L3 brain + OL

OL

Figure 1.1: Gregarious Locusta migratoria. a.) L3 (above) and L4 Larva b.) SLOT recording
of a L3 larva brain and optical lobes in a glass capillary (compare chap. “Chapter 2:
Highly efficient 3D fluorescence microscopy with a scanning laser optical tomograph”,
unpublished). AL antennal lobe, CB central body, La Lamina, MB mushroom body,
Me Medulla, OL optical lobes. c) adult d) Locusta migratoria swarm in south Mada-
gascar (By Iwoelbern - Swarm of locusts near Satrokala, Madagascar (May 2014),
CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=33198217).
Scale bar a) + c) = 10 mm, scale bar b) = 500 µm

When the population density is low, locusts live in a solitary state. Solitary locusts rather
avoid the company of others. Triggered by differed stimuli, locusts switch to the gregarious
state when the population increases. Subsequently, their behavior changes: the animals seek
each other and forms great swarms. These swarms can reach the extent of a plague (see
fig. 1.1d). When occurring in such a multitude, locusts are notorious for destroying a vast
quantity of crops and grass, causing immense harm to the country and people. In the desert
locust Schistocerca gregaria, the transition from solitary state to the gregarious is mediated by
serotonin (Anstey et al., 2009; Rogers et al., 2014). On the contrary, in Locusta migratoria, the
opposite mechanism has been proposed: in a phase transition, serotonin enhances the solitary
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state (Ma et al., 2011; Guo et al., 2013). Apart from gregarisation, the digestive system of
Locusta is under control of serotonin. The serotonin transporter (SERT) is expressed already
during the early embryonic development of locusts. Later, serotonin is produced (Stern et al.,
2007).

The distribution of serotonergic neurons in locust central nervous system has been described
by Tyrer et al. (1984). Aside from being a plague, Locusta migratoria has been used to
demonstrate the neural basis of a pattern generator for flight (Wilson, 1961), as experimental
system for toxicity testing (Hiripi et al., 1998), in developmental studies of identified neural
precursor cells (Bate, 1976; Goodman et al., 1984), in molecular studies of growth cone
guidance (Kolodkin et al., 1992) and in regeneration studies (Stern and Bicker, 2008, 2010).
Locusts are rather large insects and their brain and optic lobes have a manageable size of up to
several millimeters (see fig. 1.1b). All together, they are a convenient test subject of medium
size for manipulation studies.

NT2 clone D1

The human embryonal carcinoma cell line NT2 (clone D1) originates from a testicular tumor
metastasis (Andrews et al., 1980). Treating NT2 precursor cells with the morphogen retinoic
acid induces neuronal differentiation (Andrews, 1984). The retinoic acid-induced neuronal
differentiation of NT2 precursors is accompanied by various effects: the transforming growth
factor alpha (TGFα) and the fibroblast growth factor FGF are down-regulated (Dmitrovsky
et al., 1990), the protein kinase A (PKA) and protein kinase C (PKC) activities are increased
(Abraham et al., 1991) and calcium channel expression is induced (Gao et al., 1998; Neelands
et al., 2000).

In large parts, these neurons are cholinergic (Zeller and Strauss, 1995; Podrygajlo et al.,
2009) what makes them a good model system for cholinergic differentiation. NT2 precursors
and neurons respond to acetylcholine (Squires et al., 1996; Newman et al., 2002).

Using a rapid differentiation protocol, NT2 precursor cells can be differentiated into neurons
within 4 weeks (Paquet-Durand et al., 2003). When purified and cultivated, these neurons
develop spontaneous spiking activity and connect via synapses (Podrygajlo et al., 2010). hNT2
neurons are widely used for studies on neuronal development and pathophysiology (Paquet-
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Durand et al., 2006). They represent an in vitro system for testing developmental neurotoxicity
(Hill et al., 2008; Stern et al., 2014) and drug development (Paquet-Durand et al., 2006) as
well as for synapse formation and modulation (Tegenge et al., 2009; Podrygajlo et al., 2010).

Retinoic acid

The teratogenic morphogen retinoic acid (RA) is implicated in anterior-posterior axis formation.
It acts through HOX genes (Marshall et al., 1994, 1996) and interferes with Wnt signaling
pathways (Osei-Sarfo and Gudas, 2014). Three Wnt signaling pathways are known: two
non-canonical and a canonical pathway. The latter one is involved in cell cycle, cell fate and
proliferation (reviewed by Niehrs and Acebron, 2012). Recently, it has been reported that RA
suppresses the canonical pathway in embryonic stem cells. Concomitantly, the non-canonical
Wnt pathway is activated (Osei-Sarfo and Gudas, 2014). Such a switch to the non-canonical
Wnt pathway mediates differentiation in human neural stem cells (Bengoa-Vergniory et al.,
2014).

Microscopy

Fluorophores and calcium sensors

Since the discovery of fluorescent dyes, the variety of their application has increased vastly.
The fluorophores differ with regard to their fluorescence wavelength, cell permeability and
chemical properties. Fluorescent proteins from blue to infrared are available, as well as color
switching proteins and on-and-off switchable dyes. Using these dyes allows to display different
subcellular structures in the same sample. A powerful tool in cell biology are calcium sensitive
dyes. Their fluorescence depends on the availability of calcium. Upon calcium increase, the
excitation/emission wavelength shifts (Indo-1, Grynkiewicz et al., 1985) or the quantum yield
increases, as for Fluo-4 (Gee et al., 2000). As the change of fluorescence properties is reversible,
calcium dynamics and for some dyes, even kinetics (Zahradníková et al., 2007), can be measured.
I have applied the cell permeant Fluo-4 acetoxymethyl (AM) ester to measure intracellular
calcium changes after stimulation of NT2 precursors and neurons.
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From epifluorescence microscopes to SLOT

The traditional fluorescence microscope has been improved in numerous ways. This lead to a
great variety of different fluorescence microscope types. Here are two exemplary factors that
were optimized:

1.) Advantageous physical effects of the fluorophores are exploited. This allows to further
enhance resolution (stimulated emission depletion (STED), reviewed by Alonso, 2013) and
the study of protein interactions (e.g. Förster resonance energy transfer (FRET), reviewed by
Jares-Erijman and Jovin, 2003).

2.) The use of an altered shape of the excitatory beam increases resolution and the sample
size (e.g. Confocal microscopy, SPIM, SLOT).

In confocal microscopy for example, the excitatory path has been altered: A pinhole and
an extra lens system was introduced. That way, a punctual luminous source is focused onto
the sample. The center of the pinhole and the illuminated spot on the sample have the same
focus, they are confocal. Thus, only a small sample volume is illuminated. In the optical path
of the emitted light, another pinhole and a lens system are inserted, blocking out-of-focus
signals. In confocal microscopy, the 3-D contrast of the gained data is enhanced compared to
epifluorescence microscopy.

Scanning Laser Optical Tomography

A rather novel technique that is based on fluorescence microscopy is SLOT (Lorbeer et al.,
2011). The sample is embedded in a capillary filled with a refractive index matched medium
and hung into a cuvette filled with a refractive index matched medium, too. The capillary
can be rotated in the cuvette. The scanning laser beam is transmitted through the sample.
Emitted light is reflected by a reflector mirror and focused by a collector, including an emission
filter, on a photomultiplier tube (PMT). Thus, the yield of photons that can be collected is
increased. The transmitted light is detected by a photo diode and gives a shadow picture of
the sample for each rotating angle. This arrangement allows to keep these advantages even
for larger specimen of several millimeters length. In my thesis, I have tested this suitability
employing immunocytochemically stained Drosophila larvae and Locusta migratoria brains.
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SLOT side view SLOT top viewb c

scanning mirror

reflector mirror

PMT

detector

Laser

mirrors

photo 
diode

scanning mirror

Laser

mirrors cuvette

photo 
diode

collector 
and 

emission 
filter

a Overview

Scanning excitatory beam

transmitted light:
shadow picture

emitted light:
fluorescence

top view

Figure 1.2: SLOT setup. a) overview b) side view and c) front view of a schematic Scanning
Laser Optical Tomography (SLOT) setup. A mirror system including a scanning
mirror sends the excitatory beam through a focusing lens to the sample. Emitted
light is reflected by a reflector mirror and focused by a collector on a photomultiplier
tube (PMT). The collector includes an emission filter. Transmitted light is detected
by a photo diode and gives a shadow picture of the sample. The sample, mounted
in a cuvette filled with a refractive index matching fluid, is rotated. b) and c) are
based on Lorbeer et al. (2011)

Plasmon resonance and nanoparticles

In the third part of this thesis, I have applied plasmon resonance of gold nanoparticles for
light-induced stimulation of intracellular calcium increase in human model neurons.

Light has two components: an electric and a magnetic field. The free electrons of electrically
conducting materials can interact with the electric field of light. They are shifted along the
field and pulled back by the Coulomb force. Light with the appropriate wavelength can induce
an oscillation of the electron cloud, termed plasmon resonance (Bittencourt, 2013, reviewed by
Huang and El-Sayed, 2010; Fan et al., 2014).

Fig. 1.3a depicts the electron cloud shift in an electric field and fig. 1.3 b exaggerates the
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electron cloud shift against the nuclei. Plasmon resonance can be induced in conducting
nanoparticles, such as gold nanoparticles.
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Figure 1.3: Plasmon resonance. a) Free electrons in a conductive medium are dislocated along
an electric field. b) The electron cloud is shifted along the electric field and pulled
back by the Coulomb force to the nuclei. The electron cloud oscillates, whereas
the positively charged nuclei stay fixed. For the sake of clarity the electron cloud
shift is depicted exaggerated.

Fig. 1.4 describes the possible mechanisms of calcium increase in 200 nm gold nanoparticle
treated cells after the laser stimulus. Assuming a cell membrane of 5-8 nm width, the
nanoparticle diameter is about 25-40 times larger than the cell membrane. The irradiation
by 532 nm laser light induces plasmon resonance in the nanoparticles (reviewed by Huang
and El-Sayed, 2010; Fan et al., 2014). The absorbed energy that has induced plasmon
resonance can be reemitted in form of light or heat (fig. 1.4a) + b)): The light is scattered
and absorbed. This occurs in large scale particles as well as in nanoparticles. The absorption
of energy and conversion to heat leads to a dramatic particle heating. The extent of heat
production is determined by the light exposure and the gold nanoparticle size (Heinemann
et al., 2013). Depending on the temperature increase, the nearby effects of plasmon resonance
in gold nanoparticles are particle enlargement and volume increase of the surrounding fluid,
liquid vaporization and protein denaturation (fig. 1.4c)). The plasmon resonance perforates
membranes by a yet unknown mechanism (fig. 1.4d)) (Wu et al., 2010) and the thermal effects
induce a membrane depolarization (fig. 1.4e)) (Shapiro et al., 2012). If voltage-gated calcium
channels are abundant, they are opened due to depolarization and calcium enters the cell.
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Figure 1.4: Possible mechanisms of calcium increase after irradiation. Depicted is a 200 nm
gold nanoparticle on a plasma membrane of about 8 nm thickness. a) A 532 nm
laser pulse irradiates the gold nanoparticle. A part of the laser beam is scattered
at the gold nanoparticle. b) Another part induces plasmon resonance in the gold
nanoparticle. c) This leads to a temperature increase at the gold nanoparticle surface
and expansion of the gold nanoparticle and the surrounding liquid (Pustovalov et al.,
2008). d) Due to heat-effects nearby the gold nanoparticle, calcium enters the
cytoplasm. The exact mechanism how the membrane is perforated (Wu et al., 2010)
is unknown. e) The temperature increase causes vaporization of water, protein
denaturation (Pustovalov et al., 2008) and membrane depolarization (Shapiro et al.,
2012). In cells that express voltage-gated calcium channels (VGCC), these channels
are opened due to a heat-induced membrane depolarization. Calcium enters the
cell. f: proteins that are involved in calcium homeostasis at the ER are calcium
sensitive. A temperature change decrease alters the opening probability of the IP3R
(inositol trisphosphate receptor) and the SERCA (sarco/endoplasmic reticulum
calcium-ATPase) - activity (Tseeb et al., 2009). g: Calcium-induced calcium
release (CICR): calcium binds to ryanodine receptors at the endoplasmic reticulum
(ER) membrane. More calcium is released from the endoplasmic reticulum (ER).
White boxes in and on the membrane represent proteins. For the sake of clarity,
carbohydrates are not shown.
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The temperature change influences the activity of thermosensitive proteins. The opening
probability of the IP3R (inositol trisphosphate receptor) decreases and the SERCA - activity
(sarco/endoplasmic reticulum calcium-ATPase) increases when the temperature increases
(Tseeb et al., 2009). When the temperature decreases to normal these activities revert, but
the net calcium release from the ER into the cytosol overshoots for a short time.

The increased calcium levels can amplify themselves: Calcium ions induce a calcium release
from the endoplasmic reticulum by opening of ryanodine receptors (fig. 1.4f). Membrane
perforation and depolarization make gold nanoparticles suitable for transfection assays (Yao
et al., 2009; Lukianova-Hleb et al., 2011; Heinemann et al., 2013) and neuron stimulation
(Eom et al., 2014; Paviolo et al., 2014; Carvalho-de Souza et al., 2015; Lavoie-Cardinal et al.,
2016).
For medical and scientific applications, a broad spectrum of nanoparticles exists. Besides

different sizes, the particles differ in shape, e.g as rods, spheres and spheres with a spiky surface.
The different shapes and sizes provide for the specific characteristics. The extinction spectrum
of 9 nm gold nanoparticles has a local maximum at about 525 nm. This maximum is red
shifted for larger particles. The local extinction maximum for 99 nm gold nanoparticles is at
580 nm (Link and El-Sayed, 1999). An increased surface - as it is the case for spikes and rod
shapes - leads to a further red shift (Link and El-Sayed, 1999).
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Aims of this dissertation

This thesis deals with the manipulation and the assessment of cellular properties in developing
neural systems. The specific aims of this thesis were:

1. to test the suitability of the novel 3-D scanning technique SLOT in detecting changes in
neuronal transmitter levels after chemical manipulation experiments

2. to develop a fast screening technique that is based on calcium imaging of human cells

3. to determine the share of muscarinic and nicotinic receptors that induce a cytosolic
calcium increase in NT2 precursors and neurons by means of calcium imaging

4. to investigate a possible influence of cholinergic receptor stimulation during the neuronal
differentiation of NT2 cells

5. to test the nanoparticle mediated optical stimulation of NT2 precursor cells and neurons

6. to compare the calcium responses in precursor cells to the responses in the differentiated
neurons

List of publications

Parts of this thesis have been published in Lorbeer et al. (2011)

Contributions

My part in the study “Highly efficient 3D fluorescence microscopy with a scanning laser
optical tomograph” was the biological problem. I did the biological specimen preparations: I
performed the Reserpine manipulation of Locusta migratoria larva. My part was the dissection
of Drosophila melanogaster larva CNS and the Locusta migratoria larva brains plus optical
lobes. Further, I performed immunocytochemical staining as described, the optical clearing
and the transfer into the glass capillaries.
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The measurements, analyses and the computing were performed by Dr. R.-A. Lorbeer and
his colleagues at the Laserzentrum Hannover e.V. (LZH).

The cellular stimulation experiments with light were performed in cooperation with the group
of Dr. Heiko Meyer at the LZH. I have performed the cell preparation up the differentiated NT2
neurons and the seeding of the cells at the LZH. The nanoparticle loading and maintenance
of the cells at the LZH were kindly performed by Dr. Dag Heinemann and Dr. Stefan Kalies
(Department of Biomedical Optics, Laser Zentrum Hannover e.V.).
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Chapter 2: Highly efficient 3D

fluorescence microscopy with a

scanning laser optical tomograph

Raoul-Amadeus Lorbeer, Marko Heidrich, Christina Lorbeer, Diego Fernando Ramírez Ojeda,

Gerd Bicker, Heiko Meyer and Alexander Heisterkamp

Optical Society of America, 2011, 19(6):5419-5430

https://www.osapublishing.org/oe/abstract.cfm?uri=oe-19-6-5419

DOI:10.1364/OE.19.005419

Abstract:

Optical Projection Tomography (OPT) proved to be useful for the three-dimensional tracking
of fluorescence signals in biological model organisms with sizes up to several millimeters.
This tomographic technique detects absorption as well as fluorescence to create multimodal
three-dimensional data. While the absorption of a specimen is detected very fast usually less
than 0.1% of the fluorescence photons are collected. The low efficiency can result in radiation
dose dependent artifacts such as photobleaching and phototoxicity. To minimize these effects
as well as artifacts introduced due to the use of a CCD- or CMOS- camera-chip, we constructed
a Scanning Laser Optical Tomograph (SLOT). Compared to conventional fluorescence OPT
our first SLOT enhanced the photon collection efficiency a hundredfold.
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CHAPTER 2: HIGHLY EFFICIENT 3D FLUORESCENCE MICROSCOPY WITH A

SCANNING LASER OPTICAL TOMOGRAPH



Chapter 3: Cholinergic

receptor-mediated calcium responses

and effects on the neurotransmitter

choice in differentiating NT2 cells.
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CHAPTER 3: ACHR-MEDIATED CALCIUM RESPONSES AND EFFECTS ON THE

NEUROTRANSMITTER CHOICE IN NT2 NEURONS

Zusammenfassung

Während der Entwicklung differenzieren sich verschiedene Klassen von Nervenzellen zu einem
spezifischen Neurotransmitter-Phänotyp. Die Expression von Neurotransmittern wird weitgehend
durch genetische Programme bestimmt. Das cytosolische Calcium kann jedoch den Anteil der
Transmitterphänotypen beeinflussen. Es ist bekannt, dass die Retinsäure-induzierte neuronale
Differenzierung der NT2-Zellen zu einer Vielzahl von Transmitterphänotypen führt, einschließlich
Cholinacetyltransferase- und GABA-positiven Neuronen. Diese Studie beschäftigt sich mit der
Fragestellung, ob die Stimulation von cholinergen Rezeptoren die Neurotransmitterwahl der
NT2-Neurone beeinflussen kann. Mit Hilfe von Calcium-Imaging wurden die Calciumsignale
der NT2-Zellen nach cholinerger Stimulation untersucht. Atropin wurde für die Inhibition
muskarinerger Acetylcholin-Rezeptoren angewendet, während d-Tubocurarin als Blocker für
nikotinische Rezeptoren verwendet wurde. Es konnte gezeigt werden, dass die neuronale
Differenzierung einen Wechsel von muskarinischen zu nikotinischen Rezeptoren verursacht hat.
Die cholinerge Stimulation während der Retinsäure-induzierten neuronalen Differenzierung hat
den Anteil der GABA-positiven Neuronen erhöht, ohne den Anteil der Cholinacyltransferase-
positiven Neuronen zu beeinflussen. Acetylcholin und Carbachol hatten keinen Einfluss auf die
Proliferation der NT2 Vorläuferzellen oder auf die Effizienz der neuronalen Differenzierung.
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Abstract

During development different classes of nerve cells differentiate towards a specific neurotransmit-
ter phenotype. The expression of neurotransmitters is largely determined by genetic programs,
but the cytosolic calcium can influence the percentage of transmitter phenotypes. The retinoic
acid-induced neuronal differentiation of the human NT2 cell line is known to result in a multitude
of transmitter phenotypes, including choline acetyltransferase- and GABA-positive neurons.
Here, I examined whether stimulation of cholinergic receptors can regulate neurotransmitter
choice during retinoic acid-induced differentiation of the human NT2 cell line. By means of
calcium imaging, I investigated the calcium responses of NT2 cells to cholinergic stimulation.
Atropine has been applied for blocking muscarinic acetylcholine receptors, while d-tubocurarine
was used as a blocker for nicotinic receptors. Neuronal differentiation caused a switching from
muscarinic to nicotinic receptors. The cholinergic stimulation during the retinoic acid-induced
neuronal differentiation enhanced the proportion of GABA-positive neurons while not affecting
the percentage of choline acyltransferase-positive neurons. The cholinergic exposure had
no influence on NT2 precursor proliferation and on the efficacy of the retinoic acid-induced
neuronal differentiation.



28
CHAPTER 3: ACHR-MEDIATED CALCIUM RESPONSES AND EFFECTS ON THE

NEUROTRANSMITTER CHOICE IN NT2 NEURONS

List of Abbreviations

This list includes the abbreviations concerning chapter 3.

ACh acetylcholine

BrdU bromodeoxyuridine

cAMP cyclic adenosine monophosphate

CCh carbachol

ChAT choline acetyltransferase

CICR calcium-induced calcium release

DAPI 4’,6’-diamidino-2’-phenylindol-dihydrochloride

DAG diacyl glycerole

DMSO dimethyl sulfoxide

EGTA ethylene glycol-bis(b-aminoethyl ether)-N,N,N’,N’-tetraacetic acid

ER endoplasmic reticulum

FBS fetal bovine serum

GABA gamma-aminobutyric acid

HCl hydrochloric acid

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

IP3 inositol 1,4,5-trisphosphate

IP3R inositol 1,4,5-trisphosphate receptor

KH Krebs-HEPES buffer

mAChR muscarinic acetylcholine receptor
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nAChR nicotinic acetylcholine receptor

NGS normal goat serum

NHS normal horse serum

NM normal medium

PBS phosphate buffered saline

PBST phosphate buffered saline supplemented with Triton-X

PDL poly-D-lysine

PFA paraformaldehyde

PIP2 phosphatidylinositol 4,5-bisphosphate

RA retinoic acid

RYR ryanodine receptors

SERCA sarco/endoplasmic reticulum calcium ATPase

VGCC voltage gated calcium channels
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Introduction

Calcium imaging is an elegant method for observing cellular calcium responses to various stimuli.
The second part of this thesis deals with calcium imaging as a fast screening method for
substances that disturb the calcium response. I sought to speed up this technique by omitting
evitable steps. As proof of principle, I tested the assay on NT2 cells and neurons. These cells
are known to be responsive to acetylcholine (Squires et al., 1996; Newman et al., 2002). The
calcium response studies were performed on NT2 precursor cells, NT2 cells after two weeks of
retinoic acid treatment, and on NT2 neurons. It could be show that dose-response experiments
can be performed using this assay, as well as pharmacological experiments. Atropine was
applied for the inhibition of muscarinic acetylcholine receptors. D-tubocurarine was used to
block the nicotinic acetylcholine receptors.

Calcium is involved in many cellular functions, such as proliferation and cell cycle control
(Berridge, 1995), neurotransmitter choice (Walicke and Patterson, 1981; Watt et al., 2000;
Spitzer et al., 2004), and for very high concentrations of calcium, cell death (reviewed in
Berridge et al., 1998). The stimulation experiments raised the question if increased calcium
levels due to cholinergic stimulation have an effect on cellular functions of NT2 precursor
cells. Therefore, the effect of prolonged calcium levels on cellular functions are analyzed. NT2
cells are stimulated with acetylcholine (ACh), or the more stable analog carbachol (CCh),
and tested for a possible cholinergic influence on proliferation, viability, quantitative neuronal
differentiation, and neurotransmitter phenotype.

Material and Methods

Unless noted otherwise, SI units are used and all chemicals were purchased from Sigma Aldrich
(Taufkirchen, Germany). The human Ntera2/D1 cell line (NT2) was obtained from ATCC
(American Type Culture Collection, VA, USA).
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Cell culture

NT2/D1 precursor cells were grown in T175 cell culture flasks in DMEM/F12 (Invitrogen,
Darmstadt, Germany) supplemented with 10 % fetal bovine serum (FBS, Invitrogen) an 1 %
penicillin / streptomycin (Pen/Strep, Invitrogen) (normal medium, NM). Medium was changed
every 2-3 days. Cells were harvested by trypsination at 90-95 % confluence, then centrifuged
for 6 minutes (min) at 200 g, resuspended in fresh NM and finally seeded at the appropriate
concentration in uncoated T175 flasks.

Differentiation and harvesting of neurons

NT2 neurons were obtained as described by Paquet-Durand et al. (2003). In short, after
harvesting, 5 · 106 NT2 cells in 10 ml NM were seeded in microbiological grade petri dishes
(Greiner). The next day, cells were collected by rinsing the dishes with NM and phosphate
buffered saline (10 mM sodium phosphate, 150 mM NaCl, pH 7.4, PBS) thoroughly, pooled,
and centrifuged at 200 g for 6 min, resuspended in fresh NM supplemented with 10 µM retinoic
acid (RA medium), and seeded in petri dishes for 7 - 10 days. The RA medium was changed
three times per week collecting and pooling cells from the dishes and, after centrifugation,
seeding in fresh medium in new petri dishes.

Afterwards, cells were seeded in T75 culture flasks (one flask per dish) for another 7-10 days
in RA medium. The medium was changed three times per week.
The cells were trypsinated, washed, centrifuged for 6 min at 200 g and seeded in T175

culture flasks (100 · 106 cells in 50 ml per flask) in NM for two days. Afterwards, cells were
collected again using Trypsin / EDTA, centrifuged (6 min at 200 g) and seeded in inhibitor
medium (DMEM/F12, 5 % FBS, 1 % Pen/Strep, 10 µM 5-Fluoro-2´-deoxyuridine (FUdR),
10 µM 1-b-D-ribofuranosyluracil (Urd), 1 µM 1–6-D-arabinofuransylcytosine (araC)). Within
the next 10 - 14 days, neurons appeared, and the inhibitor medium was changed when necessary,
decanting about 50 - 70 percent of the medium and refilling the conditioned medium with
fresh inhibitor medium.
After 10 - 14 days, when neuronal somata and dendrites were clearly visible, neurons were

harvested. Cells were washed with PBS, incubated with trypsin / EDTA, collected in NM,
centrifuged for 6 min at 200 g, and resuspended in 3 - 5 ml of fresh NM. Neurons were
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separated from non-neuronal cells the following way: the cell suspension containing both,
neurons and non-neuronal cells, was centrifuged briefly until 200 g, then stopped immediately.
The neuron-containing supernatant was examined for the neuron density and the content of
non neuronal cells. If necessary, this step was repeated up to two times.
For all experiments, the cell passages 21 - 31 were used.

Cholinergic stimulation during neuronal differentiation

To answer the question of an influence of cholinergic stimulation on the neurotransmitter choice
during neuronal differentiation, the NT2 cells were exposed to carbachol during the neuronal
differentiation. The cells were differentiated and purified as described in section “Differentiation
and harvesting of neurons” except for the supplemented CCh. Therefore, CCh was added to
the normal medium, RA medium and inhibitor medium to a final concentration of 10 µM CCh.
Prior to the RA-induced neuronal differentiation, the cells were exposed to CCh in NM for
30 min. The control cells were treated simultaneously, but were not exposed to CCh.

Immunofluorescence

The cells were grown on poly-D-lysine (PDL) and laminin coated glass coverslips. The precursors
were seeded one day before fixation. The neurons were cultured for 14 days before the cells
were fixed and stained. The cells were washed gently with PBS. Then, the PBS was removed
completely and the cells were incubated with 4 % paraformaldehyde (PFA) in PBS for 15 min
at room temperature. For the visualization of the neurotransmitter gamma-aminobutyric acid
(GABA), 0,1 % glutaraldehyde was added to fixation solution. Subsequently, the cells were
washed three times with PBS containing 0,3 % Triton-X 100 and 0,3 % sodium azide (PBST).
For 5-bromo-2’-deoxyuridine (BrdU)-detection, cells were washed three times with PBS after
permeabilization, treated with 2 M hydrochloric acid (HCl) for 20 min and finally rinsed another
three times with PBS. The cells were incubated with blocking solution containing 5% normal
horse serum (NHS) in 0,3% PBST for at least 60 min. For the BrdU assay, the blocking solution
contained 5% normal goat serum (NGS) instead of NHS. Antibodies and streptavidin were
diluted in blocking solution. For a list of antibody sera, see tab. 3.1. Each following antibody
incubation lasted at least one hour and was followed by three times washing with PBST. In the
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end, the cells were bathed for 5 min in a 2 µM 4’,6’-diamidino-2’-phenylindol-dihydrochloride
(DAPI) solution, washed once with PBST and twice with PBS. The fluorophore-coupled
antibody and incubation with DAPI was performed in the dark. The cells were mounted with
Mowiol.

Dilution SupplierStaining solution

Monoclonal mouse-anti-ßIII-tubuline (T8660)        1:10 000     Sigma
Polyclonal goat anti-ChAT                                        1:100        Millipore International  

Secondary goat anti-rabbit-biotin (BA-2000)            1:250        Vector, Burlingham
Secondary rabbit anti-goat-biotin (BA-1000)            1:250        Vector

Secondary goat anti-mouse-AlexaFluor 568            1:250        Molecular Probes 
Secondary goat anti-mouse-AlexaFluor 488            1:250        Molecular Probes

Antibody

Biotin detection
Streptavidin-Cy3                                                       1:250        Sigma

(choline acetyltransferase; AB144P)
polyclonal rabbit anti-gamma-amino-butyric acid     1:5000      Sigma
(GABA; A2052)

Monoclonal mouse-anti-BrdU                                  1:200        Sigma                                 
(5-bromo-2'-deoxyuridine,; B8434) 

Table 3.1: Applied staining solutions

Calcium Imaging

Calcium imaging experiments were performed using the cell permeant acetoxymethyl (AM)
esters of Fluo-4, a green fluorescent calcium sensor (Molecular probes). Its maximum excita-
tion / emission is at 490 nm / 520 nm. Non-calcium bound Fluo-4 displays only weak green
fluorescence. Upon binding calcium, the fluorescence intensity of Fluo-4 increases.

NT2 precursor cells and RA treated cells were seeded on non-plated multiwell dishes (Corning)
in NM one day before the experiments. Neurons were seeded on PDL and laminin coated
multiwell plates in NM two weeks before the experiments.

For calcium imaging, cells were rinsed gently with Krebs-HEPES buffer (KH; 115 mM NaCl,
5 mM KCl, 2.5 mM CaCl2*2H2O, 1 mM MgCl2*6H2O, 25 mM Glucose, 24 mM NaHCO3,
25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7,4), and incubated
with 5 µM Fluo-4 AM, 0,02 % pluronic acid and 0,2 % dimethyl sulfoxide (DMSO) in KH
buffer for 30 - 60 minutes at 37°C and 5 % CO2 in the dark. Afterwards, the cells were rinsed
once gently with KH buffer. Then, 30 µl of fresh buffer were added as initial volume to which
the respective substances were added. A subset of experiments was performed using calcium



34
CHAPTER 3: ACHR-MEDIATED CALCIUM RESPONSES AND EFFECTS ON THE

NEUROTRANSMITTER CHOICE IN NT2 NEURONS

free KH buffer. For this purpose, calcium chloride was substituted for 2.5 mM EGTA (ethylene
glycol-bis(b-aminoethyl ether)-N,N,N’,N’-tetraacetic acid). For rinsing and loading of the cells
with Fluo-4 AM ester, normal KH buffer was used.

The experiments were performed at room temperature. Precursor cells were stimulated
by 5 µM acetylcholine. As preliminary dose-finding experiments revealed that neurons are
not fully stimulated when 5 µM ACh were applied, a concentration of 100 µM ACh was
chosen for the stimulation of neurons. For blocking experiments, the dye loaded cells were
incubated with the appropriate inhibitor concentration for 10 - 15 min in the dark before
stimulation. All chemicals were bath applied. For each experiment, the baseline fluorescence
was recorded before stimulation of the cells. In preliminary experiments, KH buffer was applied
after baseline recording and before ACh application to ensure that the calcium increase was
due to ACh-stimulation and not because of the added buffer. The fluorescence intensity was
monitored for 3 - 15 min after ACh-stimulation. In the end of each experiment calcimycin was
added as positive control to a final concentration of 5 µM. If not stated otherwise, the frame
rate was 1 frame per 5 seconds.

The ACh solutions were prepared freshly before experiments. The 5 mM d-tubocurarine
stock solution was prepared in KH buffer one day before testing and stored at 4°C. The 50 mM
atropine stock solution in 100 % ethanol (EtOH) was stored for 2 - 3 months at 4°C and diluted
freshly in KH before each experiment. Calcimycin and the calcium sensor Fluo-4 acetoxymethyl
(AM) ester were dissolved in DMSO and stored at -20°C. The stock concentration of calcimycin
was 1 mM. To the 5 mM calcium sensor stock solution the equal volume of 20 % pluronic acid
in DMSO as well as KH were added to a final calcium sensor concentration of 5 µM.

Calcium imaging as fast screening method

Cells were seeded in 96-well plates and loaded with the calcium sensor as described in sec-
tion “Calcium Imaging”. The freshly Fluo-4 loaded plate was used for experiments within the
following 11

2 hours.

First, the cells were preincubated with the substance of interest, if needed. After 10 - 15 min
incubation in the dark, the plate was mounted on the fluorescence microscope. The experiments
were performed at room temperature. During one single experiment, all test substances were
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added step by step to the well. The cells were not rinsed within the measurement. In the end,
the positive control was added. When one single experiment was completed, the plate was
relocated on the x-y-table and immediately, the next experiment could be started. Including
initial baseline fluorescence, buffer application control, stimulation and positive control, one
single experiment normally spanned about 5 - 6 min. Up to 8 single experiments were performed
on one Fluo-4 loaded plate.

BrdU Assay

The cell proliferation was quantified via the DNA synthesis-based bromodeoxyuridine (BrdU)
assay. The thymidine analog BrdU can be detected in fixed cells using a monoclonal anti-BrdU
antibody. NT2 precursor cells were seeded in non coated 96-well plates each 5,000 cells per
well. Next day, the BrdU assay was performed. Cells were washed gently with NM and cell
culture medium was removed completely. Following, the cells were preincubated for 30 min
with the substance of interest. In this case, the cells were incubated with 0 µM, 0.1 µM, 1 µM,
5 µM, 10 µM and 100 µM carbachol in NM. The cells were also incubated with 50 µM atropine
as well as 100 µM CCh and 50 µM atropine simultaneously. Control cells were exposed to
100 nM of the DNA replication blocker aphidicolin. To the provided 190 µl of preincubation
volume, another 10 µl of 2 µM BrdU in NM were added. The cells were incubated with BrdU
and the test substances for another four hours at 37°C, 5% of CO2 and H2O saturated gas
atmosphere. Afterwards, the BrdU was detected immunocytochemically as described in section
“Immunofluorescence”. For the stock solution, 15 mg of BrdU were dissolved in 40% EtOH and
stored at 4°C. 4 mM aqueous aphidicolin stock solutions were stored at -20°C. The carbachol
solutions were prepared freshly.

Influence of cholinergic stimulation on quantitative neuronal

differentiation

The influence of cholinergic stimulation on neuronal differentiation was determined in a neuronal
differentiation assay described by Stern et al. (2014). In short, 5 · 106 NT2 cells in 10 ml
NM were plated on uncoated petri dishes. Next day, day 1, cells were collected by rinsing the
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dishes with NM and PBS properly, pooled and centrifuged at 200 · g for 6 min. The cells
were resuspended in RA-medium. 80.000 cells were seeded in 200 µl RA medium per well
into uncoated 96-well plates. Cells were kept in RA medium for 4 days. On day 4, the RA
medium was changed for 100 µl of fresh RA medium. The test substances were added to
final concentrations of 333 µM sodium valproate (VPA), 0.0001, 0.001., 0.01, 1, 5, 10 and
100 µM CCh. The control cells were treated with RA medium only. On day 7, the medium
was changed. The concentrations of the test substance were kept. On day 10, an Alamar
Blue assay was performed on all cells. The cells were fixed and stained for DAPI and the
neuronal marker βIII-tubulin as described in section “Immunofluorescence”. The fluorescence
was detected in a microplate reader (Infinite 200, Tecan) at an excitation / emission wavelength
of 568 nm / 603 nm for Alexa Fluor 568 coupled βIII-tubulin and at 350 nm / 488 nm for
DAPI. Each substance and concentration was tested in sixfold on the same 96-well plate. The
experiment was performed three times.

Alamar Blue assay

The cell viability was detected using the Alamar Blue assay (Trek Diagnostic Systems, East
Grinstead, UK). The cells were rinsed gently with NM before adding a 5% Alamar Blue solution
in NM and incubated for 3 hours at 37°C and 5% CO2. Before and after the incubation in the
dark, the Alamar Blue fluorescence was detected in a microplate reader (Infinite M200, Tecan)
at an emission / excitation wavelength of 530 nm / 590 nm.

Data acquisition and analysis

Data acquisition

The calcium imaging data were gained using a Zeiss Axiovert 200 microscope (Zeiss, Göttingen,
Germany) equipped with a CoolSNAP digital Camera. The setup was controlled via the
MetaMorph software (Molecular devices). To reduce the phototoxicity, both a 6 % and 25 %
neutral density filter were added to dim the excitatory light in all calcium imaging experiments.
Photos were taken each 5 s. Exposure times ranged between 200 ms and 2 s. The cells were
exposed to the excitatory light only for this period.
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The immunocytochemical stainings were documented using a Zeiss Axioscop, equipped with
an Axiocam3900 digital camera and the Zeiss Axiovision software, respectively a Zeiss Axiocam
506 color digital camera and the Zeiss Zen software.

Data analysis

The optical raw data were processed using the open source program ImageJ (http://imagej.nih.gov/ij/,
version: 1.50i, accessed in may 2016). Further calculations were performed using the Libre
Office Calc program (https://de.libreoffice.org/, version 5.0.6, accessed in may 2016).

Stimulation with ACh

For the analysis of NT2 precursor cells as well as NT2 cells after two weeks of RA treatment,
all cells were chosen.

Mature neurons were identified by their typical morphology: the predominantly spindle-
shaped cells possess long neurites, considerably smaller cell bodies than non neuronal cells and
tend to accumulate in spheres (fig. 3.6). After the data acquisition, a series of fluorescence
images was available for the data analysis. On each cell body, a region of interest (ROI)
was defined. The mean value within each ROI was taken to be equivalent to Ifluo(t, ROI).
Background fluorescence Ifluo (t, ROIBackground), too was measured and subtracted from each
Ifluo(t, ROI).

∆Ifluo(t, ROI) = Ifluo(t, ROI) − Ifluo(t, ROIBackground) (3.1)

Normalizing the ∆IF luo to minimum before stimulus mint<tstimulus
(∆Ifluo(t, ROI)) and

maximum after positive control maxt=tstimulus
(∆Ifluo(t, ROI)):

Irel
fluo(t, ROI) = ∆Ifluo(t, ROI) − mint<tstimulus

(∆Ifluo(t, ROI))
maxt=tstimulus

(∆Ifluo(t, ROI)) − mint<tstimulus
(∆Ifluo(t, ROI)) · 100%

(3.2)

Cells are considered ACh reactive for:
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maxt=tstimulus
(Irel

fluo(t, ROI))
maxt<tstimulus

(Irel
fluo(t, ROI)) = 2.5 (3.3)

With maxt<tstimulus
(Irel

fluo(t, ROI)) and maxt=tstimulus
(Irel

fluo(t, ROI)) representing the max-
imum relative fluorescence intensities before and after the stimulus. Data are expressed as
percent of ACh-reactive cells ± standard deviation.

Results

d-Tubocurarine incubation does not alter ACh-induced increase of

calcium levels in NT2 cells

Up to 100 % of all cells responded to ACh by increasing cytosolic calcium levels.

In many cells, the calcium levels oscillated in response to ACh stimulation (fig. 3.1, plain
line). The frequency of oscillation varied from cell to cell (not shown).
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Figure 3.1: Calcium imaging traces of two NT2 cells. Crossed line: representative single cell
calcium imaging trace; Plain line: intensively oscillating calcium signal; shown
are relative fluorescence intensities. Cells were stimulated with 5 µM ACh. The
experiment was terminated by the application of 5 mM calcimycin as positive
control.

In preliminary range finding experiments, the EC50 for ACh on NT2 cells was determined to
be about 1.0 µM. Therefore, the precursor cells were stimulated with 5 µM ACh. As a nicotinic
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acetylcholine receptor (nAChR) blocker, d-tubocurarine was chosen. Atropine was used as a
muscarinic acetylcholine receptor (mAChR) antagonists.

The nicotinic blocker d-tubocurarine did not affect the ACh-stimulated calcium increase in
NT2 precursor cells (fig. 3.2), nor did calcium withdrawal from the cell surrounding medium.
Consistently, the muscarinic antagonist atropine decreased the ACh-induced calcium elevation
in a dose dependent manner (fig. 3.3).

Finally, the question appeared whether the calcium levels would change within a longer time
range than the monitored 3 minutes after the application of ACh. Therefore, the calcium levels
were observed for a time period of 15 minutes of ACh stimulation. The previous results were
corroborated:
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Figure 3.2: Calcium imaging results. NT2 cells were stimulated by 5 µM ACh for 2-3 minutes.
Calcium withdrawal or 50 µM d-tubocurarine application did not alter ACh-induced
calcium elevation significantly. 10 µM atropine inhibited ACh stimulation completely.
NT2 cells were stimulated by 5 µM ACh for 15 minutes. 50 µM d-tubocurarine
application did not alter ACh-induced calcium elevation significantly. 50 nM atropine
inhibited ACh stimulation completely. At least 100 cells per experiment were counted.
Values were obtained in three independent experiments. For 15 min stimulation,
the experiment was performed twice. At least 380 cells were counted per value.
Error bars are the standard deviations.

98 % (±2%) of the regarded cells did alter calcium levels when stimulated with 5 µM of
acetylcholine. When exposed to 50 µM d-tubocurarine, in 96% (±3%) of all cells, the calcium
levels did rise and 50 nM of atropine could reduce the response to the ACh stimulus to 0.3 %
(±0, 4%) (fig. 3.2).
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Figure 3.3: Atropine reduces the 5 µM ACh-induced calcium elevation in NT2 cells in a dose
dependent manner. The experiment was performed in triplicate. At least 450 cells
were counted for each concentration. Error bars are the standard deviations.

Atropine incubation suppresses the ACh stimulated calcium increase

in RA treated cells

The treatment of NT2 cells with retinoic acid initiates the neuronal differentiation. Postmitotic
neurons expressed the neuronal marker βIII-tubulin, non neuronal RA treated cells did not
(fig. 3.4).

Figure 3.4: βIII-tubulin staining of NT2 cells after 2 weeks of retinoic acid treatment. Spindle-
shaped βIII-tubulin positive neurons emerge (arrow). They send long neurites
(arrow with small arrow head). DAPI staining. Non neuronal cells have a larger
nucleus and are not labeled for βIII-tubulin (arrowhead). Cyan: DAPI-labeled nuclei,
green: βIII-tubulin. Scale bar: 100µm.

Upon ACh stimulation, nearly 100 % of all tested cells raised their calcium level. Again, the
ability of ACh to stimulate cells was tested. The cells were incubated either with atropine or
d-tubocurarine. The latter did not alter the percentage of responding cells significantly, but
atropine did. 100 µM atropine decreased the elevation of calcium levels due to ACh treatment



RESULTS 41

to 1 %.

When the cells were exposed to 100 µM ACh in 100 µM atropine and 100 µM d-tubocurarine
containing buffer, an increase of calcium levels was observed in 0.3 % of all cells.
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Figure 3.5: NT2 precursor cells after two weeks RA treatment were stimulated by 100 µM ACh.
97 % of all cells responded to ACh (2190/2257). 100 µM d-tubocurarine applica-
tion did not alter ACh-induced calcium elevation significantly (96.3%, 1603/1664).
100 µM atropine reduced ACh-induced calcium increase to 1 % (12/1101). Simul-
taneous inhibition by atropine and d-tubocurarine inhibited ACh-induced calcium
elevation to 0.3 % (3/974). Atropine treated cells responded significantly more
often than cells treated with atropine and d-tubocurarine. Values were obtained in
two independent experiments. Error bars are the standard deviations.

The response of NT2 neurons to ACh is not fully abolished by

atropine or d-tubocurarine exposure

After the retinoic acid-induced differentiation and purification, there were at least three
morphologically distinguishable cell types in culture. The first type comprised non neuronal
differentiated flattened cells with a large diameter nucleus. The second type were spindle-shaped
neurons, and the neurons from the third type were flat and stellar shaped. Spindle-shaped
neurons possessed long neurites and compact nuclei and accumulate in spheres (fig. 3.6).
Flat, stellar shaped neurons have a nucleus that exhibits a less dense DAPI staining than
spindle-shaped neurons (fig. 3.6 triple arrow). All non neuronal cells responded to ACh. This
response could be fully blocked by atropine (not shown).
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a b c

Figure 3.6: Differentiated NT2 neurons after two weeks in culture. a: DAPI, b: βIII-tubulin,
c: overlay. Neurons accumulate in spheres (arrow). Flat neurons possess a less dense
DAPI staining (triple arrow) Both spindle-shaped and flat, stellar neurons send
branching neurites (arrowhead). Cyan: DAPI-labeled nuclei, green: βIII-tubulin.
Scale bar: 50 µm

Due to difficulties in the distinction of stellar and spindle-shaped neurons under the illumi-
nation conditions of the calcium imaging experiments, all stellar and spindle-shaped neurons
were regarded as neurons. NT2 neurons raised the intracellular calcium levels when they were
stimulated by ACh, but not when buffer was applied (fig. 3.7). Up to 70 % (±13%) of all
tested neurons increased the cytosolic calcium levels due to ACh stimulation.
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Figure 3.7: Representative single cell calcium imaging trace for NT2 neurons. Shown are
relative fluorescence intensities. NT2 neurons elevated calcium levels due to
stimulation with 100 µM ACh. Application of KH buffer after 55 seconds did not
alter calcium level; after 115 seconds 100 µM ACh were applied. Final stimulation:
5 µM calcimycin after 250 seconds.

Next, the ability of atropine and d-tubocurarine to change this percentage was tested. Both
substances reduced the ACh-induced calcium increase significantly. 100 µM atropine reduced
the percentage of the responding cells to about 40 % (±11%). When incubated with 100 µM
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d-tubocurarine, about 20 % (±14%) of all neurons responded to 100 µM ACh. When exposed
to atropine and d-tubocurarine, no neuron reacted upon ACh stimulation (fig. 3.8).
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Figure 3.8: Inhibition of cholinergic stimulation of NT2 neurons by 100 µM atropine or 100 µM
d-tubocurarine. The values were obtained in four independent experiments. ACh-
reactive cells: con 69.6 % (373/536), atropine treated: 40.8 % (139/341), d-
tubocurarine treated: 21,9 % (48/219). Simultaneous treatment with 100 µM
atropine and 100 µM d-tubocurarine suppressed the response to ACh completely.
ACh-reactive neurons: con 55.6 % (209/376), atropine and d-tubocurarine: 0 %
(0/409).

Cholinergic stimulation has no influence on NT2 precursor cell

proliferation

Calcium signalling is involved in cell proliferation (Berridge, 1995). This raised the question if
the cholinergic stimulation alters the proliferation rate of NT2 precursors, too. To prevent the
breakdown of ACh under longer incubation times in cell culture, carbachol (CCh) was used as
a chemically more stable structural ACh-analogue. In a BrdU assay neither 0.1 µM, 1 µM, or
10 µM CCh, nor 100 µM CCh had an influence on NT2 precursor cell proliferation (fig. 3.9).
Moreover, the application of either 50 µM atropine or 50 µM atropine and 100 µM CCh did not
alter BrdU incorporation, neither (fig. 3.9). The DNA replication inhibitor aphidicolin was used
as positive control. 100 nM aphidicolin stopped the BrdU incorporation completely (fig. 3.9).
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Figure 3.9: The cholinergic influence on proliferation was determined in a BrdU-assay. BrdU-
positive cells: con (1314/3293). 0.1 µM CCh (1888/4142), 1 µM CCh (2041/4667),
10 µM CCh (1847/4110), and 100 µM CCh (2206/5164) did not alter BrdU
incorporation. 1 µM atropine (atro) (1823/4071) and 1 µM atropine plus 100 µM
CCh (2000/4549) had no influence on BrdU incorporation. Control cells were kept
in NM. 100 nM aphidicolin inhibited BrdU incorporation significantly (36/1746).
Each value was determined in sixfold. The values were obtained in two independent
experiments.

Cholinergic stimulation has no influence on quantitative RA-induced

neuronal differentiation of NT2 precursors cells

The cholinergic influence on the effinciency of the neuronal differentiation was tested using
βIII-tubulin as marker. Therefore, a neuronal differentiation assay described by Stern et al.
(2014) was employed.

The influence of 0.001, 0.01, 0.1, 1, 10, and 100 µM CCh on the neuronal differentiation was
tested. CCh stimulation did not alter βIII-tubulin immunoreactivity (fig. 3.10 a). As positive
control, the teratogen VPA was applied. 333 µM VPA reduced βIII-tubulin immunoreactivity to
26 % (+/- 7.7 %) of control (fig. 3.10 a). The cell viability was estimated in an Alamar Blue
assay and via DAPI staining. The results are shown in fig. 3.10b. The stimulation with CCh
had no effect on the Alamar Blue assay or the DAPI staining (fig. 3.10b). Sodium valproate
did not alter the DAPI staining, but decreased the resorufin fluorescence in the Alamar Blue
assay to 79 % (+/- 0.7 %) of control.
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Figure 3.10: The cholinergic influence on the efficiency of the neuronal differentiation was
determined in a neuronal differentiation assay established by Stern et al. (Stern
et al., 2014). Control cells were treated with RA medium. Given are relative
fluorescences (rel. fluorescence). Fluorescences were scaled to the fluorescence of
the control. The neuronal differentiation was quantified via βIII-tubulin immunore-
activity (a). 0.001, 0.01, 0.1, 1, 10, and 100 µM CCh in RA medium did not
alter relative βIII-tubulin immunorectivity. Sodium valproate (VPA) was applied
as positive control. 333 µM VPA in RA medium caused a significant reduction
of βIII-tubulin immunoreactivity. b) Results of the Alamar Blue assay and DAPI
staining. The CCh-treatment had no influence on the results of the Alamar Blue
assay and the DAPI staining (b). 333 µM VPA decreased the resorufin fluorescence,
measured in the Alamar Blue assay, but had no influence on DAPI staining (b).
Each value was determined in sixfold. The values were gained in three independent
experiments. Fluorescence intensities were measured in a microplate reader. Error
bars are standard deviations.
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Cholinergic stimulation during neuronal differentiation of NT2 cells

alters neurotransmitter choice

Next, the influence of cholinergic stimulation on the neurotransmitter choice was tested.

Fig. 3.11 shows typical GABA and ChAT immunoreactivity in neurons. In cholinergic neurons,
only the soma displayed a moderate ChAT immunoreactivity (fig. 3.11 b-d: arrow). In neurites,
the fluorescence from the detected ChAT was not stronger than the background fluorescence
(fig. 3.11 b-d: arrowhead).
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Figure 3.11: Choline acyltransferase (ChAT) and GABA staining in NT2 neurons after two
weeks in culture. a: DAPI staining, b: ChAT staining, c: corresponding βIII-tubulin
staining. d: merge. The ChAT immunoreactivity was mainly visible in the neuronal
cell bodies (b - d, arrow). In neurites, the ChAT immunoreactivity was rather faint
and difficult to separate from background fluorescence (b - d, arrowhead). e: DAPI
staining, f: GABA staining of spindle-shaped neurons, g: βIII-tubulin staining,
h: merge. In GABAergic spindle-shaped neurons, the cell body was prominently
stained (f - h: arrow) and so were the neurites (f-h: arrowhead). i: DAPI staining,
j: GABA staining in a stellar neuron, k: corresponding βIII-tubulin staining, l: merge.
The GABA staining occured in stellar neurons, too. The GABA staining is located
in the soma (j - l: arrow) and neurites (j - l: arrowhead). Not all stellar neurons
are GABAergic (j - l: triple arrow). Scale bar: 50 µm

In GABAergic spindle-shaped neurons, the perikaryon and neurites were prominently stained
(fig. 3.11 f-h arrow, arrow head). In the stellar neurons, the cell bodies and neurites were
strongly stained for GABA (fig. 3.11 j-l: arrow, arrowhead). Not all stellar cells were GABAergic
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(fig. 3.11, i-l triple arrow).
There was no influence of the CCh exposure on the percentage of ChAT-immunoreactive

spindle-shaped and stellar neurons. However, CCh treatment enhanced the percentage of
GABA-immunoreactive stellar and spindle-shaped neurons during the differentiation process
(fig. 3.11, GABA).
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Figure 3.12: Neurotransmitter choice in spindle-shaped and stellar NT2 neurons. The cells
were stimulated with 10 µM CCh during RA-induced neuronal differentiation. The
control cells were differentiated without CCh treatment. Given are the percentages
of cholinergic and GABAergic neurons and stellar cells. Total counted cells:
spindle-shaped ChAT-positive neurons: 236/850 (con), 210/690 (CCh-treated).
Stellar ChAT-positive neurons: 13/366 (con), 8/209 (CCh-treated). Spindle-
shaped GABA-positive neurons: 173/849 (con), 217/889 (CCh-treated). Stellar
GABA-positive neurons: 35/432 (con), 26/170 (CCh-treated). The values were
determined in 2 independent experiments. Given are the total results. Significance
was determinded in a chi2-test. *P<0.05, n.s. = not significant



48
CHAPTER 3: ACHR-MEDIATED CALCIUM RESPONSES AND EFFECTS ON THE

NEUROTRANSMITTER CHOICE IN NT2 NEURONS

Discussion

Using cell and molecular biological methods, NT2 precursor cells and NT2 neurons have been
found to express muscarinic receptor subtypes (Squires et al., 1996) and nicotinic receptor
subunits (Newman et al., 2002). It could be shown that NT2 precursors and neurons respond
to mAChR stimulation (Squires et al., 1996). In these experiments, acetylcholine treatment
induced an increase of the cytosolic calcium in NT2 precursor cells, RA treated cells and in
NT2 neurons.

There are three possible mechanisms how ACh can increase the cytosolic calcium level depend-
ing on available receptors. Muscarinic acetylcholine receptors (mAChR) are G protein coupled
and activate phopsholipase C (PLC) due to ACh-activation. The PLC cleaves phosphatidylinos-
itol 4,5-bisphosphate (PIP2) into diacyl glycerole (DAG) and inositol 1,4,5-triphosphate (IP3).
IP3 activates IP3 receptors (IP3R) in the endoplasmatic reticulum (ER) membrane and releases
calcium into the cytosol (reviewed by Berridge, 1993, Resende and Adhikari, 2009). Nicotinic
acetylcholine receptors (nAChR) can be calcium permeable. Calcium permeable nAChR directly
gate the flow of calcium ions into the cell. The third possibility requires the cellular expression
of K+ and Na+ permeable nAChR and voltage gated calcium channels (VGCC). Voltage gated
calcium channels are opened due to ACh-induced depolarisation causing calcium influx into the
cell. All three mechanism can be coupled to calcium-induced calcium release (CICR) from the
ER. Calcium binds to ryanodine receptors (RYR) and causes the release of more calcium into
the cytosol (reviewed by Shen and Yakel, 2009)

All NT2 EC express functional mAChR

First, the calcium responses to cholinergic stimulation in NT2 precursor cells were analyzed. By
means of calcium imaging, it was shown that all cells increased intracellular calcium levels due
to ACh treatment. This corresponds to previously published findings that ACh elevates calcium
levels in NT2 precursors (Squires et al., 1996). In many cells, the calcium levels oscillated.
In a subset of cells, the calcium levels oscillated within a range of 10, or even 15 minutes of
ACh treatment (fig. 3.1). This oscillation hints at a regulatory loop where calcium is released
from the ER via IP3R and RYR. The calcium ions are pumped back into the ER by calcium
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pumps of the SERCA-type (sarco/endoplasmic reticulum calcium ATPase) (reviewed by Jovic
et al., 2010).The calcium elevation in NT2 precursors entirely originate from internal stores
(fig. 3.2). Even after 15 minutes of ACh stimulation, NT2 precursors did not alter calcium levels
when muscarinic receptors were blocked by 50 nM atropine (fig. 3.2). Application of 50 µM
d-tubocurarine, an inhibitor of nicotinic receptors, had no influence on the calcium response
to ACh. It is known, that NT2 precursor cells transcribe a small amount of L- and N-type
voltage gated calcium channels compared to NT2 neurons (Gao et al., 1998). A depolarizing
stimulation with high potassium chloride (KCl) solutions causes no calcium increase in precursor
cells (Squires et al., 1996; Gao et al., 1998, own data, not shown).

As the K+-induced calcium influx is mediated by VGCC, NT2 precursor cells have not
enough VGCC to induce a calcium influx. Therefore I assume that all NT2 cells do express
functional muscarinic actelycholine receptors, but not calcium permeable nicotinic acetylcholine
receptors. It cannot be excluded, that NT2 precursor cells have nicotinic receptors that are
impermeable for Ca2+.

RA treated cells

RA treatment induces neuronal differentiation of NT2 cells (Andrews et al., 1984). After
two weeks of RA treatment, neurons have emerged (fig. 3.4). Still, the majority of cells are
mitotic cells. At this point, mitotic cells and neurons cannot be easily distinguished by their
morphology (fig. 3.4). For technical reasons, it is hardly possible to purify neuronal cells from
non neuronal cells after two weeks of RA treatment, as both, neuronal cells and mitotic cells,
nearly have the same size. Therefore, all cells were evaluated in this study: neurons and non-
neuronal cells. When stimulated by ACh, about 97% (±1.5%, fig. 3.5) of all cells responded.
Simultaneous application of atropine and d-tubocurarine nearly completely eliminated ACh
responsiveness (fig. 3.5). Inhibition of muscarinic receptors by high doses of atropine decreased
ACh responsiveness to 1 %. The remaining 1 % hints at calcium permeable nAChR in RA
treated cells. It is difficult to determine whether these cells are neurons. Differentiated,
non-neuronal, flattened cells do not elevate calcium levels when treated with ACh in presence
of atropine. Therefore, I assume that the responding cells are neurons expressing nicotinic
acetylcholine receptors.
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NT2 Neurons

Differentiated neurons continue to mature in culture after replating (Podrygajlo et al., 2009).
They start firing action potentials spontaneously after 2-3 weeks in culture (Gortz et al. 2004;
Podrygajlo et al. 2010). Therefore, two weeks old neurons were used for calcium imaging
experiments. These neurons had time to mature, but do hardly show spontaneous firing activity,
yet.
The majority of mature neurons responded to ACh stimulation (fig. 3.8). The results

suggest that nicotinic and muscarinic AChR are not simultaneously expressed in NT2 derived
neurons. When mAChR are inhibited by high doses of atropine, the percentage of ACh reactive
neurons is lowered. The same is true for inhibition of nicotinic AChR by high concentrations
of d-tubocurarine. When applied separately, both inhibitors do not completely eliminate
ACh reaction. When the remaining percentages of 40% (±11%) for atropine inhibition and
22% (±14%) are summed up, the result lies within the total percentage of non inhibited ACh
reaction (70% (±13%)). If all NT2 neurons would express both types of cholinergic receptors,
these numbers would differ: the summed percentages would be significantly higher than the
content of uninhibited ACh reactive cells.
All these findings are in line with previous studies. PCR and immunocytochemical studies

have revealed that NT2 neurons express M3 and M5 AChR (Squires et al., 1996). Both subtypes
induce PLC and IP3-mediated calcium release from the ER (reviewed in Resende and Adhikari,
2009). Besides, NT2 neurons express nAChR α4, α6 and α9 subunits (Newman et al., 2002)
and voltage gated calcium channels (Gao et al., 1998; Neelands et al., 2000). This facilitates
calcium influx into the neurons when calcium impermeable nAChR are present. Nicotinic
actelycholine receptors are permeable for sodium and potassium ions. Activation of nAChR
leads to a sodium influx and a potassium outflow. This causes a membrane depolarization.
For some subunit combinations, nAChR are also permeable for calcium ions. The nicotinic
receptor-mediated calcium influx after cholinergic stimulus can occur either directly through
nAChR, or through voltage gated calcium channels.
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Proliferation and neuronal phenotype

NT2 precursors, RA treated NT2 precursors and NT2 neurons respond to cholinergic stimulation
with the elevation of cytosolic calcium. Calcium signaling is involved in a multiplicity of cellular
functions. It is engaged in the control of the cell cycle and the initiation of DNA synthesis
(reviewed by Berridge, 1995). Thus it was tested if the acetylcholine receptor stimulation
might influence the proliferation of NT2 precursor cells. The DNA replication inhibitor
aphidicoline inhibited BrdU incorporation. The cholinergic receptor stimulation by CCh, or the
AChR inhibition by atropine had no influence on the proliferation (fig. 3.9). Neither had a
simoultaneous application of atropine and CCh.

A quantitative assay (Stern et al., 2014) was used to test whether stimulation of cholinergic
receptors might influence RA-induced neuronal differentiation (fig. 3.10a). None of the applied
CCh concentrations changed the extent of neuronal differentiation or the viability, as measured
in an Alamar Blue assay (fig. 3.10b). DAPI labeling indicated that relative cell densities were
not changed (fig. 3.10b, DAPI). In contrast, the teratogenic sodium valproate inhibited neuronal
differentiation (fig. 3.10a) and reduced cell viability although cell density was not affected
(fig. 3.10b).

The cholinergic stimulation had no influence on neuronal differentiation, as quantified by the
expression of the neuronal marker βIII-tubulin. However, in neurons that were stimulated during
differentiation and inhibitor treatment, significantly more neurons were GABA immunoreactive
than in the control group (Fig. 3.12) without affecting the percentage of ChAT-positive neurons.
A previous study showed that the amount of NT2 neurons with a cholinergic phenotype cannot
not be altered (Podrygajlo et al., 2009) by interfering with the pathways that are associated
with the generation of motoneurons (Novitch et al., 2003; Li et al., 2005; Briscoe, 2006).
Presumably, the concentration of the RA during the neuronal differentiation and the RA
impact on neurotransmitter choice is that strong that the differentiation towards a cholinergic
phenptype is at its maximum and cannot be altered easily.

Since other transmitter phenotypes were not tested in this study, little can be said whether
this result represents a true transmitter switching in a discrete class of neurons. One potential
interpretation is that prolonged cholinergic activation during differentiation has shifted NT2 neu-
rons in a mechanism of homeostatic plasticity towards an inhibitory GABAergic phenotype.
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In a recent study it could be shown that an increased VGCC activity and thus an enhanced
calcium spiking activity leads to more GABAergic cells and less glutamatergic cells in Xenopus
embryos, and vice versa (Lewis et al., 2014).
Nevertheless, due to intracellular elevated chloride levels, in developing nervous systems

GABA can act as depolarizing neurotransmitter (Ben-Ari et al., 2007). This would argue
against the above interpretation. Also, it is possible that the observed phenotype switch is an
epiphenomenon. The mechanism could be another but the increased calcium signal. In NT2
precursor cells, mRNA of the muscarinic acetylcholine receptors isoforms M1, M3 and M4 were
found. M1 and M3 induce calcium release from the endoplasmic reticulum (ER). Both receptors
are associated with activation of the phospholipases C, D, and A2, the tyrosine kinase, and the
adenylate cyclase. M4 are associated to the phospholipase A2-mediated, calcium-dependent
arachidonic acid release. Whereas most of the muscarinic receptor-mediated effects include
calcium, the activation of M2 and M4 directly inhibits adenylate cyclase. This leads to a
decrease of intracellular cyclic adenosine monophosphate (cAMP) levels (Migeon et al., 1994,
1995, reviewed by Felder, 1995). On the other hand, M1, M3 and M5 activation can increase
the cAMP-levels (Baumgold and Fishman, 1988).

Little is known about the influence of cAMP, phospholipase activation, tyrosine kinase activity,
and arachidonic acid on the neurotransmitter choice in neurons. cAMP has, if at all, a rather
small influence on the generation of cholinergic neurons (Walicke and Patterson, 1981). Further
experiments that investigate the influence of cAMP levels on the neurotransmitter choice are
needed (Averaimo and Nicol, 2014) although calcium transients and cAMP transients interact
(Gorbunova and Spitzer, 2002). However, in this study, the cAMP levels were not tested.

Whether the observed phenotype plasticity is a result of the altered calcium signaling or
another pathway that might include altered cAMP levels, phospholipase activation or arachidonic
acid release, remains unclear.
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Conclusion

The calcium imaging fast screening assay has proved to be suitable for dose-response studies of
chemicals that either induce or inhibit calcium responses. An effect of cholinergic stimulation
on proliferation, viability, and quantitative neuronal differentiation of NT2 precursor cells could
not be observed. However, the neurotransmitter phenotype is shifted towards the GABAergic
phenotype due to the cholinergic stimulation.
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Zusammenfassung

Werden Neurone mit Infrarotlicht bestrahlt, so führt die Erwärmung von Membranen und
umliegendem Gewebe zu einer Depolarisierung der Zellen. Die Gewebeerwärmung selbst ist
ein Nachteil, der zu Zell- und Gewebeschäden führen kann. Er kann dadurch umgangen
werden, dass das Anregungslicht fokussiert wird. Auf diese Weise kann die Erwärmung auf
definierte Bereiche beschränkt werden. Die Plasmonenresonanz besitzt eine solche fokussierende
Wirkung und kann zur Transfektion und zur Stimulation von Neuronen angewendet werden.
In dieser Arbeit wurden die menschliche NT2 Zelllinie und NT2-Neurone mit Laserlicht und
Goldnanopartikeln angeregt. Den Versuchen liegt ein Transfektionsverfahren zu Grunde, in
dem Zelle mit Goldnanopartikel und Laserlicht perforiert werden.
NT2-Vorläuferzellen und Neurone haben auf den Laserstimulus mit einer Erhöhung des

intrazellulären Calciumlevels reagiert. Die Nanopartikelbehandlung hat diesen Effekt verstärkt:
Mehr Zellen haben auf den Reiz reagiert und der Calciumanstieg war stärker.

Diese Ergebnisse zeigen, dass menschliche Neurone durch Plasmonresonanz an Goldnanopar-
tikeln stimuliert werden können. Die Energie, die für die Neuronenstimulation erforderlich ist,
wird durch die Nanopartikelbehandlung verringert.
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Abstract

Infrared light stimulation induces a neuron depolarization due to tissue heating. This tissue
heating itself is a disadvantage that can be bypassed by focusing the stimulating light. That
way, the heating can be restricted to defined regions of interest. Plasmon resonance inheres
such a focusing effect and can be applied for transfection and for stimulation of neurons.
In this work, a human NT2 cell line and NT2 neurons were stimulated with laser light and
gold nanoparticles, using a transfection assay based on the gold nanoparticle-mediated laser
perforation (GNOME). In NT2 precursor cells and neurons, the calcium levels did increase
upon laser stimulus. The nanoparticle treatment enhanced this effect: More cells responded to
the stimulus, and the calcium increase was stronger.

These results demonstrate that human neurons can be stimulated by plasmon resonance on
gold nanoparticles. The energy doses that are required for neuron stimulation are reduced by
the nanoparticle treatment.
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List of Abbreviations

This list includes the abbreviations concerning chapter 4.

ER endoplasmic reticulum

g.u. gray unit

GNOME gold nanoparticle-mediated laser transfection

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

IP3 inositol 1,4,5-trisphosphate

IP3R inositol 1,4,5-trisphosphate receptor

KH Krebs-HEPES buffer

LED light emitting diode

MV mean value

Nd:YAG Neodynium-doped Yttrium Aluminum garnet

NM normal medium

PDL poly-D-lysine

px pixel

RA retinoic acid

ROI region of interest

RYR ryanodine receptors

SERCA sarco/endoplasmic reticulum calcium ATPase

VGCC voltage-gated calcium channels
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Introduction

The direct stimulation of selected neurons is a powerful tool in biology. It offers the chance to
analyze network formations in developing systems as well as the analysis of neuronal activity.

The free electrons in electrically conducting nanoparticles interact with light. The free
electrons are shifted along the electric field of the photons and are pulled back by the Coulomb
force. The resonant oscillation of the free electrons is called plasmon resonance (reviewed
by Huang and El-Sayed, 2010; Fan et al., 2014). When plasmon resonance in nanoparticles
is induced, a part of the incident light is absorbed, converted and reemitted as heat and as
light. The absorbance efficiency depends on the wavelength and on the particle size and shape
(Link and El-Sayed, 1999). The biological features are also set by the particle size, shape and
material, whereas the particle surface can be modified: It can be coated with proteins and
lipids of interest and functional groups can be attached (reviewed by Fratoddi et al., 2015).
When plasmon resonance in nanoparticles is induced in the close vicinity of biomembranes,
the reemitted energy heats the membrane and surrounding medium. This causes a change of
the membrane capacity and thus the activation of temperature sensitive channels such as the
transient receptor potential cation channels (TRPV) and voltage-gated ion channels as the
voltage-gated calcium channel (VGCC). Also, temperature sensitive proteins are affected, such
as the inositol 1,4,5-trisphosphate receptor (IP3R) and the sarco/endoplasmic reticulum calcium
ATPase (SERCA, Tseeb et al., 2009). The heat induced cell activation offers the chance to
stimulate neurons selectively and over a defined period (Yong et al., 2014; Carvalho-de Souza
et al., 2015; Lavoie-Cardinal et al., 2016).

Neurons can be controlled via electrodes and by light stimulation (reviewed by Tehovnik,
1996; Spira and Hai, 2013). The relatively young technique of optogenetics comprises tools to
selectively depolarize or hyperpolarize distinct neurons, or even to manipulate second messenger
levels (Zemelman et al., 2002; Boyden et al., 2005; Zhang et al., 2007; Airan et al., 2009,
reviewed by Fenno et al., 2011). There are two families of light-gated ion channels and a third
family that comprises rhodopsin-G protein-coupled receptors. Via optogenetic modification,
small insects were shown to be controlled directly by illumination (Lima and Miesenboeck, 2005;
Nagel et al., 2005). Deep brain optogenetic stimulation of larger animals was made possible by
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the injection of micro scale LEDs (light emitting diodes) into the brain (Rossi et al., 2015).
The genetically encoded information about light sensing molecules must be introduced into the
cells of interest. The optogenetic tool can only be employed for organisms or cells that can be
genetically modified. There are alternative techniques for the optical stimulation of cells that
cannot be genetically modified. One technique is the infrared neural stimulation. Infrared light
either directly stimulates the cells or tissue or it is transmitted into the tissue via an optical
fiber. Water absorbs the infrared light and is heated. The subsequent temperature increase
alters the membrane capacity of the surrounding cells and induces a membrane depolarization
(Izzo et al., 2006; Shapiro et al., 2012). The energy that is needed for neuronal stimulation is
reduced by nanoparticle treatment (Carvalho-de Souza et al., 2015).

The studies on optical stimulation of neurons were mainly performed on cultured rodent
neurons (Yong et al., 2014; Carvalho-de Souza et al., 2015; Lavoie-Cardinal et al., 2016),
rat hippocampal slices (Carvalho-de Souza et al., 2015) and rat sciatic nerves (Eom et al.,
2014). A few experiments were performed on human cell culture (Kim et al., 2013), but to my
knowledge not on human neurons. In this study, the pluripotent human embryonal carcinoma
cell line NT2 was used for optical stimulation experiments. This cell line origins from a malign
testicular tumor (Andrews, 1984). By retinoic acid (RA) treatment the NT2 precursor cells
can be turned into neurons resulting in a variety of neuronal phenotypes. The bulk of NT2
neurons is cholinergic (Guillemain et al., 2000; Podrygajlo et al., 2009) which makes them
a good model for tests on neurotoxicity (Hill et al., 2008; Stern et al., 2014) as well as for
studies on the development of neurons, especially the development of cholinergic neurons. The
NT2 neurons form functional synapses (Hartley et al., 1999) and produce spontaneous spiking
activity after 2 - 4 weeks in culture (Podrygajlo et al., 2010a; Hill et al., 2012). In xenograft
experiments (Garbuzova-Davis et al., 2002; Zhang et al., 2005; Podrygajlo et al., 2010b) NT2
cells were shown to integrate into rodent and chick nervous tissue and NT2 neurons were
already transplanted successfully into the brains of human patients after stroke (Nelson et al.,
2002).

In this study, the calcium response of NT2 precursor cells and NT2 neurons after optical stim-
ulation were analyzed. Nanoparticle treated cells were compared to cells without nanoparticle
treatment.
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Material and Methods

Unless noted otherwise, SI units are used and all chemicals were purchased from Sigma Aldrich
(Taufkirchen, Germany). The human Ntera2/D1 cell line (NT2) was obtained from ATCC
(American Type Culture Collection, VA, USA).

Cell culture

NT2/D1 precursor cells were grown in T175 cell culture flasks in DMEM/F12 (Invitrogen,
Darmstadt, Germany) supplemented with 10 % fetal bovine serum (FBS, Invitrogen) an 1 %
penicillin / streptomycin (Pen/Strep, Invitrogen) (normal medium, NM). Medium was changed
every 2-3 days. Cells were harvested by trypsination at 90-95 % confluence, then centrifuged
for 6 minutes (min) at 200 g, resuspended in fresh NM and finally seeded at the appropriate
concentration in uncoated T175 flasks.

Differentiation and harvesting of neurons

NT2 neurons were obtained as described by Paquet-Durand et al. (2003). In short, after
harvesting, 5 · 106 NT2 cells in 10 ml NM were seeded in microbiological grade petri dishes
(Greiner). The next day, cells were collected by rinsing the dishes with NM and phosphate
buffered saline (10 mM sodium phosphate, 150 mM NaCl, pH 7.4, PBS) thoroughly, pooled,
and centrifuged at 200 g for 6 min, resuspended in fresh NM supplemented with 10 mµM
retinoic acid (RA medium), and seeded in petri dishes for 7 - 10 days. RA medium was changed
three times per week collecting and pooling cells from the dishes and, after centrifugation,
seeding in fresh medium in new petri dishes.

Afterwards, cells were seeded in T75 culture flasks (one flask per dish) for another 7-10 days
in RA medium. The medium was changed three times per week.

Cells were trypsinated, washed, centrifuged for 6 min at 200 g and seeded in T175 culture
flasks (100 · 106 cells in 50 ml per flask) in NM for two days. Afterwards, cells were collected
again using Trypsin / EDTA, centrifuged (6 min at 200 g) and seeded in inhibitor medium
(DMEM/F12, 5 % FBS, 1 % Pen/Strep, 10 µM 5-Fluoro-2´-deoxyuridine (FUdR), 10 µM
1-b-D-ribofuranosyluracil (Urd), 1 µM 1–6-D-arabinofuransylcytosine (araC)). Within the next
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10 - 14 days, neurons appeared, and the inhibitor medium was changed when necessary,
decanting about 50 - 70 percent of the medium and refilling the conditioned medium with
fresh inhibitor medium.
After 10 - 14 days, when neuronal somata and dendrites were clearly visible, the neurons

were harvested. Cells were washed with PBS, incubated with trypsin / EDTA, collected in
NM, centrifuged for 6 min at 200 g, and resuspended in 3 - 5 ml of fresh NM. Neurons were
separated from non-neuronal cells as follows: the cell suspension containing both, neurons
and non-neuronal cells, was centrifuged briefly until 200 g, then stopped immediately. The
neuron-containing supernatant was examined for the neuron density and the content of non
neuronal cells. If necessary, this step was repeated up to two times.
For all experiments, the cell passages 21 - 31 were used.

NT2 precursor cell and neuron stimulation with light

ca. 1870 µm²

NT2 neuronsNT2 precursor cellsa b

ca. 150 µm²

ca. 100 µm²

Figure 4.1: Comparison of a) NT2 precursor cell and b) neuron size. a: dotted circle. Cyan:
DAPI, green: phalloidin immunoreactivity, red: nestin immunoreactivity. b) The
area of soma (b: dotted circle) is about 15 - 20 x smaller than the cell bodies
of precursor cells cyan: DAPI, green: ßIII-tubulin immunoreactivity, the GABA
immunoreactivity (red) is overlain with the green ßIII-tubulin signal and the cyan
DAPI fluorescence (arrow heads). Scale bar: 50 µm

NT2 precursor cell loading

About 30,000 NT2 precursor cells were seeded in NM on poly-D-lysine (PDL) and laminin
coated Ibidi glass bottom dishes with a diameter of 35 mm. The next day, a gold nanoparticle
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suspension (PGO200, Kisker Biotech) was added to a concentration of 1 µg/cm2. The
nanoparticles of 200 nanometers (nm) in diameter were allowed to sediment. After 4 hours
(h) of incubation at 37°C and 5% CO2 (carbon dioxide), cells were rinsed with Krebs-HEPES
buffer and loaded with the calcium sensor Fluo-4 acetoxymethyl (AM) as described in section
“Calcium Imaging”. Finally, cells were kept in Krebs-HEPES (KH) buffer for the following
experiments.

NT2 neuron loading

About 20,000 neurons were seeded in NM in a 2-well culture-insert (Ibidi) per well. The inserts
were mounted on a PDL and laminin coated 35 mm Ibidi glass bottom dish. NT2 neurons were
allowed to mature for two weeks. One day before the experiment, the neurons were loaded
with gold nanoparticles. A density of 2.5 µg/cm2 was chosen, as neurons are smaller than
precursor cells (see fig. 4.1). The gold nanoparticles were allowed to settle down over night.

Calcium sensor loading and stimulation

After the gold nanoparticle loading time, the cells were incubated with the calcium sensor
Fluo-4 AM as described in section “Calcium Imaging”. Within the next 11

2 hours, the cells were
kept in KH at 37°C and 5 % CO2 and were used for experiments. Afterwards, the next gold
nanoparticle-treated cells or control cells were loaded freshly with Fluo-4 AM. According to the
experimental procedures used in Kalies et al. (2015) the laser spot focused on the cells had a
diameter of about 80 µm.

Data acquisition and analysis

For the experiments with NT2 precursor cells and NT2 neurons, two different setups were
applied.

The prepared dishes with NT2 precursors were placed on a modified Axiovert100 (Carl
Zeiss, Germany) microscope equipped with a notch filter OD6 (NF533-17, Thorlabs, USA), a
HBO50 mercury vapor lamp, and a Jenoptik Speed XT Core 3 camera. Plasmon resonance
was stimulated at 532 nm via a pulsed frequency doubled Nd:YAG (Neodymium-doped Yttrium
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Aluminum garnet) laser with a repetition rate of 2 kHz and a pulse duration of 350 - 500 ps.
The first setup was a preliminary setup for the proof of principle. The energy doses were
regulated via laser shutter opening time. The laser output was measured to be about 9.5 +/-
1.5 mW.

NT2 neurons were stimulated with an improved setup described in Kalies et al. (2015). This
setup was equipped with a Jenoptik MF Cool camera. The laser pulse repetition rate was
20.25 kHz, and the pulse duration was 850 ps. The mechanical shutter was opened for 10 ms .
For low energy doses a laser power of 15 mW was chosen, 20 mW for moderate, and 30 mW
for high energy doses. In this setup, this equates to 10.5 mJ/cm2, 14 mJ/cm2 and 21 mJ/cm2
per pulse.

The Fluo-4 fluorescence was excited at 475 +/- 35 nm and measured at 530 +/- 30 nm. In
preliminary experiments, further equipment parameters were tested. A 63x objective (Plan-
Achromat 63x/1.4 Oil M27, Carl Zeiss, Germany) turned out to be optimal. The frame rate
for the experiments with precursor cells was 1 Hz. The integration time was 1 s. For the
experiments with NT2 neurons, an integration time of 40 ms was appropriate for calcium
imaging measurements. The frame rate was set to be maximum, resulting in 25 Hz.

For each measurement, a new region of interest (ROI) on the dish was chosen or a new dish
was mounted on the microscope. At least 2 - 3 separate cell loaded dishes were used for each
experiment with control cells and nanoparticle treated cells. The fluorescence intensities were
saved and processed as gray values.

Data analysis

The optical raw data were processed using the open source program ImageJ (http://imagej.nih.gov/ij/,
version: 1.50i, accessed in may 2016). Further calculations were performed using the Libre
Office Calc program (https://de.libreoffice.org/, version 5.0.6, accessed in may 2016).

Stimulation of plasmon resonance of gold nanoparticles

The fluorophore Fluo-4 is a calcium sensor. Within certain limits, its fluorescence is proportional
to the level of free calcium (Gee et al., 2000). Thus the increased fluorescence is considered to
be equivalent to elevated levels of free calcium. For all analyses of neuronal stimulation with
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light and gold nanoparticles the analyzed time range after the stimulus was limited to exclude
reactions from succeeding laser stimuli.

On each cell body, a ROI was defined manually. The mean value (MV) within each ROI was
measured using the program ImageJ. That value was taken to be equivalent to Ifluo(ti, ROI).
ti denotes a time series enumerated by i. The background fluorescence Ifluo (ti, ROIBackground)

of a ROI without cells was also measured and subtracted from each Ifluo(ti, ROI).

∆Ifluo(ti, ROI) = Ifluo(ti, ROI) − Ifluo(ti, ROIBackground)

For precursor cells and one experimental series with NT2 neurons, control experiments
without nanoparticles and without laser stimulus were performed. For each irradiation control
cell, an exponential curve was fitted to the background subtracted Fluo-4 fluorescence curve
progression. The average exponent was applied for the bleaching and the attenuation correction,
respectively.

Inew
fluo(ti, ROI) = ∆Ifluo(ti, ROI) · e−MV (damping)·ti (4.4)

From changes of the fluorescence previous to the stimulation the baseline standard deviation
stdev(BL) was determined.

Precursor cells are considered to display elevated calcium levels, when:

maxti=tstiimulus
(Inew

fluo(ti, ROI)) = 5 · stdev(BL)

maxti=tstimulus
(Inew

fluo(ti, ROI)) represents the maximum fluorescence intensity after the laser
stimulus.

In some experiments scattered laser light bled through the filters. In that case the data after
laser pulse application were analyzed from that time when the bleeding through of scattered
light had vanished.

Criteria for the identification of intercellular calcium waves:

For the identification of an intercellular calcium wave, two criteria had to be fulfilled:
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• The time point of the maximum fluorescence increase was delayed with an increasing
distance to the laser spot.

• The maximum fluorescence intensity decreased with increasing distance of the cell to the
laser spot.

Scattered laser light close to the excitation beam was excluded.

Determination of the neuronal response to laser irradiation

The calcium response of the neurons after laser pulse application was determined as follows:

The mean baseline (BL) fluorescence for each cell mean(BL) was subtracted from each
attenuation corrected, background subtracted data point. The sum of all positive values was
calculated:

ti=9 s∑
ti =tstimulus

(Inew
fluo(ti, ROI) −mean(BL))

for each (Inew
fluo(ti, ROI) − mean(BL)) > 0. Only the first nine seconds after laser pulse

were considered. In this interval, no further laser stimulus was set.

If
ti=9 s∑

ti =tstimulus

(Inew
fluo(ti, ROI) −mean(BL)) > 100 (4.5)

the neuron was assumed to have responded to the laser stimulus. Based on a manually

evaluated portion of all measurements, the threshold of 100 was chosen.

Various types of calcium responses were evaluated on the basis of the maximum signal
increase before and after the laser stimulus. Only those neurons that were considered to have
responded after the laser stimulus were considered (see eq. 4.5).

First, the sampling interval was prolonged retrospectively for noise reduction. Five consecutive
baseline subtracted and damping corrected fluorescence values were averaged, each.



MATERIAL AND METHODS 69

background substracted, damping corrected  fluorescence curve
fluorescence increase

t in s

 F
lu

or
e

sc
en

ce
 s

ig
na

l [
g.

u.
]

0

50

100

150

0 5 10

* *

a

**

-5

0

5

-10

Δ
t I

 fl
uo

m
ea

n

15

.

..

t in s
* *

**

b

-5

0

5

Δ
t I

 fl
uo

m
ea

n

-10

0 5 10 15

0

50

100

150

 F
lu

or
e

sc
en

ce
 s

ig
na

l [
g.

u.
]

.

* *

*

**

c

.
**..

..

0

50

100

150

-5

0

5

Δ
t I

 fl
uo

m
ea

n

-10

t in s
0 5 10 15 F

lu
or

e
sc

en
ce

 s
ig

na
l [

g.
u.

]

steep increase slow increase no increase

Fluorescence sum
 after laser pulse  [g.u.]

difference of the maximum 
fluorescence  increase 

after laser pulse and before
[g.u.]

steep increase slow increase no increase

4824,48

0,526,31 0,49

21,3469,33

 exemplary results for the curves in a, b, and cd

 Calcium responses to laser stimulus of NT2 neurons

Figure 4.2: Exemplary Fluo-4 traces. a) steep increase, b) slow increase, c) no increase of
calcium-dependent Fluo-4 fluorescence. Depicted are Inew

fluo(ti, ROI) ( fat and green,
lower curve), left ordinate, and the fluorescence increase after each 0.2 seconds
∆tI

mean
fluo (ti, ROI) (thin, upper curve, compare eq. 4.6,), right ordinate. The

fluorescence sum according to eq. 4.5 is colored red. The fluorescence sum is given
in gray units (g.u.). *: laser pulses. **: Data after the first nine seconds post
laser pulse were not taken into consideration. d) Results for the analysis criteria for
the exemplary traces depicted in a - c. The difference of maximum fluorescence
increases before and after laser pulse was determined according to eq. 4.7 and are
given in gray units (g.u.).

Imean
fluo (treduced

i , ROI) = mean(Inew
fluo(ti, ROI) : Inew

fluo(ti + 4
25s, ROI))

That way, the frame rate was reduced from 25 Hz to 5 Hz, indicated by treduced
i . The first

nine seconds after the laser pulse were analyzed. Rates of changes were obtained by calculating
the derivation.

∆tI
mean
fluo (treduced

i , ROI) = Imean
fluo (treduced

i+1 , ROI) − Imean
fluo (treduced

i , ROI) (4.6)
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∆tI
mean
fluo (treduced

i , ROI) gives the fluorescence increase after each 0.2 seconds. The maximum
signal increase before and after the stimulus were determined and subtracted.

max
treduced
i 59 s

treduced
i =tstimulus

(∆tI
mean
fluo (treduced

i , ROI)) −maxBL(∆tI
mean
fluo (treduced

i , ROI)) = αslope

(4.7)

The fluorescence increase was considered to be slow for αslope < 0.9, and to be steep for
αslope = 0.9. The factor 0.9 was arbitrarily taken in agreement with the subjective evaluation
of the curve progression according to eq. 4.4. Fig. 4.2 illustrates this analysis.

Results

Gold nanoparticles enhance laser the stimulation in NT2 precursor

cells

Figure 4.3 provides details of Fluo-4 fluorescence recordings after laser stimulation of control
cells (fig. 4.3a) and gold nanoparticle loaded cells (fig. 4.3b). In these two recordings, the
laser shutter was opened for 40 ms. Laser light scattered by the sample has bled through the
notch filters (fig. 4.3 a, b, overview and pulse: arrow) and is visible as fluorescent laser spot.

Prior to the laser stimulus, a weak Fluo-4 fluorescence was detected in control cells and gold
nanoparticle treated cells (fig. 4.3a, b, -1 s). Within the first 20 seconds after stimulus, control
cells displayed the same fluorescence intensity as before the laser pulse. After about 40 s, a
few cells showed a moderate Fluo-4 fluorescence (fig. 4.3a, 40 s, arrow) which increased in the
following 50 s (fig. 4.3a, 90 s, arrow). Within the displayed 90 s, the fluorescence intensities
did increase weakly to moderately.

In gold nanoparticle loaded NT2 precursor cells, the calcium levels increased faster and
stronger than in NT2 precursor cells without nanoparticle loading. Within the first frame when
the scattered laser was detected, the cells directly in the focus of the laser beam displayed an
increased fluorescence intensity and 3 s after stimulus, these cells displayed a strong Fluo-4
fluorescence (fig. 4.3 b,1 s, 3 s). This fluorescence increase spread over the cells within
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20 s after stimulus (fig. 4.3b, 6 s, 10 s, 15 s, 20 s: arrows). After a maximum increase, the
fluorescence decreased (fig. 4.3b, 40 s, 90 s: arrows).

b

6 s3 s

10 s 15 s 20 s

pulse
control cells

40 s 90 s

-1 s

a

10 s

pulse

1 µg/cm² gold nanoparticles
3 s 6 s

15 s 20 s 90 s40 s

overview -1 s

overview

0

255

0

255

*

* *

Figure 4.3: Fluo-4 loaded NT2 precursor cells after laser stimulus. Fluorescence intensities
were recorded before and after laser stimulus of NT2 precursor cells a) without
nanoparticles (control), or b) with 1 µg/cm2 gold nanoparticles. The laser shutter
was opened for 40 ms. In the overview images, cell outlines are shown. Scattered
laser light bled through the suppressing filter indicating the focal area of the laser
beam. (a, b, overview: arrow). a) - 1 s: one second before laser stimulus, weak Fluo-
4 fluorescence was detected. While the laser shutter was open, only scattered laser
light was detected (pulse, arrow + circle). 3 - 20 s after laser stimulus, the recorded
fluorescence intensities were similar to those before stimulus. 40 s to 90 s after
stimulus, fluorescence intensities did moderately increase (40 s, 90 s, arrow head).
b) Cells loaded with gold nanoparticles showed a weak to moderate fluorescence
before stimulus (-1 s). Scattered laser light bled through the filters (pulse, arrow +
circle). Fluorescence increased considerably immediately after laser pulse (b,1 s, 3 s.
arrow head). The increased fluorescence has propagated (6 s, arrow; 15 s, arrow;
20 s, arrow). After increasing the fluorescence intensity has decreased (40 s, arrow
head). The acquisition parameters, the contrast enhancement, and the pseudocolor
depiction were identical for both experiments. Equal color temperatures represent
equal fluorescence intensities. Temporary setup for proof of concept. Laser intensity:
about 9.5 +/- 1.5 mW
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Figure 4.4: Representative fluorescence recordings in Fluo-4 loaded NT2 precursor cells after
laser stimulus. Given are background subtracted fluorescence traces. Cells had
about equal distances to the laser spot. The stimulus was set at t = 10 s. Shown
are 6 curves from 6 different experiments. right panel: NT2 precursor cells without
gold nanoparticles (control). right panel: NT2 precursor cells loaded with 1.0
µg/cm2 gold nanoparticles. The energy dose was varied via laser shutter opening
time: 10 ms, 40 ms, 100 ms. The arrow at 10 s indicates the timing of laser pulse.
For the sake of clarity, single traces were aligned along the x-axis to show the laser
pulse at 10 s. Fluorescence intensities are given in gray units (g.u.)

Figure 4.4 shows typical time-dependent fluorescence traces. Six curves are shown: one for
each shutter opening time for control cells and for cells that were loaded with gold nanoparticles.
The energy dose was varied via laser shutter opening time. The corresponding cells had about
equal distances to the laser spot. Each trace was shifted along the time axis. That way, the
timing of the laser pulse is for each trace at t = 10 s. In the depicted control cells, 10 ms and
40 ms laser pulses induced no considerable Fluo-4 fluorescence increase. A small to moderate
increase was triggered by the 100 ms pulse.

The increase in Fluo-4 fluorescence suggests that the nanoparticle treatment caused the
calcium response: 10 ms and 40 ms laser pulses induced a moderate increase of Fluo-4
fluorescence. The 100 ms laser pulse lead to a strong increase of calcium-dependent Fluo-4
fluorescence.

Light stimulation induces calcium waves in NT2 precursor cells

The laser pulse has induced an increase of the calcium-dependent Fluo-4 fluorescence in NT2
precursors. When a strong signal increase occurred the fluorescence spread in form of a wave
across the cell. For cells with a small fluorescence increase, this was not observed (not shown).



RESULTS 73

Besides the intracellular fluorescence waves, the signal also propagated to neighboring cells.
Fig. 4.5 describes how the maximum signal increase depends on the distance of the NT2
precursor cells to the laser pulse. Also, it is depicted how the distance to the laser pulse and
the time, when the fluorescence increases the most, correlate. Fig. 4.3 and 4.5 display the
same experiments.

In the measurement depicted in fig. 4.5a, the cells further away from the laser spot displayed
a slightly stronger higher fluorescence increase than the cells in the vicinity. In all five other
control experiments the maximum fluorescence increases after the laser pulse had different
tendencies: In two of five control experiments, no trend was distinguishable, and in one
experiment, the maximum fluorescence increase declines slightly with increasing distance to
laser pulse. In these four experiments, the location of the cell was not correlated to the time of
maximum fluorescence increase (fig. 4.5c). Only in one control experiment both criteria for
an intercellular calcium wave were fulfilled: a distance to laser spot dependent strong decline
of the maximum fluorescence increase and a calcium signal propagation. This calcium wave
occurred after a 100 ms irradiation. Interestingly, in this case, the maximum fluorescence
increase was about 700 % of the maximum fluorescence before the laser pulse. This maximum
signal increase took place in the close vicinity to the laser spot. The calcium signal was passed
to neighboring cells and weakened with increasing distance to the laser spot. The maximum
signal increase in the other four control experiments were at maximum 200 %.

In contrast to this, in six of six experiments with gold nanoparticle loaded cells, an intercellular
calcium wave was induced. The maximum fluorescence increase of 700 % - > 1000 % of
maximum baseline fluorescence was observed in cells that were the closest to the laser spot
(fig. 4.5b). In the nanoparticle treated cells, all three tested laser pulse durations of 10 ms,
40 ms, and 100 ms induced an immediate increase of intracellular calcium levels in the cells
next to the laser focus: The integration time per frame was 1 s and within this second, the
calcium-dependent Fluo-4 fluorescence of the cells in the laser focus has increased (fig. 4.3b,
pulse: arrow head). The circle in fig. 4.3 (b, pulse) indicates the scattered laser beam. The
signal has increased considerably until the frame after the laser stimulus. This increase of
calcium levels has propagated to neighboring cells. The starting point of the calcium wave was
located at the laser spot (fig. 4.3a, pulse: arrow). In all nanoparticle treated cells,
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Figure 4.5: Exemplary diagrams for NT2 precursor cells without nanoparticles (control cells,
con, a + c) and for gold nanoparticle loaded NT2 precursor cells (b + d). Both
times, cells were irradiated for 40 ms. The arrow in c + d indicates the laser pulse.
e) Maximum fluorescence increase after the laser pulse in all cells. For the sake
of clarity, only cells with a distance of at most 300 px (pixel) to the laser spot
and at maximum the first three cells that are the closest to the laser pulse are
depicted. In the case of nanoparticle loaded NT2 cells, cells with a maximum
fluorescence increase of more than 2000 % are not shown in the diagram. Arrow:
When an intercellular calcium wave occurred, the maximum fluorescence increase
of the NT2 precursor cells that were the closest to the laser pulse was at least
700 %. f) Induced intercellular calcium waves in all performed experiments. All
experiments were performed twice, except for the control with a 10 ms laser pulse
(con 10ms). This experiment was performed once.
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the extent of calcium elevation after laser stimulus declined with increasing distance to laser
spot (fig. 4.5b) and with increasing distance to the laser spot, the maximum fluorescence
increase took place later (fig. 4.5d). In cells close to the center of the laser spot (< 100 px),
the detected maximum increase of the fluorescence was much smaller than in the cells that
were farther away from the center of laser spot (fig. 4.5 b)
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Figure 4.6: Laser stimulation of NT2 precursor cells with and without gold nanoparticles.
Control cells were not loaded with gold nanoparticles. Shown are a) the percentage
of cells that elevated their calcium levels after laser stimulus and b) the mean
fluorescence increase of responding cells. Responding control cells: 6/20 (10 ms),
21/27 (40 ms), 27/28 (100 ms). Responding gold nanoparticle treated precursor
cells: 37/41 (10 ms), 37/39 (40 ms), 38/41 (100 ms). Each experiment was
performed twice except for the control cells that were stimulated by a 10 ms laser
pulse. This experiment was performed once.

The gold nanoparticle treatment raised the percentage of the cells with calcium increase
after the laser stimulus. For a 10 ms pulse, the responsiveness has increased from 30 % to
90 %. For a 40 ms stimulation, the gold nanoparticle treatment increased the calcium elevation
from 80 % to 100 %. When the precursor cells were stimulated for 100 ms, control cells
and nanoparticle loaded cells responded to the same degree (fig. 4.6a). In control cells, the
longer the laser pulse lasted, the more cells responded with increased calcium levels (fig. 4.6a).
In contrast, nearly all nanoparticle loaded cells responded in all experiments, even at short
stimulation times

Next, the maximum fluorescence increases in responding precursor cells were compared.
Laser stimulation in control cells caused a low mean fluorescence increase of 29 % for 10 ms
and 80 % for 40 ms shutter opening time. A stimulation for 100 ms caused a mean fluorescence



76 CHAPTER 4: NANOPARTICLE-MEDIATED OPTICAL STIMULATION

increase of 157 %. In contrast, the nanoparticle treatment enhanced the irradiation-induced
fluorescence increase moderately to strongly: After stimulation for 10 ms, the mean maximum
fluorescence increase was 492 %. The 40 ms and 100 ms stimulation lead to mean maximum
fluorescence increases of 463 % and 789 % (fig. 4.6b).

Gold nanoparticles enhance laser stimulation in NT2 neurons

In a second series of experiments I analyzed how the neuronal differentiation affected the
calcium responses to laser light.

Fig. 4.7 shows exemplary fluorescence recordings before, during and after a 30 mW laser
stimulus in NT2 neurons.

A sum projection of the raw data gives an overview of the respective sphere (fig. 4.7, a, b:
overview).

Before irradiation, Fluo-4 loaded control neurons possessed only a faint to moderate green
fluorescence (fig. 4.7 a, b, -40 ms). Upon laser stimulation, this fluorescence increased.
Immediately after laser stimulation, the neurons displayed the same fluorescence intensity as
before (fig. 4.7 a, -40 ms, 40 ms). One second after the laser pulse, in the first control neuron
Fluo-4 fluorescence increased (fig. 4.7 a, 1 s, arrow), followed by other neurons later on (fig. 4.7
a, 2 s, 3 s, 4 s, arrow). The total fluorescence increase was weak to moderate.

In gold nanoparticle loaded cells, the Fluo-4 fluorescence increased immediately after the
laser pulse (fig. 4.7 b, 40 ms, arrow). Within 2 s, the fluorescence has increased in all neurons
(fig. 4.7, a, 1 s) and went on rising (fig. 4.7b, 2 s, 3 s, arrows).

The nanoparticle treatment increased the efficacy of laser light to elicit calcium responses
for all three tested radiant exposures. The calcium dependent Fluo-4 fluorescence did increase
faster and stronger, when the neurons were treated with gold nanoparticles.

Fig. 4.9 illustrates typical calcium responses of neurons due to laser stimulation. Shown in
fig. 4.9 a) and b) are Fluo-4 traces from neurons with calcium increase. Fig. 4.9 c) and d)
present the quantitative analysis of the corresponding types of fluorescence response to laser
irradiation.
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2.5 µg/cm² gold nanoparticles

40 ms

2 s 4 s

stimulus artifacts

1 s 3 s

overview - 40 ms

b

control neuronsa

2 s 4 s1 s 3 s

40 msstimulus artifactsoverview - 40 ms

0

255

0

255

Figure 4.7: Fluo-4 loaded spherical NT2 neurons after laser stimulation. Displayed are the
fluorescence intensities of a) control neurons b) neurons loaded with 2.5 µg/cm2
gold nanoparticles before, during and for the first 4 s after laser stimulus. a)
control neurons without gold nanoparticles. The overview contains all frames.
The fluorescence intensities are depicted in pseudocolors. When the shutter was
opened, scattered laser light bled through the notch filter. This indicated were the
laser was focused (stimulus artifacts: arrow head). 1 s after stimulus, the Fluo-4
fluorescence increased moderately. 2 s, 3 s, and 4 s after stimulus, the fluorescence
intensities further increased weakly (1 s, 2 s, 3 s, 4 s: arrow). b) Neurons loaded
with 2.5 µg/cm2 200 nm gold nanoparticles. Scattered laser light bled through the
notch filter (stimulus artifacts: arrow head). 40 ms: In a few neurons, fluorescence
increased immediately after laser pulse (40 ms: arrow). After 1 s, the fluorescence
had strongly increased in nearly all cells (1 s: arrow). After 2 s, all monitored
neurons displayed an increased fluorescence intensity. Within the displayed 4 s after
the stimulus, the fluorescence intensities did not decrease. Acquisition parameters,
contrast enhancement, and pseudocolor depiction are identical for a and b. Equal
color temperatures represent equal fluorescence intensities. Scale bar = 50µm.
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Figure 4.8: Laser stimulation of NT2 neurons with and without 2.5 µg/cm2 200 nm gold
nanoparticles. Neurons were stimulated at three different intensities ranging from
15 mM to 30 mW. The Fluo-4 fluorescence signal was measured. a: Shown are
the percentages of cells that have increased the fluorescence intensity after laser
stimulus (% responding cells) indicating elevated calcium levels. Control cells were
not loaded with gold nanoparticles. b: the mean fluorescence increase of responding
cells. c: total cell numbers that were counted. The significance was determined in
a chi2 test based upon the values given in c). ** P < 0.01, *** P < 0.001

At least three kinds of response could be distinguished: No fluorescence increase (fig. 4.9 b,
gray dotted line after the first laser pulse), a slow increase (fig. 4.9 b, black line), and a steeply
rise of Fluo-4 fluorescence (fig. 4.9 a). When the fluorescence increased quickly, the maximum
fluorescence was reached within 1 - 3 s (fig. 4.9 a). The fluorescence decreased after an initial
increase, but mostly remained above baseline level. In a few neurons, repetitive laser pulses
evoked repetitive Fluo-4 fluorescence increases (fig. 4.9 a gray dotted line). In very few cases,
non responding neurons did respond after a repetitive stimulation (fig. 4.9 b, gray dotted line,
**). A slow fluorescence increase occurred in 15 - 40% of control neurons.

With increasing radiant exposure, the portion of a sudden fluorescence increase rose from
3 % to 40 % (fig. 4.9 c). Nanoparticle treatment shifted the response to the laser stimulus from
predominantly no or slow calcium increase to a mostly steep calcium increase (fig. 4.9c + d)
for all radiant exposures.
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Figure 4.9: Fluo-4 fluorescence in neurons after laser stimulation. a) + b) exemplary traces
for the different calcium response types after laser stimulus. A steep increase of
calcium levels (a, black line) was observed as well as a slow increase (b, black line),
or no change of calcium levels (b, gray dotted line). In a few cells, a repetitive
calcium increase occurred (a, gray dotted line), or a response was initiated after
repetitive laser stimuli (b, gray box, gray dotted line). a) and b) are background
subtracted fluorescence signals. The first nine seconds after the initial laser pulse
were evaluated. Within this period, no second laser pulse was set. *: laser pulses.
gray box: The data after the first nine seconds post laser pulse were not taken
into consideration. c + d:) The percentage of response types were obtained using
eq. 4.5 and 4.7.

Laser pulses of 15 - 20 mW evoked no calcium response in 5 - 30 % of the nanoparticle
loaded neurons. The highest tested radiant exposure of 21 mJ/cm2 induced a response in
nearly all neurons. The percentage of neurons with a slow calcium increase after stimulus was
20 % or less for all the tested radiant exposures (fig. 4.9d).
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Discussion

In this study, the calcium responses of NT2 precursor cells and NT2 neurons with and without
nanoparticle treatment were compared. In the first section it could be shown that gold
nanoparticles enhance the light-induced calcium signals in NT2 precursor cells. The extend of
the initial calcium signal was determined by two factors: the exposure to laser light and the
presence of nanoparticles. The gold nanoparticles enhanced the calcium increase dramatically
(fig. 4.6). The laser stimulus led to a calcium increase after laser stimulation in nearly all
observed cells for all radiant exposures (fig. 4.6a). More meaningful than the bare percentage
of responding cells is the extent of the fluorescence signal increase. The fluorescence increase
in the responding control cells was much lower than in the nanoparticle loaded cells (fig. 4.6b).
An intercellular calcium wave was induced when the initial calcium increase overshooted a
threshold. Such a laser stimulus-induced intercellular calcium wave has also been described for
the ZMTH3 cells, a canine mammary adenoma cell line (Kalies et al., 2015). In one of five
control experiments, the calcium signal has reached a threshold and an intercellular calcium
wave was induced. Obviously, the stimulus was too small to induce a calcium-induced calcium
release. On the contrary, in six of six experiments with nanoparticle treatment, an intercellular
calcium wave was induced. Due to the magnification the image section was too small to allow
an estimation of how far the intercellular calcium wave propagated.

Next, NT2 neurons with and without nanoparticle treatment were analyzed for their calcium
response to the laser pulse. In NT2 neurons, too, gold nanoparticles enhanced the laser-
stimulated fluorescence increase. More neurons elevated the calcium levels after laser pulse
when they were loaded with nanoparticles. Furthermore, the response to the stimulus was
shifted from a slow to a steep calcium increase.

The nanoparticle treated precursor cells respond to a 10 ms laser pulse to a similar degree
as the control cells respond to a 100 ms stimulus (fig. 4.6). Hence, in NT2 precursor cells,
the intensity of the stimulus appears to be reduced to about 10 %. When the effect of gold
nanoparticles on the response of NT2 neurons to laser light was tested the laser power was
varied from 15 mW - 30 mW, whereas for experiments with the precursor cells, the laser pulse
duration was increased tenfold from 10 ms to 100 ms. Thus for NT2 neurons, an estimation of
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how much the nanoparticles reduce the necessary energy for a stimulation on the basis of the
collected data requires further data.

In this study, the cells and the laser focus were adjusted that way that the sphere or neurites
that are connected to the sphere, or in case of single neurons, the soma or the neurites were
exposed to the laser pulse. Although in the experiment, the neurons on the dishes that were
stimulated, as well as the single neurons for the analysis were chosen carefully, it cannot be
excluded that individual neurons might not have been exposed to the laser spot. It must be
considered that the NT2 neurons form spheres. Thus the fluorescence signals from single
neurons can superimpose. This entails the systematic error that non-responding neurons might
be evaluated as responding. Nevertheless, eliminating this potential error is not expected to
alter the results as it occurs in both, the control group and the group of the nanoparticle
treated neurons.

Origin of the calcium transients

How is the cytosolic calcium increase initiated? The stimulation with laser light causes a
temperature increase at the nanoparticle and the surrounding medium (Pustovalov et al.,
2008). In NT2 precursor cells, this induced a cytosolic calcium increase that resembles a
phenomenon found in HeLa cells (Tseeb et al., 2009; Itoh et al., 2014). It has been found that
small temperature changes affect the cytosolic calcium levels. It has been suggested that the
inositol trisphosphate receptor (IP3R) and the sarco/endoplasmic reticulum calcium-ATPase
(SERCA) are thermosensitive. These two proteins are involved in the calcium homeostasis at
the endoplasmic reticulum (ER). This is a possible mechanism how the laser pulse induces the
cytosolic calcium increase in cells that do not express heat or voltage-gated calcium channels.
The nanoparticle-mediated laser stimulation can also lead to a membrane perforation. This
effect depends on the pulse energy: it increases with rising radiant exposure (Kalies et al.,
2014a). When the energy dose is too high, the cells will be damaged by the heat effects and
finally die. The main focus of the neuron stimulation with light was the proof of principle.
Therefore, a viability assay has not been performed. Considering the low response of the NT2
precursor cells without nanoparticle treatment to the smallest radiant exposure the cells were
most likely not damaged by the applied irradiation and the temperature sensitive calcium
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homeostasis at the ER is responsible for the calcium increase after laser pulse. After this initial
calcium release into the cytosol, the free calcium can bind to the ryanodine receptors (RYR) at
the ER and induce a further calcium release, called calcium-induced calcium release (Endo,
1977). This is in line with the observed intracellular calcium wave that was induced in the cells
that were directly illuminated by the laser pulse. The calcium increase started in the close
vicinity to the laser pulse. It spread over the cell and was passed to neighboring cells. NT2
precursors express connexin43 (Bani-Yaghoub et al., 1997). Thus, the calcium signal is most
probably transduced via gap junctions.

NT2 neurons possess voltage-gated calcium channels (Gao et al., 1998; Neelands et al., 2000).
So another mechanism that induces a cytosolic calcium increase is added. The nanoparticle-
mediated temperature increase alters the membrane capacity (Shapiro et al., 2012) and induces
a depolarization that opens voltage-gated calcium channels.

Owing to technical limitations, the employed setup and sampling rate are not suitable for
resolving the spiking activity in neurons. At least three types of neuronal response after laser
pulses occurred (fig. 4.9):

1.) The fluorescence intensity did not change: These neurons did not respond to the laser
stimulus by calcium increase.

2.) A slow and small to moderate fluorescence increase occurred.

3.) A sudden and rapid, moderate to strong calcium increase was observed.

These three kinds of calcium response to the laser stimulus occurred in control neurons and
in gold nanoparticle treated neurons. Higher radiant exposures and nanoparticle treatment
shifted the response towards the steep calcium increase. These results complement the reports
from another recent study which stimulated gold nanoparticle loaded neurons with 800 nm laser
light (Lavoie-Cardinal et al., 2016). Calcium imaging and the simultaneous electric recording
of the neurons did show that action potentials and a calcium increase can be induced in a
dose dependent manner. Low doses induced a single action potential and a small calcium
elevation. High doses caused a burst of action potentials and a strong calcium increase. The
duration of the calcium response was the same for small and high energy doses (Lavoie-Cardinal
et al., 2016). These two responses resemble the calcium responses observed in this thesis. It is
imaginable that in the presented experiments, too, the optical stimulation induced an electric
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activity in the neurons and that this activity determined the degree of the cytosolic calcium
increase.

Due to the different expression of VGCC (Gao et al., 1998; Neelands et al., 2000) and
connexins (Bani-Yaghoub et al., 1997) the calcium responses of NT2 precursor cells and
differentiated neurons were differently shaped. This underlines that via nanoparticle-mediated
optical stimulation the development of NT2 neurons can be analyzed.

Further experiments

For a better understanding of the mechanisms behind the calcium response to the laser stimulus,
further experiments are necessary. A concurrent electrophysical recording and calcium imaging
can reveal if action potentials are triggered and whether they correlate with the calcium
increases.

Stimulation experiments when the cells are treated with a IP3R blocker as xestospongin C
(Gafni et al., 1997) or the SERCA inhibitor thapsigargin (Lytton et al., 1991) should reveal
if the IP3R and SERCA are involved in the cytosolic calcium increase after laser pulse. An
inhibition of voltage-gated calcium channels by nifedipine will further elucidate if the VGCC
and the temperature sensitive IP3R and SERCA are implicated in the calcium response of the
neurons.

Next, the nanoparticle size can be altered. The size determines the particle properties (Link
and El-Sayed, 1999; Cho et al., 2010; Huang and El-Sayed, 2010). In a study by Carvalho-
de-Souza, functionalized and unfunctionalized 20 nm gold nanoparticles were employed to
stimulate cultured neurons and neurons in mouse hippocampal slices (Carvalho-de Souza et al.,
2015). The functionalized nanoparticles were routed to a subset of neurons. These loaded
neurons could be stimulated in a dose dependent manner and repetitively. Repeated action
potentials could be induced, too. The non-functionalized 20 nm nanoparticles were applied
locally. They were reported to diffuse rapidly. In contrast to the 20 nm particles that were
applied only locally directly on the observed cells by Carvalho-de Souza et al., 2015, the much
larger 200 nm nanoparticles in this thesis were applied globally: After 4 h, respectively after
overnight loading, the medium was removed carefully for the calcium sensor loading. Although
it is possible that some of the 200 nm nanoparticles have been removed during the Fluo-4



84 CHAPTER 4: NANOPARTICLE-MEDIATED OPTICAL STIMULATION

loading, the results prove that there must have been a sufficient amount of particles on the
neurons: Significantly more nanoparticle treated cells increased the calcium levels after laser
stimulus than control cells and the calcium response was much stronger. Thus I assume that
albeit the washing steps and the possible diffusion, there are still nanoparticles on the cell
membranes that trap the laser light and enhance its stimulatory effect. The particle size in this
study was chosen to be 200 nm considering the detailed preceding experiments by Kalies et al.
(Kalies et al., 2014b). They determined a particle size of 200 nm to be optimal for transfection
results. It is known that the total extinction cross section of noble metal nanoparticles depends
strongly on the particle diameter and is disproportionally high for larger particles. Plus, for
20 nm particles, the extinction cross section is dominated by absorption. The absorbed energy
is converted to heat. Larger particles have a higher extinction cross section and the absorbed
energy is converted to heat and reemitted as light (Jain et al. 2006; Huang and El-Sayed 2010).
In this thesis, I could show that the laser and particle size parameters that are optimal for
transfection are useful parameters for neuron stimulation, too. Future experiments with smaller
nanoparticles will reveal if 200 nm gold nanoparticles are the optimal size for the stimulation of
NT2 precursor cells and NT2 neurons.

To my knowledge, this is the first time that gold nanoparticles were employed to stimulate
human neurons with laser light. The nanoparticles enhance the stimulatory effect of light and
thus reduce the irradiation dose that is needed for stimulation. These results agree with current
studies that describe the application of nanoparticles for the stimulation of neurons. Main
differences between the studies are the excitatory wavelength, the nanoparticle size and form,
and the read out signal. For resonance excitation, the excitatory wavelength is determined by
the particle size and shape (Link and El-Sayed, 1999). But beneath the resonance excitation,
off-resonance experiments have been described. The absorbance efficiency of nanoparticles
depends on the particle size and shape and on the excitatory wavelength. For particles that are
smaller than 10 nm in diameter, the maximum absorbance efficiency is at about 500 nm and
red-shifted for larger particles. The efficiency decreases rapidly for longer wavelength. Larger
particles of ≥100 nm diameter absorb sufficient light in the near infrared at 800 nm wavelength
for a heating of the nearby area. Thus the properties of IR can be applied in combination with
the nanoparticle-mediated optical stimulation. In a study of Lavoie-Cardinal on rat cultured
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hippocampal neurons (Lavoie-Cardinal et al., 2016) this approach was chosen since it has
several advantages: When nanoparticles are irradiated with 800 nm near infrared laser light,
action potentials and a local or global calcium increase has been described, depending on the
irradiation dose. Red shifted light features a higher depth of penetration into the tissue. The
second benefit is that the stimulating irradiation beam does not interfere with the measurement
of a green fluorescent calcium sensor. Applying a fluorescent calcium sensor might bear the
disadvantage of a lower temporal resolution, but gives important information about the local
and global calcium transients. Also, several cells can be observed in one experiment. Electrical
recordings on the other hand make a high temporal resolution possible, but require a more
extensive experimental setup.

In the majority of the different studies, the nanoparticle-mediated stimulation of neurons was
performed on mouse or rat cell cultures (Paviolo et al., 2014; Yong et al., 2014; Carvalho-de
Souza et al., 2015; Lavoie-Cardinal et al., 2016) or tissues (Eom et al., 2014; Carvalho-de Souza
et al., 2015). The particles were excited either resonant or in the infrared. Nevertheless, for
the optical stimulation of deeper brain areas, the light must be conducted into the tissue. This
occurs via optical fibers (Matic et al., 2013). For a nanoparticle-mediated optical deep brain
stimulation the laser light also has to be conducted to the particular area of interest and it must
be ensured that the particles persist at the locus of injection. Such a nanoparticle-mediated
approach to stimulate deep brain neurons was presented by Chen et al.. They have shown
that the particles persisted in the brain for months and could be used for neuronal stimulation
(Chen et al., 2015). This indicates that nanoparticles can be applied for neuronal stimulation
in vivo. Nevertheless, a possible toxic effect must be excluded: Nanoparticles were shown to
be taken up by cells, further processed and excreted (Rejman et al., 2004; Yanes et al., 2013;
Chu et al., 2014).

Conclusion

A nanoparticle-mediated stimulation of human neurons is possible. The calcium responses in
NT2 precursor cells and neurons to this stimulation differ. This offers new chances for the
analysis of developmental issues.
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Chapter 5: General discussion

Within this thesis, three different optical techniques to analyze and manipulate cellular properties
in developmental neural systems were investigated. Fixed tissues as well as the pluripotent
human embryonal carcinoma cell line NT2 and the NT2 neurons that are derived from the NT2
precursor cells were applied as specimen.
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The key findings of this thesis are:

• The reserpin-mediated serotonin depletion in the locust brain can be resolved with SLOT.

• Using calcium imaging, I could show that the neuronal differentiation causes a switching
from muscarinic to nicotinic receptors. The cholinergically-induced calcium increase in
precursors is exclusively mAChR-mediated whereas in NT2 neurons, the cytosolic calcium
increase is induced by mAChR or nAChR activation.

• A prolonged cholinergic stimulation of NT2 cells during the retinoic acid-induced neuronal
differentiation increases the GABAergic phenotype in NT2 neurons whereas the ChAT-
positive phenotype is unaltered.

• Laser stimulation of NT2 neurons and precursor cells induces a cytosolic calcium increase.
The extent of the calcium increase depends on the applied radiant exposure.

• Gold nanoparticles enhance the stimulatory effect of laser light in NT2 precursor cells
and neurons.

• When the cytosolic calcium increase reaches a threshold in NT2 precursors cells, an
intercellular calcium wave is induced.

• The calcium responses to laser stimulation of NT2 precursor cells and NT2 neurons differ
considerably relating to the time course.

The following discussion will focus on the key findings and discuss subsequent experiments
and possible future applications of the analyzed techniques.

The reserpin-mediated depletion of serotonergic neurons

can be resolved by the 3-D scanning technique SLOT

In the first part of this thesis, small and medium-sized biological specimen were scanned with
the novel scanning laser optical tomography (SLOT). It was shown that SLOT is convenient
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for the assessment of 3-D data sets of stained as well as unstained samples. When unstained
samples are measured, the transmitted light is detected and a shadow picture is obtained. The
3-D reconstruction delivers insights into the different extinction coefficients of the tissue. This
can be combined with the obtained data from the emitted light from the excited fluorophores
within the sample.

SLOT is based on the optical projection tomography (OPT). Thus the field of application
of the OPT can be transferred to SLOT, such as studies on mouse embryos (Sharpe, 2003).
In a regeneration study after nerve crush, adult Locusta migratoria brains were analyzed by
Eickhoff et al. (2012) using SLOT as a scanning method. This shows that SLOT can be
applied as a screening method for developmental issues, as well as for size estimations and
pharmacological manipulation. When the samples are prepared accordingly, they can be further
processed and analyzed subsequently to the SLOT analyses (Kellner et al., 2016). This allows
to gather more information about the samples and to enhance the experimental results. Within
the scope of the TOMOSphere project, the tomographic monitoring of living 3-D cultures
of stem cells is subject of current research (Antonopoulos et al., 2014). When growing cell
agglomerates or even tissues can be kept and monitored in vitro, this opens new prospects
to the field of regenerative medicine. These spheres have optical properties comparable to
the spheres of NT2 neurons described in chap. . Therefore, after the successfull utilization of
SLOT in TOMOsphere, living NT2-spheres might be a next promising research application.

For small samples there are more suitable optical setups than SLOT. Small samples can be
analyzed with epifluorescence and laser scanning confocal microscopes. They have a higher
resolution than SLOT (Lorbeer et al., 2011) and are applicable for monolayers and tissues of
up to 50 - 100 µm thickness. For small fluorescent samples over several 100 µm depth SLOT
competes with the selective plane illumination microscopy (SPIM), although SPIM is faster and
yields a theoretically higher resolution (Lorbeer et al., 2011). For samples larger than 6 mm,
SLOT probably is the most efficient imaging technique. Hence the force of SLOT lies within
the versatility of the sample size and in the efficiency of fluorescence detection.

In this study, central nervous systems of different sizes were scanned. Drosophila melanogaster
L3 brains of less than 1 mm in size were visualized as well as moderately sized Locusta migratoria
larva brains of several millimeters in size. It was shown that the precision and resolution of the
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obtained data is sufficient for the analysis of a pharmacological manipulation of the specimen.
For this purpose, Locusta embryos were treated with reserpine, a depleter of biogen amines
such as serotonin. After synthesis, serotonin is stored in vesicles by the vesicular monoamine
transporter (VMAT). The VMAT is commonly located at the membrane of the vesicles in the
presynaptic ending and pumps monoamines such as serotonin into the presynaptic vesicles
(reviewed by Wimalasena, 2011). Reserpine inhibits the VMAT irreversibly.

However, the optical resolution of SLOT is in the µm-range and thus too small for resolving
serotonin-filled vesicles (Qu et al., 2009) wich only allowed to observe the somatic serotonin
pool. Also, small differences in serotonin depletion cannot be monitored. Nevertheless, the
reserpine treatment has reduced the serotonin pool considerably compared to the control group
and in much less cells and neurites serotonin could be visualized immunocytochemically.

In general, large and small specimen can be analyzed. The larger the specimen are the
more difficulties arise. The main limiting factor for large biological samples is the sample
preparation. For SLOT, the sample preparation protocol mainly is the same as for analyses
with an epifluorescence or confocal microscope except for the sample thickness that does not
have to be reduced by sectioning. Thus the reassembling of data sets is omitted. This makes
the evaluation of large data sets more convenient. Complex structures can be analyzed more
easily as no neurites and cells are injured. On the other hand, the sample thickness bears a
huge disadvantage as the time that is required for the sample preparation increases with the
sample size. The fixation, staining and clearing of the samples depend on the diffusion of the
respective chemicals. Hence the limiting factor is not the technical principle of SLOT, but the
biological preparation of the samples. Another point is the data assessment. In practice, the
technical setup and the acquisition time set a limit to the sample size (Lorbeer, 2012).

Calcium Imaging as a fast screening technique

In the second part of this thesis I have conceived of an accelerated calcium imaging setup. In
the conventional setup, the cells are seeded on glass cover slips that are mounted in a heated
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perfusion chamber. This offers the possibility to add chemicals and to wash the cells during
the experiment. In the faster calcium imaging setup presented here, the cells are seeded in
multiwell dishes and the chemicals are added directly to the cells. Because washing steps are
omitted and the respective chemicals are added directly to the cells, this calcium imaging setup
is faster than the conventional setup. Also, much less cells are required: the 96-well multiwell
plates that can be employed have a smaller surface area per well than the glass cover slips that
are mounted in the perfusion chamber. Especially for experiments with cells that are available
only in limited amounts, this is very important.

On the other hand, the omitting of washing steps can be a disadvantage. Experiments
that include a regain of function after blocking cannot be performed. For this purpose the
conventional and more complex calcium imaging setup should be fallen back to. Next, the
maximum contrast and resolution is higher when a perfusion chamber is used. Light is scattered
more by plastic than by glass and glass coverslips are usually thinner than the plastic bottom
of multiwell plates. So the objective can be located nearer to the cells when glass is employed.
This allows for the application of objectives with a higher numeric aperture (NA), commonly
resulting in a short working distance and high magnification.

Calcium imaging can be employed for the observation of neuronal activity. An alternative
method for the observation of activity are electrodes (Ling and Gerard, 1949; Hodkin et al.,
1952). They do not depend on a shutter mechanism or the signal to noise ratio of a fluorophore.
Thus higher temporal resolutions can be reached. When multielectrode arrays (MEA) are
employed more than one cell can be observed at once. In a MEA, several microelectrodes are
arranged in a way to guarantee multiple cell recordings. As MEA are designed to grow cells
on them multiple traces can be recorded in parallel up to months (Gross, 1994; Potter and
DeMarse, 2001). That way it could be shown that NT2 neurons begin to produce spontaneous
spiking after 2 weeks in culture (Gortz et al., 2004). The higher temporal resolution is a
huge advantage towards calcium imaging as very fast cellular activities can be observed and
analyzed. Although MEAs can be recycled, this is no low priced technique for a fast or high
throughput screening. The neurons must be cultivated several days to weeks on the MEA
prior to the recording. On balance, MEA and the accelerated calcium imaging are assays for
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different key problems. MEA is convenient for the analysis of the development of electrical
activity and network formation (Gross, 1994; Potter, 2001; Potter and DeMarse, 2001). The
accelerated calcium imaging protocoll is more convenient for the collection of pharmacological
and developmental data that concern the calcium response of cells.

The shift of neurotransmitter phenotype in NT2 neurons

In the third part of this thesis, NT2 cells were manipulated during the retinoic acid (RA)-
induced neuronal differentiation and during the subsequent inhibitor treatment. It is known
that RA induces the neuronal differentiation of NT2 cells (Andrews et al., 1984), as well as the
cholinergic phenotype in NT2 neurons (Zeller and Strauss, 1995; Fischer et al., 2000). During
development, RA is associated with the formation of the anterior-posterior axis (Papalopulu
and Kintner, 1996, reviewed by Maden, 2006). It is involved in the induction of several neuronal
phenotypes, such as interneurons, a subset of GABAergic neurons (Chatzi et al., 2011) and
motoneurons (reviewed by Appel and Eisen, 2003; Maden, 2007, Lee et al., 2009). This is
reflected by the plethora of neuronal phenotypes that result from the RA-induced differentiation
of NT2 cells (Guillemain et al., 2000; Podrygajlo et al., 2009).

The activation of cholinergic receptors induces calcium transients and calcium oscillations
in NT2 precursor cells. I could show that a prolonged cholinergic stimulation of NT2 cells
during the RA-induced neuronal differentiation enhances the neuronal GABAergic phenotype in
differentiated neurons. This is in accordance with the finding that the neurotransmitter choice
depends on the calcium availability in a homeostatic manner (Spitzer et al.; Spitzer et al.;
Spitzer and Borodinsky; Lewis et al.). Thus it is likely, that the prolonged cholinergically-induced
calcium transients have caused the increase of the inhibitory GABAergic phenotype in NT2
neurons.

Then again, the cholinergic phenotype remained unaltered. For this, there are several possible
reasons. First, NT2 neurons can synthesize more than one neurotransmitter simultaneously
(Guillemain et al., 2000). Often, GABA colocalizes with the choline acetyltransferase (ChAT),
serotonin or the tyrosine hydroxylase. Thus the neurotransmitter plasticity does not necessarily
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include a shift from the activating to the inhibitory phenotype, but the colocalization of GABA
with another neurotransmitter is increased.

Next, the concentration of RA during the in vitro differentiation is in the micromolar range
and thus high. RA binds to nuclear receptors called retinoic acid receptor (RAR, Germain et al.,
2006) and retinoic x receptors (RXR) that are bound to DNA (deoxyribonucleic acid). That
way, RA is involved in the induction or repression of gene transcription. The impact of RA on
the neurotransmitter choice may be too strong for a significant alteration of the cholinergic
phenotype due to prolonged calcium levels. Also, it is known that cholinergic receptors are
desensitized reversibly as a result of a prolonged activation (Wall et al., 1992; Witt-Enderby
et al., 1995, reviewed by Krudewig et al., 2000). This might reduce the the possible impact of
a cholinergic stimulation on the neurotransmitter choice.

It is conceivable that the increase of the GABAergic phenotype due to the cholinergic
stimulation is not calcium-mediated. In NT2 precursor cells, nicotinic receptor subunits were
detected (Newman et al., 2002). Nicotinic acetylcholine receptors (nAChR) are cation channels
that differ in their calcium permeability (Fucile, 2004; Shen and Yakel, 2009). They can
influence the differentiation, but this is most probably calcium-mediated (Chu et al., 2005;
Resende and Adhikari, 2009). However, there is no nicotinic receptor-mediated calcium increase
in NT2 precursor cells. So a nicotinic receptor-mediated effect on the neurotransmitter plasticity
is rather unlikely.

The cholinergically-induced calcium increase in NT2 precursor cells is mediated through
muscarinic actelycholine receptors (mAChR). There are five muscarinic receptor subtypes: M1
- M5. NT2 precursor cells express the M1, M3, M4 and possibly the M5 receptor subtypes
(Squires et al., 1996). The activation of the M1, M3 and M5 subtypes induces the release of
calcium from the endoplasmic reticulum and the activation of the protein kinase C (PKC) and
thereby the phosphorylation of proteins (reviewed in Resende and Adhikari, 2009).

In addition to the calcium release from internal stores and the PKC-mediated effects,
muscarinic receptors can influence the intracellular cyclic adenosine monophosphate (cAMP)
level. While the M2 and M4 receptor inhibit the adenylate cyclase (Migeon et al., 1994,
1995), the M1, M3 and M5 receptors can increase the cAMP levels via adenylate cyclase
activation (Baumgold and Fishman, 1988). Depending on the adenylate cyclase this can occur
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in a calcium/calmodulin dependent way (Felder, 1995; Suh, 1995) and independent from the
calcium level (Murthy and Makhlouf, 1997).

Thus, it is conceivable that the cholinergically-induced increase of the GABAergic phenotype
in NT2 neurons is modulated by altered cAMP levels. Nevertheless, the influence of intracellular
calcium on the neurotransmitter plasticity was described repeatedly (Spitzer, 1994; Spitzer
et al., 1995; Gu and Spitzer, 1997; Belousov et al., 2002; Borodinsky et al., 2004; Spitzer
et al., 2004). Hence, the most probable mechanism of cholinergic influence on the NT2 cell
neurotransmitter plasticity is calcium-mediated.
So far the cholinergic, GABAergic, serotonergic, noradrenalinergic, glutamatergic and

dopaminergic phenotype have been found in NT2 neurons (Iacovitti and Stull, 1997; Zigova
et al., 1999; Guillemain et al., 2000; Zigova et al., 2000). In a previous study, the dopaminergic
phenotype was neither detected in differentiated NT2 neurons nor could it be induced (Podry-
gajlo et al., 2009). This may be due to altered differentiation protocols. The differentiation
protocols mainly differ in two aspects. The first aspect is the duration of the RA treatment
(Pleasure et al., 1992; Paquet-Durand et al., 2003). The second factor that might have an
influence on the neuronal differentiation is the retinoic acid treatment of the precursor cells in
free-floating cell aggregates. Extracellular cues and the cell-cell communication are essential
for the neuronal differentiation (Warner et al., 1984; Keane et al., 1988; Bani-Yaghoub et al.,
1999; Tsai and McKay, 2000) and the free-floating spheres enable more cell-cell contacts.

Thus the framework for the neurotransmitter choice in NT2 neurons is the retinoic acid-
induced neuronal differentiation. Depending on the duration of the RA-treatment, the range of
possible neuronal phenotypes alters. Within the differentiation, the cells act on external cues,
such as the cholinergic stimulation and the following calcium transients.
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Nanoparticle-mediated optical stimulation of neurons as

a tool in science and medicine

In the last part of this thesis, a more unusual way to elevate the calcium levels in NT2
precursor cells and neurons was investigated. The key questions were whether the intracellular
calcium level can be increased by an optical impulse and whether the optically induced calcium
transients can be enhanced by gold nanoparticle treatment. Indeed, in NT2 precursors cells
and in NT2 neurons, the stimulation with laser light induced an increase of the intracellular
calcium concentration in a dose dependent manner. This stimulation was enhanced when the
cells were treated with light and gold nanoparticles. This is the first time that the stimulation
of human neurons with gold nanoparticles has been described.

The heat production after the optic stimulatus leads to a change of membrane capacity and
thus a membrane depolarization (Pustovalov et al., 2008; Shapiro et al., 2012). NT2 neurons
express voltage-gated calcium channels (VGCC, Gao et al., 1998; Neelands et al., 2000). They
are opened due to membrane depolarization and allow calcium to enter the cell. It was reported
that mRNA of VGCC was detected in NT2 precursors, too. Despite this, the cytosolic calcium
levels in NT2 precursors did not alter due to the treatment with high concentrations of KCl.
Nevertheless, the laser stimulation of NT2 precursor cells induced an increase of the cytosolic
calcium. Hence, there must be at least one additional mechanism of calcium release after
optical stimulation. This is likely a heat effect. For HeLa cells, two proteins that are involved in
the calcium homeostasis at the endoplasmic reticulum (ER) were described to be temperature
sensitive (Tseeb et al., 2009; Itoh et al., 2014).

Fig. 5.1 illustrates the temperature sensitivity of the inositol trisphosphate receptor (IP3R) and
the sarco/endoplasmic reticulum calcium-ATPase (SERCA) that are located at the endoplasmic
reticulum (ER) (Tseeb et al., 2009; Itoh et al., 2014). The SERCA pumps calcium ions from
the cytoplasm into the ER, whereas open IP3 receptors release calcium from the ER into the
cytoplasm (reviewed by Berridge, 2009). Whith increasing temperature the SERCA activity
increases and the IP3R opening probability decreases. This results in a decrease of the cytosolic
free calcium. In the study of Itoh et al. (Itoh et al., 2014) the heating pulse was very short.
Therefore, no decrease of the cytosolic calcium could be observed. After the heating pulse,
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when the system is recooling, the SERCA-activity reverts to normal, but the IP3R opening
probability overshoots for a short time before it changes to normal. As a result, the calcium
net flow into the cytoplasm overshoots. That ressembles the findings of this thesis. Thus this
is most probably the mechanism by which the laser pulse induces the initial cytosolic calcium
increase in NT2 precursor cells. Subsequently, the increased cytosolic calcium induces the
release of more calcium from the ER, called calcium-induced calcium release (CICR).

ER

a

IP3R SERCA

Net calcium flow: balanced

Temperature T0

ER

b

IP3R SERCA

Net calcium flow: into the ER 

short heating pulse: Temperature T1 > T0

ER

c

IP3R SERCA

Net calcium flow: into the cytoplasma

onset of recooling: Temperature T2 < T1

ER

d

IP3R SERCA

Net calcium flow: into the cytoplasma

Temperature T3 = T0

CICR
RYR

Figure 5.1: Temperature sensitivity of the calcium homeostasis at the endoplasmic reticulum
(ER). a: the calcium net flow is balanced. b: when the temperature increases the
opening probability of the inositol trisphosphate receptor (IP3R) decreases. The
activity of the sarco/endoplasmic reticulum calcium-ATPase (SERCA) increases.
The cytosolic free calcium decreases. c: At the onset of recooling, the open
probability of the IP3R increases and exceeds the opening probability before the
heat pulse. The calcium flux into the cytoplasm overshoots. d: The increased
cytosolic calcium opens ryanodine receptors (RyR) at the ER. More calcium is
released into the cytoplasm. CICR: calcium-induced calcium release (Tseeb et al.,
2009).

The nanoparticle size and surface determine their properties (Link and El-Sayed, 1999; Cho
et al., 2010; Huang and El-Sayed, 2010). In this thesis, unfunctionalized nanoparticles were
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used. When uncoated nanoparticles are added to a cell culture medium, proteins and lipids bind
to the surface. The nanoparticle surface can also be modified on purpose. This allows to attach
functional groups to the surface. These groups can be drugs or molecules that selectively bind
to single cells or tissues and alter the cellular uptake efficiency (Singh and Lillard, 2009; Galvin
et al., 2012; Tiwari et al., 2012). Drug targeting and the magnetic thermotherapy of cancer
are already tools in medicine that employ functionalized nanoparticles (Johannsen et al., 2007;
Gullotti and Yeo, 2009; Alphandery, 2014) whereas the nanoparticle-mediated transfection
assays and neuronal stimulation are subject to current research (Heinemann et al., 2013; Eom
et al., 2014; Carvalho-de Souza et al., 2015; Chen et al., 2015; Lavoie-Cardinal et al., 2016).
A specific modification of the nanoparticle surface specifies the cells that are transfected or
stimulated. In a study by Carvalho-de-Souza, functionalized and unfunctionalized 20 nm gold
nanoparticles were employed to stimulate cultured neurons and neurons in mouse hippocampal
slices (Carvalho-de Souza et al., 2015). They could show that the functionalized nanoparticles
were routed to a subset of neurons and only a subgroup of neurons was stimulated.

Besides optical stimulation of neurons and neuronal tissue in vitro, the in vivo optical
stimulation of neurons is subject to current research. The group of Izzo Matic et al. has
demonstrated the infrared neural stimulation (INS) of the auditory nerve in gerbils as well as
the INS of the cochlear in cats (Izzo et al., 2006; Matic et al., 2013). INS typically occurs
at 1840 - 2100 nm. It exploits the high absorbance efficiency of water for infrared light. It
is conceivable that the scope of applications of infrared neural stimulation is combined with
plasmon resonance of nanoparticles. The plasmon resonance of nanoparticles can be induced
in the near infrared at 800 nm (Link and El-Sayed, 1999; Lavoie-Cardinal et al., 2016). Water
absorbs infrared light in the range of 1840 - 2100 nm several hundred to thousand times more
efficient than light of 800 nm (Palmer and Williams, 1974). Hence a combination of INS with
plasmon resonance on nanoparticles would lead to a higher penetration depth because of the
lower absorbance efficiency of water for 800 nm and a more selective stimulation of the cells
because of the focusing effect of the nanoparticles. The neurons could be stimulated more
selectively and the energy that is required could be reduced (Eom et al., 2014).

Although it was shown that the nanoparticles persist in the area of injection into the mouse
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brain for at least four months (Chen et al., 2015), it cannot be excluded that they diffuse to
other areas. When the particles are functionalized, this modification is not permanent. The
nanoparticles are taken up by the cells, transported in endosomes that are acidified and further
processed to lysosomes and then secreted (Rejman et al., 2004; Yanes et al., 2013; Chu et al.,
2014). Thus the functionalization is rather a tool for the initial targeting of the nanoparticles,
but does not assure that the particles remain at their target destination. More experiments
are absolutely essential to determine the long-term fate of the injected nanoparticles and to
reassure that they do not exhibit toxic effects.

The optical properties of nanoparticles can be exploited to monitor the particle distribution
in cells and tissus. Some nanoparticles have luminescent properties. The size of the fluorescent
particles varies from 2 nm to several micrometers in diameter (Ruedas-Rama et al., 2012).
Schomaker et al. has monitored the incubation of ZMTH3 cells with 150 nm gold nanoparticles
by two-photon-microscopy (Schomaker et al., 2015). Besides luminescence, the absorption of
nanoparticles is used to detect the particle distribution. In a study of Miao et al., an optical
projection tomography microscope was used to analyze the distribution of gold nanorods of
25 nm diameter and a length of 34 nm in lung adenocarcinoma cells (Miao et al., 2010). SLOT
is based on the optical projection tomography and has the identical scope of application, but
has a higher photon collection efficiency (Lorbeer et al., 2011). This suggests that 3-D scanning
methods, such as SLOT can be used in the future to explore the long-term distribution of
nanoparticles in tissues.

In summary, optical applications for nanoparticles are an evolving field in science and medicine.
The developing neuronal systems are an important part of this field and I was able to show that
the human NT2 precursor cells and neurons can be stimulated in a nanoparticle-mediated way.

Concluding Remarks

In this thesis, optical techniques for the analysis of developing neural systems were probed.
The neural systems were manipulated in multiple ways. During the analyses of the manipulated
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specimen that were scanned with SLOT the question of manipulating living neurons emerged.
Therefore, the human NT2 precursor cells and neurons were used as they are a model for
neuronal development. The results demonstrate that the employed optical techniques are
convenient for the study of pharmacological manipulation studies, studies on neuronal plasticity
and for the optical manipulation of human neurons. Combining the presented techniques will
allow to answer at least some questions raised in this work.
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