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1. Introduction

1.1 Biological background

1.1.1 The Neuron

The way people think, act and remember is relatetie¢ complicated functions of the
brain. Our brains perceive information, processd then store it as short-term and long-term
memories and even generate behavior harmonicaligteTare at least 100 billion nerve cells
(neurons) that control and coordinate the commtioicavithin the human brain. They are
classified by their diverse morphologies and furmiities. However, they share some
integral parts. The basic compositions of a neun@ncell body (soma), axon, dendrite and
synapse (Levitan & Kaczmarek, 2002; Spruston, 2008 illustrated in Figure 1.1.1,
basically, there are two different domains, i.e basal and apical domain that stretch out in
opposite directions from the cell body. On the bag#e the dendrite extends out of the cell

body and typically has multiple branches in thenteals (Harvey et al, 2000).

Dendrite

Cell body

Synapse

Figure 1.1.1 The basic structure of a single neuron. The major parts of the neuron cell are
cell body (soma), dendrite, axon and synapse whemee cell transfers electrical information

to chemical signals
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The axon stretches out from the cell body on thieahside and extends with a
constant diameter over a long distance. Axons peziglized for the delivery of action
potentials, which transfer electrical signal rapidlypically, the information input from other
cells is received by dendrites while the outputhef signals is sent through the axon terminals.
At the axonal terminal, the electrical signal ensformed into a chemical signal by triggering
the release of synaptic vesicles. These synap8hes contain neurotransmitters, which in
turn diffuse across the synaptic cleft, and bindht® post-synaptic receptors located on the
dendritic terminal. The receptor is usually a tigagated ion channel, so the binding of
neurotransmitters opens the ion channel and thpslagzes or hyperpolarizes the post-
synaptic neuron. Here, the chemical signal isragyainsformed into electrical one, and the
signal is transmitted to the next cell.

Most of the relevant proteins and membranes aréhsegized in the cell body of a
neuron. They are packed later into vesicles antsparted to the cell terminals along special
cytoskeleton components like actin filaments orrotigbules. Upon the arrival of the vesicles
to the axon terminal synapse (presynaptic cellyerss¢ complicated mechanisms lead to
vesicle docking and fusion with the plasma membrand the subsequent release of
neurotransmitter, which is mainly composed of gha#e (Cypionka et al, 2009; Hernandez
et al, 2012; Vennekate et al, 2012; Zwilling et 2007). The receiving part is called a

postsynaptic cell and will be explained in detaithe next section.
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Figure 1.1.2 Overview of the pre- and post-synaptic cells. (A) Synaptic vesicles are
transported to the axon terminal and neurotranemitire released. Chemical stimulation can
induce functional and morphological changes inghstsynaptic sites. (B) and (C) Electron
micrographs of synapse, actin was highlighted bgves or asteriskq.Figure modified with
permission from (Cingolani & Goda, 2008)]
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1.1.2 Postsynaptic dendritic spine

Dendritic spines are tiny protrusions from the dérmdsites of the basal domain,
which exhibit high heterogeneities in size and rhotpgy, as demonstrated in Figure 1.1.3,
and are often shorter than axons. The diameteewdritic spines is in the sub-micron range
(Kasai et al, 2010). In the brain, dendritic spirsge the major sites to receive synaptic
excitatory input in the cortex and have been largtlidied because the structural change is
closely related to processes of learning and merflagnprecht & LeDoux, 2004; Yuste &
Bonhoeffer, 2001). The functions of the neuronalwoek are controlled and regulated
precisely by neuronal activities and the heteromgred spine size and shape leads to the
functional diversities. Neuronal diseases suchaakifson’s and Alzheimer diseases strike, if

the intricate network malfunctions (Lin & Kolesk#)10).

As shown in Figure 1.1.2 (A), there are certaintgro receptors on the plasma
membrane of dendritic spine. The interaction eléased neurotransmitters and the post-
synaptic receptors, such ldsmethyl-D-aspartate receptors (NMDAR)@amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptors (AMPAResult in down-stream signal
transductions that may later trigger functionalnoorphological changes of dendritic spines
(Harvey et al, 2008; Lee et al, 2009; Yasuda e2@06). Often two important parts of a single
dendritic spine can be distinguished, (c.f. Figlre3), namely the spine head and the spine
neck that connects the spine head to the dendhaé. The spine neck hinders the influx and
outflux of the diffusion molecules, and makes thendfitic spine an isolated
microenvironment (Harvey et al, 2008; Kennedy £2805; Yasuda et al, 2006). In short, the
postsynaptic unit is a vital place where the signahsduction that may lead to long-term
synaptic plasticity occurs. And such synaptic pdatstis highly related to the learning and

memory processes.

n Figure 1.1.3 Morphology and size
heterogeneity of dendritic spines. The
typical dendritic spine consists of a spine

head protrusion, which is connected to the

_J dendritic shaft by a narrow neck (mushroom

type). Filopodium type dendritic spines are

Filopodi Stubb Mush Thi .
fopodium - Stbby senroom " regarded as the spine precursor. Stubby (lack

of neck) and thin (lack of head) spines can alstobed in nerve cells.
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There is a narrow gap (~20nm) called synaptic deftveen the presynaptic cell and
the postsynaptic cell. The existence of this glpstrated in Figure 1.1.2(C), implies that
there is no direct connection between those twtspdhe gap may provide a buffer matrix
for some important trans-synaptic molecule com@exich as cell adhesion molecules
(Schmid & Hollmann, 2010). On the tips of the pgstgtic cell, protein receptors as well as
their related signal protein complexes, postsycagensity (PSD), are concentrated, as shown
in Figure 1.1.2(B). This area is unique for cherhsyamapse and directly faces the active zone
of the presynaptic cell that is separated by theagiic cleft (Sheng & Hoogenraad, 2007).
Furthermore, the dimensions of the spine head igidyhdependent on the size of the active
zone and PSD (Kasai et al, 2003).
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1.1.3 Synaptic plasticity and long term potentiation

The changes in synaptic transmission and conngcallow neuron networks to store
information during the process of learning and mgmAs mentioned earlier in section 1.1.2,
dendritic spines are highly heterogeneous in thearphological structures. Furthermore,
dendritic spines are also highly dynamic in themfoof elimination or generation. Such
dynamic changes of postsynaptic dendritic spinegtaught to contribute to the plasticity of
neuronal network in the brain, and thus are camedlavith the learning and memory processes
(Lamprecht & LeDoux, 2004; Yuste & Bonhoeffer, 2001

The changes in spine morphology are related tduhetional differences of synapses.
Long-term potentiation (LTP) and long-term depress{LTD) are two major parts of long
lasting synaptic plasticity, which will exhibit nyanological enlargements and shrinkages,
respectively (Matsuzaki et al, 2004; Okamoto et28l04; Zhou et al, 2004). Furthermore,
during the processes of LTP or LTD, not only ddes gpine morphology change but also the
receptor trafficking on the plasma membrane is Iwew. For example, the trafficking of
AMPAR contributes to LTP (Gu et al, 2010; Harveyakt2008; Lee et al, 2009; Lisman et al,
2012). During LTP, the expression number of AMPAR the postsynaptic spine head
increased by means of postsynaptic exocytosissandrrelated with actin flaments and PSD
proteins (Malinow & Malenka, 2002). It has also besmiggested that the size of PSD is
related to the size of spine head during these lastgng processes (Harris et al, 1992).

Besides AMPAR, NMDAR also play an important roleridg synaptic plasticity
(Collingridge & Bliss, 1987; Matsuzaki et al, 200MDAR is a voltage-gated ion channel
that is crucial for synaptogenesis and activityetetent long lasting synaptic remodeling.
Specifically, NMDAR is a C& permeable ion channel receptor, which is regarded a
coincidence detector between presynaptic and paegpsig firing (Bliss & Collingridge, 1993;
Collingridge & Bliss, 1987; Morris et al, 1986)t i$ located on the plasma membrane of PSD
region at the postsynaptic site and is structulaiked to several important signaling protein
complexes, such as PSD protein of 95 kDa (PSDHiB) & Sheng, 2004). PSD-95 anchors
NMDAR in the PSD area and is vital to intracelluliefficking or NMDAR transportation.

The mechanism of LTP induction involves NMDAR segvas the trigger of the LTP
process that opens the voltage-gated ion channéhanearly stimulation stage (Bliss &
Collingridge, 1993). During the continuing depaation of the postsynaptic membrane and

followed by the release of Mjon NMDAR, the intracellular concentration of Cds
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elevated due to the NMDAR €apermeability. Due to the elevation of Taoncentration,
the dendritic spine undergoes further activatiop®ther signal transduction pathways. One
of the important events is the insertion of AMPARoi the plasma membrane. Other
accompanying events including morphological changésdendritic spines and protein
trafficking are thought to be tightly related toetilmodulations of cytoskeleton structure,

especially to actin filaments (Fischer et al, 1998rakoshi et al, 2011; Star et al, 2002).
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Figure 1.1.4 Correlations of synaptic strength with other parameters. (Top) The degree of
synaptic strength is proportional to the area dDPtBe numbers of AMPAR and the synaptic
vesicles. (Bottom) Spine volume can be an indicat@ynaptic strength, as well as the PSD
area and docked synaptic vesicles in the presynajé.[Figure modified with permission
from(Holtmaat & Svoboda, 2009)]
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1.1.4 The roles of actin filaments

Actin filaments are one of the major proteins witliving cells (Harvey et al, 2000)
and play important roles in maintaining cellulaagl and mobility (Pollard & Cooper, 2009),
in cellular morphogenesis (Maletic-Savatic et a§949; Tada & Sheng, 2006) and in
intracellular protein transport (Dillon & Goda, Z)0 Bundles of actin filaments in the
leading edge of the cell called stress fibers casile be seen under a conventional
fluorescence light microscope with appropriate imexstaining. However, the individual
actin filament is hardly visible by normal fluoresce microscopy because it is smaller than
what can be resolved considering the optical diffoa limit.

(A) Actin molecule -t (E) Branching nucleation by Arp2/3 complex

&4
WASP/ Arp2/3 e v
3 Daught
Sea  ongpe Mother flament
ilament ,
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Actin \4 \ S
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Figure 1.1.5 Structures of actin compositions and their functionalities: (A) The models of
actin monomer (B) Nucleation and elongation ofraélament (C) Actin monomer binding
proteins (D) Nucleation and elongation via FormindaProfilin (E) Arp2/3 protein
responsible for filament branching (F) Capping, esgwg and cross linking proteins (G)
Myosin motors walking along actin filamemf&igure modified with permission from (Pollard

& Cooper, 2009)]
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Actin filament polymers are composed of G-actin mmaers. The polymer structure
consists of a helical arrangement of monomers asdahdiameter of 7-9 nm. In most of the
cells, actin serves as a dynamic organelle thatbgghequilibrium states of structural
compositions between monomeric G-actin and filamesnt--actin (Pollard & Borisy, 2003;
Pollard & Cooper, 2009). Remodeling and reorgaionadf actin filaments contributes to the
function diversity of actin structure and enableplssticated physiological processes within
living cells (as shown in Figure 1.1.5). One of feedamental functions of the dendritic
spine in the postsynaptic area is to compartmezetals a single unit to process and respond to
unique signal transduction pathways rapidly ancti§ipally. The processes of LTP and LTD
will result in morphological changes of the dendrgpines, which is probably the reason why
the actin structure is abundant within dendritimep (Fischer et al, 1998; Honkura et al, 2008;
Matsuzaki et al, 2004; Star et al, 2002; Tatavattgl, 2009; Urban et al, 2011). Obviously,
there are strong connections between actin dynansigg;e morphology and synaptic
transmission strength. As mentioned in the lasia®cthe size of PSD, the volume of spine
head and the content of AMPAR and NMDAR can be w@setkadouts to judge the degree of
potentiation. Clearly, actin filaments play a vanportant role in the changes in morphology
as well as in the rapid transport of receptors itite membrane. Hence, it is of great
importance to investigate actin dynamics with thection of synaptic plasticity to see how
actin filaments govern and coordinate this actrdgpendent process.

One of the biophysical parameters to quantify dinadynamics is the turnover rate of
actin filaments within living cells, which is oftezharacterized by fluorescence recovery after
photobleaching (FRAP). These studies showed that &laments undergo highly dynamic
processes within the dendritic spine (Star et @02). Electron micrographs demonstrate that
the static actin filament structure in postsynaptendritic spines is composed of highly
branched short form actin filaments (Korobova & tkwia, 2010). However, it is still
surprisingly unclear how the actin filaments cooede with each other to orchestrate
downstream signal transduction, which later resuitsmorphological plasticity. Several
advanced methods, such as using stimulated emidsjaietion (STED) microscopy (Ding et
al, 2009; Nagerl et al, 2008; Urban et al, 2011)prescence resonance energy transfer
(FRET) (Okamoto et al, 2004) or photoactivated liagaéion microscopy (PALM) (Frost et al,
2010; Honkura et al, 2008), provided very usefudights into the regulation of actin
dynamics within dendritic spines, but in generhag tack of high temporal resolution limits
the comprehensive understanding of fast actin dyegmithin single dendritic spine during
LTP.
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1.2 Instrumental background

The method developed and used in this researchreeqgthe build-up of a wide-field
fluorescence microscope (FM) for imaging fluoreslyetabeled biological samples and the
combination with time-resolved fluorescence cotretaspectroscopy (FCS) for monitoring
the dynamics of other fluorescently labeled prateiithin the biological sample. The aim of
this study was to observe the overall living célusture while simultaneously investigating
dynamic processes on a (bio)-molecular level af destinct and selected spots.

In the following sections, we provide some backgid and features focusing on
fluorescence, the introduction of time-resolvechteques and the applications of microscopy
techniques. Moreover, comparison of some siméahmiques, such as fluorescence recovery
after photobleaching (FRAP) and single particlekinag (SPT) which are usually employed
to measure molecular dynamics will also be brid#gcribed in this section.

1.2.1 The principle of fluorescence

Fluorescence techniques are employed universallythie biological sciences.
Fluorescence is the emission of photons from flpboves after absorbing photons from an
excitation light source. The basic physics undadythis is as follows, during the short
timescales of instantaneous light absorption (+°$}) an electron is promoted to a molecular
orbital higher in energy. The new electronic coafgion is termed as an electronic excited
state (%, n > 1), whereas the original configuration is the grbwstate & Electronically
excited molecules return to the ground state viaoua processes such as fluorescence
emission, internal conversion and intersystem angsspotentially followed by

phosphorescence.

A Jablonski diagram summarizes these processessastiown in Figurel.2.1. The
straight arrows depict all radiative processes thelude photon absorption and emission,
such as fluorescence emission. Energy dissipatitimut light emission is termed as non-
radiative processes, as represented by curly ayravigh include internal conversion and
intersystem crossing. Due to the difference in ldgium nuclear structure, typically, a
molecule is excited to higher vibrational leveledéctronic excited state upon light absorption.
In the condensed phase, such as in aqueous salutloa excited molecules relax quickly
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(within a time on the order of ~18 s or less) to the lowest vibrational level of tiirst

excited state (e.g. fromyS/">1to §, v’ = 0). This process is called vibrational relaxatio

Excited singlet state

S2 ==
Excited triplet state
S1 VaVaV 2 Ty
Intersystem
Crossing
Internal Absorption Phosphorescence
Conversion Fluorescence
= ¥
SO B v - 2

Ground state

Figure 1.2.1 Jablonski diagram. A Jablonski diagram explains the energy states of a
molecule. After the absorption of a photon, theenale is promoted from the ground stage S
and then either radiative (straight lines) or nadiative (curly lines) process brings the

molecule to lower energy states.

Table 1.1 Comparisons of the timescale of various molecular reactions with regard to

absor ption, non-radiative processes and emission.

Type Time scale (seconds)
Absorption ~10° (instantaneous
Internal conversion
~10-12
Molecular relaxation
Fluorescence ~10
Phosphorescence ~3Q.0?
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Upon rapid molecular relaxation to the lowest atlmnal level of the first electronic
excited level $(v" = 0), fluorescence occurs as depicted in redgsttarrows in Figure 1.2.1.
Due to energy losses from vibrational relaxatidme €nergy of the emitted photons is
typically lower than that of the absorbed photomkich implies that the wavelength of the
emission light is longer than that of the excitati®his energy difference between absorption

and emission is called Stokes shift.

Besides fluorescent emission, there are othertidgation pathways such as the non-
radiative internal conversion. Internal conversamturs typically more efficiently while the
energy gap betweeniSand 3 is smaller. Molecules cross to the overlappinghéig
vibrational levels of &more easily when the gap is smaller, and the gnisripst owing to
subsequent vibrational relaxation. There is alse pihobability that triplet states of the
fluorophore can be populated due to a processdcaitersystem crossing, i.e. from ® T1
(the curly blue arrow in Figure 1.2.1). Emissioronfr triplet states is referred to as

phosphorescence.

For all radiative and non-radiative processe® canstants can be defined to quantify
the probability that the corresponding processks pdace. The rate constants of fluorescence
emission, internal conversion and intersystem angstypically are denoted Hdy, kic and ksc,
respectively. Another important parameter is thomscence quantum yield (equation 1.1
and 1.2) that can be defined as the number of ednfitiorescence photons divided by the

number of photons previously absorbed in a largebrar of excitation and relaxation cycles.

Q _ Number of emitted fluorescence photons
- Number of absorbed photons (11)

_ I
Q= F+kfé_so+klsc (1.2)
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Combining the rate constants of non-radiative paffsS® andksc, the formula of

fluorescence quantum yield can be further simgulifs:

_ I
Q= rx, (1.3)

From the equation above, it can be seen that emabfin-radiative rates result in
higher fluorescence quantum yields. If a molecah®without any non-radiative decay loss,
the maximum quantum yield could theoretically regch 1. The lifetime of the excited state,
T, characterizes the average time that an excitemdphore stays in this state. The excited
state population at a given tirhes defined as N(t), and decreases with the deatay{+ Kknr)
which is inversely proportional to the life timevhen neglecting intersystem crossing effect.
The relationship between time dependent changdd(®fand the decay rate is given by

equation (1.4):

WP = — (T + kur)N (1) (1.4)

Integrating once, we obtain:

N(t) = Noe /7 (1.5)

1

T~ THka (1.6)

According to equation (1.5), the population of ieedt molecules will decay
exponentially as a function of time, where fdpresents the initial population in Sate after
energy absorption. In fluorescence experimentsethission intensity I(t) is recorded instead
of the number of molecules. However, the emissiotensity is proportional to N(t)
(Lakowicz, 2006). As a result, the fluorescencensity as a function of time, I(t), can be
written again as shown in equation (1.7), whereepresents initial fluorescence intensity,

which also follows the rule of exponential decayhva time constant.

I(t) = Ipe™t/™ (1.7)

13| Page



The absorption probability of OPEPY'E) is linearly proportional to the excitation
intensity | (equation 1.8). On the other hand, nonlinear eticitasuch as two-photon
excitation (TPE) is also possible. &implified Jablonski diagram of TPE is also shown i
Figure 1.2.3. This process involves the simultasehsorption of two photons by a molecule.
The probability PTFE) to excite molecules is proportional to the squafrexcitation light
intensity (equation 1.9) in TPE. It can be convatijeachieved by using femtosecond pulse
lasers because of its high peak intensities condgareontinuous mode laser.

abs

OPE

TPE 2

abs
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Figure 1.2.2 Illustration of fluorescence quantum yield and lifetime. A simplified version
of the Jablonski diagram is shown to explain thanqum yield and fluorescence lifetime,
where I' and kr represent the rate constants of radiative part mowkradiative part,

respectively.

Sl 12
\\ Relaxation (10 s)
S1

FLI/A\_/<

< T k.
hVAJ
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Figure 1.2.3 Simplified Jablonski diagram to explain two-photon excitation. With two

simultaneous photon absorptions in the focal spguw, emission of fluorescence is also

possible.
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1.2.2 Fluorescence correlation spectroscopy (FCS)

The theory and initial experiments of fluorescemcerelation spectroscopy (FCS)
were developed in the 1970s (Magde et al, 1972;ddag al, 1974). FCS can be applied for
elucidating molecular dynamics or interactions wata living cell (Kim et al, 2007; Schwille
et al, 1999), such as protein interactions or ditin mobility (Rusu et al, 2004; Weiss et al,
2003).

The principle behind FCS measurements involveslyaing recorded intensity
fluctuations from fluorescence molecules withirytincal volume at sub-micron level. From
FCS analysis, parameters like average particle eusnhiffusion mobility and even patrticle
brightness can be determined. The observed inyerkittuations can be due to the
translational diffusion (Ehrenberg & Rigler, 1974say et al, 2006), the molecular
interactions (Brazda et al, 2011; Gowrishankarl,e2@l2; Mueller et al, 2011; Sezgin et al,
2012) or the fluorescence resonance energy traafffst (Cypionka et al, 2009; Nath et al,
2010; Price et al, 2011; Remaut et al, 2005).

In the course of this work, autocorrelation isdise analyze actin dynamics within
living neuron cells. Autocorrelation provides infoation about self-similarities in the
fluorescence intensity fluctuations. Autocorrelatiourves are generated by correlating the
recorded intensity fluctuation curve I(t) with ikseith respect to a variable correlation time
(I(t+7)). A simple autocorrelation function is shown guation (1.10) where T stands for data
acquisition time. The generation of autocorrelattamve is schematically shown in Figure
1.2.4. The physical parameters, such as partiaigoets or diffusion mobility, can be derived

by fitting the autocorrelation curves with an agprate model.

G(ry= % [ I(®)I(t+7)dt (1.10)
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® Overlap area

&
o
To ';'1 .Tz T3
Lag Time
A: 1(0)1(t+70) B: I(t)I(t+11) C: I(DI(t+T2) D: 1(t)I(t+T3)

Figure 1.2.4 Principle of autocorrelation analysis. An autocorrelation curve can be derived
from the results of the overlapping areas by sigftihe original fluorescence intensity with
increasing correlation timeso( t1, T2 and so on...). The overlapping area is in its maxmnmu
position A and normalized to unity at correlation time zahéith the increase of correlation
time, from positiorB to D, the overlapping becomes smaller and reachesua wdlzero after

the long correlation time shifting.

17 |Page



The autocorrelation function used in this is thdsi shown in equation (1.11). It is
assumed that there are fluctuation signals regultom the changes of local concentratédh
within the effective volume . These fluctuations around the mean value areefby
equation (1.12). The fluctuations caused by flulbtuns of local concentration can also be
written as equation (1.13) (Heinze et al, 2000).

G(T) _ <I@®)I(t+7)> 1:<6I(t)61(t+7')>

<I(t)>2 TO<I)>?T (1.112)
(t)=1I(t)— < I(t) > (1.12)
0I(t) =k [y, Iex(F) - S(F) - 0 - g - 6C (7, 1)dV (1.13)
Parameters:

k : detection efficiency

I...(7) : intensity distribution of excitation light source

S(7) : optical transfer function of whole optical system

o : molecular absorption cross-section

q : quantum yield of fluorephores

0C(7,t) : fluctuations of the local particle concentration at time ¢
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The term “b(7#) -S(F)” can be interpreted as the probability of detegtiluorescence
from a molecule at certain position and is reldtethe spatial distribution of the emitted light

W(7). The distribution can be approximated by a Gaumsdistribution (Rigler et al, 1993).

2 2
%ty z
275 =2

Io(7) - S(F) xc W(P)me = 8 - " (1.14)

We note that the distribution decays by a factd/& at p in the lateral direction (x,y)
and z = g in axial direction in equation (1.14). The othargmeters in equation (1.13) such
ask, o and g can be combined wit) the maximum amplitude ofJ{#) ,to form a combined
parameter called photon count rate per molecules@eond (CPP) shown in equation (1.15),
with which the signal-to-noise ratio of differenieasurements can be evaluated to compare

the efficiency among different setups.
n=lIy-Kk-0-q (1.15)

With these simplifications and approximations, a&gn (1.13) can be re-written as
(1.16). Hence, combining (1.11) and (1.16), we iobtiae autocorrelation function in the form
of (1.17). Assuming that the properties of the faphore are kept constant, afq, the
change rate of CPP, is equal to zero, therefongatean (1.17) further simplifies to equation
(1.18).

SI(t) = [W(F)-8(n- C(7,t))dV (1.16)

_ I WEW () <8(n-C(7,t))-8(n-C(r t+7))>dVdV’ 1.17
G(r) = (W (@)-<6(n-C(F,t)>dV)2 ( )

[ WA W (") <6C(7,0)-6C (1 ,7)>dVdV’ 1.18
G(r) = (<C> ] W(PHdV)2 (1.18)

19| Page



For a three dimensional free diffusion processaittarized by a diffusion coefficient

D, the number density autocorrelation tedi(7”, O)SC(F, T)) can be calculated based on the

equation (1.19) and (1.20), where <C> represertdiled average particle concentration.

0CirD — DV2C(r,t) (1.19)

_ ()2 (1.20)

4DT

< 0C(7,0)-0C(r,7) >=< C > D

The autocorrelation function @(in equation (1.18) can be re-written by substyt
with equation (1.14) and (1.20). The diffusion timaas related to the diffusion coefficient D
via equation (1.22). The final autocorrelation flime obtained by combining equations
(2.21), (1.22) and (1.23) results in (1.24). Frdra experiment, the particle numbers within
focal volume can be derived at correlation timeZequation (1.25)).

_ 1 . 1 i 1
G(T) - 71'3/27’3-20-<C> 1+4’% \/1_'_4’J (121)
T z2

0 0

= ﬁ (1.22)
Ve = m3/2.. 7"3 - 20 (1.23)
G(T) = virzes Hl% ' \/1+(§18)2-;D (1.24)
GO)=yroes = (1.25)
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1.2.3 Focal volume (OPE and TPE) and diffusion coefficient

A well-calibrated focal volume is a key factor the accurate determination of
diffusion coefficients. The absorption probabiktief a photon under OPE and TPE are
proportional to the intensity (1) and the squaréneénsity (F), respectively.

Because of the inherent non-linearity of two-plmo&xcitation, the appropriate focal
volume depends on the square of the intensity pgpnéad function (IPSF as shown in
Figure 1.2.5. The probability to detect a fluoresmesignal emitted from certain position is
related to excitation light source and overall cgititransfer function, and can be calculated
approximately as a three-dimensional Gaussian ifum@s shown in Figure 1.2.5(B). The
effective focal volume is calculated by computihg tscale for the intensity to reduce by a
factor of 1/é&(Heinze et al, 2000; Schwille et al, 1999). Herihe,focal volumes of both OPE
and TPE can be written as equation (1.26) and J1.27

VOPE — 73/2. 42 . (1.26)

‘/evng _ (7T/2)3/2 . 7"(2) - 20 (127)
2

FTPE _ g_% (1.28)

VIPE — (47 . 7FPE. D)3/2. (2.29)

Comparing the focal volumes between OPE and TR, can find that the total
volume under TPE decreased 48, which means the effective focal volume in each

direction decreased by a factor ¥i. With dimension of focal volume decreasing, the
diffusion time under TPE also changes by a factoR.oCompared with equation (1.22),

equation (1.28) represents the diffusion time ufAd&E.
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The determination of experimental focal volume t&ncharacterized by measuring
the diffusion time of Rhodamine 6G (R6G) in the F&S$up. With averaged diffusion time
0= (4.6+ 0.14)- 10°s and for the structural parameter= z,/r, = 5 in this setup, one can
substitute the parameters with those numbers iratequ (1.29). According to the well
characterized diffusion coefficient of R6Grda=4.41x 10° cm? /s (Culbertson et al, 2002;
Gendron et al, 2008; Miiller et al, 2008), the ekpental TPE focal volume in this setup can
be calculated as about &B08m?, that is about 0.6 fL. Based on the optical propef TPE,
the focal volume can therefore reach down to ttadesof sub-femtoliter (~fL) in a pinhole-
free set-up.
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Figure 1.2.5 Intensity point spread function (IPSF) of one-photon excitation (OPE) and
two-photon (TPE). (A) The comparison of the IPSF of OPE and TPE (Bp#ximately 3D
Gaussian distribution fitting of light intensity,r onore precisely described by Lortentz
distribution (Dertinger et al, 2007Figure modified from (Zipfel et al, 2003) (C) Brief
illustration of focal volume of OPE and TPE; thedbvolume decreased k{8 while TPE is

applied.
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1.2.4 Fluorescence Microscopy (FM)

By taking advantages of fluorescence labeling withving cells, fluorescence
microscopy has long been employed as a tool tostigage cellular function in vivo or in
vitro (Baumgartel et al, 2012; Germain et al, 20I@pmre, 2012). There are several basic
components to construct a set of fluorescence sgomy. For the most common used
fluorescence microscopy, such as wide-field fluceese microscopy, the key components
include: a light source to excite the fluorophowresljchroic mirror to reflect and transmit light
for excitation and observation, an optical filterselectively choose appropriate signals and a
detector to record the signal.

Excitation of a large sample area is possible lmu$og the incident light on the back
aperture of the microscope's objective lens. Asvshim Figure 1.2.6, this is a schematic of
wide-field fluorescence microscopy setup. Two-disienal large-area detectors such as

charge-coupled devices (CCD) are often used tadeabe fluorescence images.

Objective
Lens
A 4 A 4
Dichroic
Mirror
Emission
Filter

N/

Detector

Figure 1.2.6 Schematic representation of a wide-field fluor escence microscope setup. A
wide-field fluorescence microscope consists of: ddojective lens, a dichroic mirror, an
emission filter and a detector. With the light feimg on the back aperture of the lens, the
wide-field fluorescence microscope can be madehb®eve fluorescence images in large

areas.
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1.2.5 Other methods to measure molecular diffusion

Molecular diffusion is essential for maintainingllalar functions. It is therefore
important to quantitatively decipher the dynamitidaors of these molecules. Besides FCS
measurements, there are other optical platformisateasuitable for studying the molecular
dynamics within living cells, such as fluoresceneeovery after photobleaching (FRAP)
(Axelrod et al, 1976; Schlessinger et al, 1976) single particle tracking (SPT) (Kusumi et
al, 1993; Qian et al, 1991).

FRAP, as shown in Figure 1.2.7(A), is a fluoreseetechnique that takes advantage
of irreversible photochemical bleaching. Firstoflescence molecules are bleached within a
region of interest by using intense laser irradiatiAfter bleaching, the excitation light source
is applied to image the bleached area and thus ngakie intensity recovery after
photobleaching recordable by a detector. Molecldbsled with fluorescence dyes start to
diffuse until a steady state is reached. Becausehisf dynamic mobility of diffusing
molecules, the intensity recovers to a certainlléd¥ased on this property, FRAP can be used
to distinguish and to determine mobile/immobile emiles within living cells. Furthermore,
one can also interpret the diffusion constant tiingj the intensity recovery curve into proper
mathematical models. The recovery efficiency relws several parameters, such as the
geometric property of bleached area, the dynami@awer of bleached molecules and even
the binding affinity of different molecules. Theanuiitative information derived from FRAP

techniques, however, is an averaging outcome ofyrparticles.

The method of SPT, as shown in Figure 1.2.7(B)foisrecord and analyze the
trajectories of small fluorescent particles tha &gged in a target protein at high spatial and
temporal resolution by making use of a sensitiveecter. First of all, the fluorescence
molecules attach to the molecules of interest bhadriobile behavior is recorded as a function
of time. By using a mathematical approach to cateuthe central positions of each moving
particle, one can determine the so-called “modenadtion” from the mean square
displacement of the particle trajectories. The eur mean square displacement (MSD) is a
straight line (MSD ~ B where D: diffusion coefficient; observation time) if the molecules
move as a three dimensional Brownian diffusionslaswn in Figure 1.2.7 (B), right side,
blue curve. The diffusion coefficient can also berived from the slope. Other diffusion
modes can also be monitored, such as hindereduiffigreen curve) and diffusion behavior

that mixed with flow phenomena (red curve). The ewdf diffusion provide not only the
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dynamic properties of the monitored molecules Hab ajive information concerning the

surrounding structure composition as well as tii@mation of their interacting molecules.
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Figure 1.2.7 Other methods for molecular diffusion measurements: (A) Fluorescence

recovery after photobleaching (FRAP) can providedkieraging diffusion dynamics of many
molecules. (B) Single particle tracking provideg ihformation on diffusion modes. Blue,
green and red curves represent 3D Brownian diffydiondered diffusion and active transport

mode, respectively.
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1.3 Outline of this study

In the content of my thesis, the construction aaltbration of a setup that combined
conventional wide field fluorescence microscopy {(FMnd two-photon fluorescence
correlation spectroscopy (2P-FCS) was first desckifhe combination of FM and 2P-FCS
allowed the investigation of the actin dynamic dmsat higher temporal resolution and to
gain better insights into the dynamic behavior leé tifferent forms of actin filamentous
structures. Samples investigated in the courséisfstudy were living neuronal cells (CA3)
that had been transfected with eGFP-actin and f@hersimultaneously monitor changes in
actin dynamics and morphology with the functionT@ftraethylammonium (TEA) induced
LTP. The actin dynamics before and after TEA statioh was scrutinized to correlate with

the morphological plasticity after long-term potation (LTP).

Using FCS measurement, we can distinguish two graafpactin filaments within
living cell by two-component fitting models. Furthehe absolute particle number and
brightness can be compared before and after TEHAuition. We conclude that dendritic
spines underwent morphological enlargement with filnection of TEA stimulation are
correlated to dynamic changes of actin flamentseese more dynamic actin filaments serve

as an important role to drive morphological enlangat after LTP.
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2. Materials and Methods

2.1 Materials

2.1.1 Chemicals

All the chemicals used in this research were pusetidrom those companieSigma-
Aldrich (St. Louis, USA), Merck (Darmstadt, Germany), BICHRD Chemicals AG (Zurich,
Switzerland), Invitrogen (USA), Molecular ProbesSA), Fluka (Switzerland)

2.1.2 Preparation of organotypic hippocampus slices

Hippocampal organotypic cultures were prepared fpmstnatal day 5 (P5) C57BL/6
wild-type mice as described in reference (Stopmhial, 1991). The hippocampi were
dissected in ice-cold sterile Gey’s balanced sdiiteon (GBSS) and sliced transversally at a
thickness of 400 pm using a Mclllwain tissue chappde slices were placed on Millicells
CM membrane inserts (Millipore) and cultivated a°@G, 5% CQ, 99% humidity, with a
medium containing 50% BME (Eagle, with Hank’s saltghout glutamine), 25% Hank’s
buffered salt solution (HBSS), 1 ml of glucose (5026% donor equine serum (HyClone),
and 0.5 ml of L-glutamine (200 mM stock solutiofp reduce the number of non-neuronal
cells, a mixture of antimitotic drugs (cytosine l@reoside, uridine, and fluorodeoxyuridine;
10% — 107 M each; Sigma-Aldrich) was applied for 24h. Theparation of hippocampal

organotypic cultures was done by our collaborafian® TU-Braunschweig.

2.1.3 MCF-7 cancer cells

MCF-7 cells (human breast adenocarcinoma cell hvere cultured by using Eagle’s
minimum essential medium (MEM), which is suppleneentvith 10% fetal bovine serum, 1%
penicillin/streptomycin. One million cells in 10 TMEM medium were seeded in a 10 cm
petri dish with 2 or 3 cover slips. Actin filamenigere expressed with eGFP for FCS
observation and the membrane was stained by PKB@Bn@-Aldrich) red fluorescence dye
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for the morphological observation in FM. This ceths provided by Dr. Han-Ning Chuang

from Universitat Klinikum Goettingen.

2.1.4 Buffers

The buffers used within this research are listedodlews (Gu et al, 2010; Roth-

Alpermann et al, 2006):

Table 2.1 Buffers

Physiological condition buffer for cells
Buffer Concentration Components M.W. (g/mole)
140 mM| NacCl 58.44
5 mM | KCI 74.55
HEPES Buffer 2 mM | CaChk-2H0 147.02
(pH=7.4) 1.5 mM | MgCl>6H,0 203.3
10 mM | Glucose 180.16
25 mM | HEPES 238.31
L TP induction buffer for neuron cells
Buffer Concentration Components M.W. (g/mole)
140 mM | NaCl 58.44
5 mM | KCI 74.55
HEPES 5 mM | CaChk-2H0 147.02
Buffer 0.1 mM | MgCl:6H0 203.3
With TEA ‘
10 mM | Glucose 180.16
(pH=7.4)
25 mM | HEPES 238.31
25 mM | Tetraethylammonium 130.25
(TEA)
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Physiological condition buffer for control experiments

Buffer Concentration Components M.W. (g/mole)

140 mM | NaCl 58.44

5mM | KCI 74.55

HEPES Buffer 2 mM | CaCbk-2H0 147.02
Plus AP5 and 1.5 mM | MgCl2-6H20 203.3
Verapamil 10 mM | Glucose 180.16
(PH=7.4) 25 mM | HEPES 238.31
100 uM| AP5 197.13

30 uM | Verapamil 491.06

D

L TP induction buffer plus AP5 and Verapamil for control experiment

Buffer Concentration Components M.W. (g/mole)
140 mM| NacCl 58.44
5mM | KCI 74.55
5 mM | CaCbh2HO 147.02
LTP 0.1 mM | MgCl,-6H0 203.3
Inhibition
10 mM | Glucose 180.16
Buffer
(pH=7.4) 25 mM | HEPES 238.31
25 mM | Tetraethylammonium 130.25
(TEA)
100 uM| AP5 197.13
30 uM | Verapamil 491.06

D
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HEPES buffer plusLat-A for control experiment

Buffer Concentration Components M.W. (g/mole)
140 mM | NaCl 58.44
5 mM | KCI 74.55
Actin 2 mM | CaCb-2H.0O 147.02
depolymerization 1.5 mM | MgCl2-6H20 203.3

buffer
10 mM | Glucose 180.16
(pH=7.4)

25 mM | HEPES 238.31
S UM | Lat-A 421.55

D
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2.1.5 Living cell chamber system

Molecular dynamics within living cells are very sdive to the changes of
temperature; therefore it is very important to kéeptemperature constant while performing
experiments. To keep the constant temperaturegva ¢hamber with buffer circulation is
necessary. Before the actual experiments, neurtveere selected and cut from the culture
membrane inserts, and then fixed it tightly betweenmerslip and circulation chamber for
observations. A bathing and recording chamber (&tanApparatus) was connected to two
solution pumps (Harvard Apparatus) that can simelaisly pump into and suck off buffer
solution. A dual channel bipolar temperature cdhgro(CL-20, Harvard Apparatus) was
connected to the sample holder to control the teatpee at a constant level. Buffer solution
was not circulated during FCS data acquisition \toic stage vibration that will result in

erroneous autocorrelation curves.

of O
Heating controller

>
-

Sample

' Buffer input

Figure 2.1.1 Living cell chamber system. Neuron samples were kept in a constant
temperature (~3&) by a heating controller. During FCS measuremehésbuffer circulation

was stopped to prevent stage vibration.
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2.2 Methods

2.2.1 fCherry and eGFP-actin transfection

In order to visualize the morphological changesdehdritic spines, neurons were
transfected with expression vectors carrying adsytated form of mcherry (fcherry) (Shaner
et al, 2004). Another transfection was done bygisixpression vectors that carry eGFP-actin
(CA Schoenenberger, University of Basel, Switzat)dor the observation of actin dynamics
by using 2P-FCS. Both transfections were undercth@rol of a cytomegalovirus (CMV)
promoter. Co-expression of eGFP-actin and fcheiag done by our collaborators from TU-

Braunschweig and further confirmed by fluorescemegroscopy.

Q) Particle-mediated genetransfer:

By means of gold particle mediated gene transfer,Helios Gene Gun System (Bio-
Rad) was applied to transfect hippocampal sliceuces (pyramidal cells in the CA3 region)
after 14-18 days in vitro (DIV). For the co-tramstion via gene gun, eGFP-actin and fcherry
were mixed with a ratio of 1:2 for a total amout2g DNA/mg gold particles. The slices
were transfected by shooting at a pressure of 8psQ and a filter with a pore size qirf
was used to prevent gold clumps from damaging licess 2P-FCS measurements of actin

dynamics were performed 12-24 hours after the teatisn.

(2)  Sindlecell electroporation:

The single cell electroporation was performed bygishe Axoporator 800A (Axon
Instruments/Molecular Devices Corp.) within pyraaiidcells in the CA3 region of
hippocampal slice cultures after 14-18 DIV. A 1:MM®ratio eGFP-actin to fcherry was used
with a total DNA concentration of 100ng/ul for tbe-electroporation. The slices were kept in
sterile 1x Hank's Buffered Salt Solution (HBSS) aatectroporated with a train of stimuli.
The process of electroporation was performed byH208timulation for 100ms with each
stimuli 1ms duration at 5V amplitude. The tip rémnce of the electrode (1.5/0,86mm;
GC150F-10, Harvard Apparatus) was controlled byesgure gauge (GDH200, Greisinger)
with resistance of 5-7 B at a pressure of 10-20 mbar. The slices were me&RAP

measurement4 h after single cell electroporation.

* Experiments were done by Y.K.
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2.2.2 Living cell measurements

Q) | mage recording and FCS measur ement:

For the purpose of monitoring the morphological oiations of dendritic spines
during cLTP, the method of maximum projection inmgesre often used to characterize the
guantity of size changes. Firstly, the neuron insageere collected by a conventional
fluorescence microscopy (FV1000, Olympus), whickdsipped with a 60x water immersion
objective lens and a CCD camera of 1024x512 pixeihy an interval of 10 minutes. The Z

sectioning was done by scanning z-axis with a st€p5um.

Before cLTP, the hippocampal slice cultures werpt keithin warm HEPES buffer
solution at 35°C. The induction of cLTP was perfednby replacing the HEPES buffer
solution with TEA contained stimulation solutionftér 10 minutes bathing for stimulation,
the TEA contained solution was then washed out BY?HS buffer solution. Detailed buffer

recipes are shown in Table 2.1.1.

For the 2P-FCS measurements, the two-photon spoplaaed right on the center of
dendritic spines before and after cLTP stimulatievery measurement was 10-15 seconds for
6 rounds to get nice autocorrelation curves. Wjtimes enlargement after 30 minute of cLTP
induction, another FCS measurement was performethédysame procedure. Variations of
spine shape (Fischer et al, 1998) or sample distotaould be problems for observing actin
dynamics within dendritic spine by FCS. However time scales of shape variation or
sample dislocation are much larger than that famadynamics, which could result in

significantly slow diffusion mobility.

(2 Fluor escence Recovery After Photobleaching (FRAP):

FV1000 with laser wavelength of 488nm was usedtite eGFP molecules in FRAP
experiment Single spines of secondary or tertiary dendbt@nches from CA3 hippocampal
neurons between 15-19 DIV were used for the meamnts. The low level (~6.9uW)
excitation laser power was applied to gain a realslen signal-to-noise ratio for the
observation and at the same time, to reduce th®pleaching as much as possible. The scan
speed was set to 8 us per pixel for a total imageaf 640 x 128 pixels. The photobleaching
of a single spine was performed by using the corni@efFRAP unit (FV5-LDPSU, Olympus)

* Experiments were done by Y.K.
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at a wavelength of 405 nm with a power up~td3 mW for 25 ms. To determine the baseline
and the fluorescence recovery, several images takes at intervals of 2 seconds before and

after the photobleaching.

2.2.3 Data analysis

The region of interest (ROI) around the bleachedespwas defined before FRAP
analysis via Olympus software FV1000. Of courses thackground fluorescence was
subtracted before calculating the averaging intgrisbm the ROIs. A bleaching correction
derived from neighboring regions was also includddorescence intensity from each spine
was then normalized to the pre-bleach levels. Thiesical analysis was performed by using
the Microsoft Excel or the GraphPad Prism. The FRARperimental data was tested by
applying an unpaired two-tailed Student t-test pdig point. Values of p < 0.05 were
considered as significant. All data are presensech@an + standard error of the mean (s.e.m.).

(2) 2P-FCS

Actin dynamics within dendritic spines was measubgd2P-FCS before and after
TEA stimulation, and the images of morphologicabrfjes due to cLTP were further
analyzed using the Fiji image process open softwHne statistical analysis was performed
by using the Microsoft Excel or the GraphPad Pri3ime statistic data from MCF-7 cells
were tested by applying an unpaired two-tailecst-t€o compare actin dynamics in the same
dendritic spine before and after TEA induced cL1f, statistics were done by applying the
paired t-test in single spines. Values of p < OnM@%e considered as significant. All data are

presented as mean * standard error of the meam(s.e

* Analysis was done by Y.K.

35|Page



2.2.4 Two photon fluorescence correlation spectroscopy (2P-FCS) and
Wide-field fluorescence microscopy (FM)

A home-built setup which combines two photon flsmence correlation spectroscopy
(2P-FCS) and conventional wide field fluorescenceroscopy (FM) was used for this study.
A Chameleon titanium-sapphire laser (Coherent, UB4&g used as a light source for 2P-FCS
measurements. Excitation with 87 MHz repetitiote$a900 nm in wavelength, and 12 mW
of power in the back aperture of objective lens wsad to excite eGFP-actin. A continuous

wave laser with wavelength at 568nm was used feenting morphology of fCherry labeled

iy
mo
e
ot
e

DM2

dendritic spine head.

DMT
2P-FCS # Il
~ DM3
1P-FM -
M
F

L

APD
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Figure 2.2.1 Home-built 2P-FCS combined with FM. A pulsedTi:Sa laser and continuous
wave one-photon laser were used as light sourcestaion laser lines were reflected by a
special designed dichroic mirror (DM2). DM2 alsompés the transmission of emission light.
Filters (F) are fixed in front of detectors. CCDused for image recording and APD is used to
record fluorescence fluctuation for FCS calculati@iM: dichroic mirror, F: filter, L: lens, O:

objective lens, M: mirror, APD: avalanche photodiedCCD: charged couple device)
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As shown in Figure 2.2.1, two excitation laser $in@ere coupled to an inverted
microscope (IX71, Olympus) and reflected to the kbaperture of an objective lens
(UPLSAPO 60x, NA=1.2, water immersion, Olympus)tigh a customized dichroic mirror,
DM2, (AHF, Germany). The transmission propertytaétdichroic mirror is shown in Figure
2.2.2. It reflects both laser light sources at 568 and 900 nm and permits the transmission

of emission light from fluorescence molecules (e @R fCherry).

A two-photon rejection filter, E700SP2 (AHF, Gerrggnwas used to block the
scatter lights from 2P excitation light source (sbbwn in Figure 2.2.2). The emission light
was further divided into two parts by DM3 (590 DCXRHF, Germany) that can further be
recorded by corresponding detectors. Before bedtgrded by CCD and APD detectors
(CCD: F-view Il, Olympus, APD: SPCM-AQR-13, Perlitmer), emission signals were
filtered by appropriate band-pass filters (HQ 6%5f@r fCherry and HQ 535/50 for eGFP).
Another lens was used in the front of the APD deteto focus emission signals in a small
chip area. Signals gathered from APD were furthealyzed by a time correlated single
photon counting card (TimeHarp 200, PicoQuant GmigEdrrelation curves were fitted by
using a home-built program (provided by Matthiasit@vald).
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Figure 2.2.2 Special designed dichroic mirror (DM 2). Characteristics of the dichroic mirror
designed for the simultaneously observation of thifferent labeling, fCherry and eGFP.
(fCherry: Ex:568nm, Eax;610nm; eGFP: Ex:900nm, Ehaxy 507nm)
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2.2.5 Co-localization of focal plane between 2P-FCS and FM

The co-localization adjustment of both focal plafresn one-photon and two-photon
excitation is important to ensure accurate expettaleobservation. By using the double
transfected neuron sample, fCherry for OPE and e&fR for TPE, the co-localization in
the XYZ dimensions can be confirmed by simultangouscording the sharpest images and
the maximum eGFP emission. In Figure 2.2.3, witforus image in the XY plane observed
by OPE fluorescence microscopy, the emission iitiens eGFP is higher while hitting the
dendritic spine by two-photon spot, as highlighteth red square area. On the other hand, a
relative dimmer emission signal is seen while ohiiting the background area without

dendritic spine (yellow square area).

Next, the objective lens was adjusted along thexiZ-#o record the changes in
fluorescence intensity emitted from focal plane. desmonstrated in Figure 2.2.4, the
maximum emission from TPE can be observed onljénpositionA that the in-focus image
was seen by fluorescence microscopy. The fluoregcbaads and neuron samples were used
for testing. The emission intensities from TPE iedon in positionA are as follows:
fluorescence beads: 3¥1(a.u.) and neuron cells: 2x10a.u.). Compared with that in
positionB andC, one can find smaller emission intensity (fluosrsme beads: 2x1Qa.u.);

neuron cells: 4.7xffa.u.)).

1P Emission

Figure 2.2.3 Co-localization between 1P and 2P excitation in X-Y plane. The red square
shows the hitting of two-photon excitation onto thendritic spine and therefore a brighter
emission signal from eGFP-actin molecules. Theoyelsquare shows only a background
signal without hitting dendritic spine. (Scale bad: um)
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Figure 2.2.4 Co-localization between OPE and TPE in Z plane. The intensity recorded
from 2P emission in APD depending on the focustmys. The emission intensity is at its
maximum with the excitation light source in positid (in-focus). The counts were relatively
smaller if images are out of focus. Fluorescen@bend fixed neuron cells were used for
testing. (Scale bar: 10 um)
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3. Results and Discussions

3.1 Free diffusion of GFP measured by 2P-FCS

Green fluorescence protein (GFP) contains 238 amants (~27 kDa) (Chalfie et al,
1994; Tsien, 1998). It emits bright fluorescenceswlexcited by OPE at ~ 488nm or by TPE
at ~900nm. GFP is the most common label for viguadi molecular dynamics within living
cells, owing to its high photo-stability and thespibility to express in living cell without
interfering the normal functions of fused targettpms. Before performing FCS experiments
in GFP expressing living cells, some important peeters, e.g. proper excitation intensity or
focal volume, are crucial for the 2P-FCS observatio

Finding the optimal excitation intensity is impaortdbecause higher intensities lead to
faster photobleaching of fluorescent molecules, ctvhiin turn distorts FCS data.
Photobleaching can be inferred by several parameterCS measurements, such as the
shortened diffusion time and the increase of autetation amplitude (Kim et al, 2005;
Petrasek & Schwille, 2008).

According to previous studies, the optimal TPE vength for exciting GFP
molecules is ~900nm (Kim et al, 2005). SubsequemyS measurements of Annexin V-
eGFP (~35kDa) in solution were performed at 900with various excitation intensities. The
total count rate and particle brightness were meeed in a power-dependent (quadratic-
dependent) manner up to 30 mW (Figure 3.1.1 (A) @)l The autocorrelation amplitude
G(0) and diffusion time measured at the respeatxatation intensities are shown in Fig.
3.1.1 (C) and (D). The decrease of both paramékeysnd 30mW clearly demonstrates that
photobleaching becomes prominent which may resudaia misinterpretation.

For living cell experiments, there should be a d¢raff between the overall signal
intensity and photobleaching effect. In conclusio&sed on the power dependent experiments,
the best excitation power for eGFP is 12-25 mW. di&usion time of Annexin V-eGFP
measured with 900 nm, 12 mW is used to calculag diffusion coefficient. With an
averaged diffusion time of 0.26 ms, the diffusiaeficient of Annexin V-eGFP in solution
at room temperature is determined to be 7#/gmwhich is in line with published data (Dayel
et al, 1999; Partikian et al, 1998; Stasevich €2@10).
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Figure 3.1.1 Parameters of Annexin V-eGFP obtained from power-dependent FCS
measurements. (A) The total count rate, (B) particle brightne@S) particle number and (D)

diffusion time.
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3.2 Autocorrelation curve fitting models

Autocorrelation curves generated after FCS measamtsmhave to be further fitted
with appropriate mathematical models. Based onirtherent molecular diffusion mobility,
one can choose models from normal three-dimensidifaision, anomalous diffusion or
active transport modes. As mentioned before, astmcture is always in a dynamic
equilibrium to maintain cellular functions, thusid important to choose a physical model that
best describes this highly heterogeneous dynanmauver within neurons. The discussions of

how to interpret data from autocorrelation curva@$hve presented in the following content.

Figure 3.2.1 represents schematically the diffezehbetween homogeneous and
heterogeneous molecular distribution. Moleculeshvaituniform structure within FCS focal
volume result in a more homogeneous intensity @laion, as shown in Figure 3.2.1(B). On
the contrary, there is a heterogeneous intensittuhtion if molecules assume non-uniform
structures. The difference of homogeneous and dgteeous molecular compositions can be
distinguished from distinct autocorrelation curves. homogeneous molecular diffusion
results in a smooth autocorrelation curve thatejgresented as the black curve in Figure
3.2.1(C), whereas heterogeneous molecular diffusorepresented in the red one. In this
section, we will discuss the choices of fitting retsd based on the properties of actin

dynamics and structural compositions.
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Figure 3.21 Homogeneous and heterogeneous diffusion particles. (A) Schematic
representation of the difference between homogeramas heterogeneous distribution, (B)
Comparisons of intensity fluctuations between hoemogis and heterogeneous diffusion (C)
The autocorrelation curves illustrate the diffeenbetween homogeneous (black curve) and

heterogeneous (red curve) populations.
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3.2.1 Two-component fitting model

Actin filaments are always in a dynamic equilibridsetween actin monomers and
filaments. Therefore, we first fit the autocorre@at curve using a two-component model,
which is described in equation (3.1) (Lakowicz, @0Rhoades et al, 2006; Rusu et al, 2004).
Besides two different diffusion times, the corresgiog molecular fractions can be derived
from this model. Assuming the same patrticle brigh#) relative molecular concentrations can
be calculated according to fraction numbeMoreover, as shown in Figure 3.2.2, the fraction
ratio between two different groups of molecules @@nused as an indicator to describe
molecular heterogeneity.

The comparison between one- and two-componentndsgti of the averaged
autocorrelation curve (Figure 3.2.3(B)) from seVandependent FCS measurements (Figure
3.2.3(A)) is shown in Figure 3.2.3(C) and (D). Advantage of averaging the autocorrelation
curves is to reduce errors due to photobleachirmggtwdistort the autocorrelation curves at
longer correlation time. Compared with one-comparigting model in Figure 3.2.3(C), the
smaller residuals of two-component fitting model kgure 3.2.3(D) denotes better
characterization of actin dynamics within livinglicdwo different diffusion times derived
from this fitting model represent two groups ofimdilaments having different degrees of
polymerization. In conclusion, several parametens be derived from the two-component
fitting model to describe actin dynamics withinifig cells: (1) actin flaments with faster
diffusion time, (2) actin filaments with slower flision time and (3) the molecular fractions

of two components.

Based on the two-component fitting method, the Jeterogeneous distribution of
actin filaments is grouped into two classes. Oras<lconsists of shorter forms of F-actin
having higher dynamic mobility (diffusion coefficie ~7 unf/s). Compared with the
diffusion coefficient of freely diffusing eGFP (s&m 3.1), this dynamic F-actin comprises of
~10 actin basic units. Another class is F-actinhwibwer diffusion mobility (diffusion
coefficient ~0.07 uris), indicating its size is of magnitude about twrders larger than the

dynamic one.

G(r) = Veff-1<C> [ - : ) + (114__% ' \/1+w1_2(:)>] (3.1)
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Figure 3.2.2 Fraction between two distinct compositions within the focal volume.
Different degrees of polymerization of fluorescenealecules can be distinguished with FCS
measurement using two-component fitting model. wdecular fractions can be used as an

indicator to describe molecular heterogeneity.
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Figure 3.2.3 Statistics and fitting methods to quantify autocorrelation curve of living
cells. (A) The autocorrelation curves of actin dynamics measury 2P-FCS. (B) The
averaged autocorrelation curve with error bars.@8¢-component fitting model (red curve),

which has a larger residual (blue curve). (D) Tewoaponent fitting model with smaller

residuals.
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3.2.2 Multiple diffusion species with different brightness

From the two-component fitting model, moleculeshwitifferent diffusion mobility
can be distinguished and the corresponding moledrdations are also derived to describe
the heterogeneity in molecular compositions witthie focal volume. However, this fitting
model is only applicable when the brightness of tiv® populations does not differ

significantly.

With complicated structural compositions, these gvoups of actin filaments with
different diffusion mobility represent different glees of polymerization. Since eGFP was
expressed in actin monomers, the different degrépslymerization in actin filaments result
in different brightness. Therefore, there shouldsigmificant brightness differences between
these two groups. With largely differences in mdetibrightness, fluorescence fluctuations
will be dominated by the brighter molecules. Thtise absolute particle numbers and
brightness is not readily determined. With a highilgterogeneous composition, actin
dynamics observed with FCS measurements shouldttbd With the brightness taken into
account. The formula for fitting the autocorrelatimnction considering a brightness factor is
written as (Lakowicz, 2006; Walla, 2009):

_ I%2.Ny-Mi+(A-1)%-Ny-M
G(r) = (1]-N11+A-I-N2)22 : (3.2)

I = short form intensity (brightness)

A -1 =long form intensity (brightness)

N1 = averaged short form particle number

Ny = averaged long form particle number

My =1/(1+7/m) - 1/(\/1+w=2(r/71)) (mobility term of Ny)
My =1/(147/72) - 1/(\/1+w=2(1/72)) (mobility term of No)
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According to equation (3.2), the contributions e&ch different species to the
autocorrelation function are proportional to thea@ of the corresponding particle brightness.
Comparing with normal two-component fitting, morargmeters can be derived: (1) the
brightness of short-form F-actin, (2) the brighted long-form F-actin, (3) the particle
number of short-form F-actin, (4) the particle n@enlof long-form F-actin, and (5) the

diffusion time of both groups.
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3.3 Actin dynamics within living cells

Based on experimental methods and fitting modedsitimned in previous sections,
actin dynamics within MCF-7 cells was measuredt fics characterize the setup. The data
shown in Figure 3.3.1 represents the average fiusme and the corresponding molecular
fractions measured at eight different points witthia cellular cytosol and fitted with the two-
component model. A very large heterogeneity indifeision time is observed and the actin
filaments can roughly be categorized into two gsughort-form F-actin and long-form F-
actin. The first group is shorter actin filamentghwiaster diffusion mobility and the second
group is longer actin filaments with slower diffosi mobility. The diffusion time of both
group are [0.0023+£0.0002 s] and [0.050+0.006 Speetively. Based on the difference in

diffusion time, it is estimated that the differencgolymerization degree is a factor of 20.

Although the two-component fitting model cannoegqsely describe the absolute
particle number and brightness, the relatively mwall@r fractions can still be compared. The
results shown in Figure 3.3.1(B) depict that thare larger amounts of short-form F-actin
within the cytosol.
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Figure 3.3.1 Actin dynamics within MCF-7 cells. (A) Actin filaments with different
dynamics observed by FCS can be classified intodweaps: short-form F-actin and long-

form F-actin. (B) The corresponding molecular fracs of actin filaments.
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3.3.1 The treatment of Lat-A in MCF-7 cancer cells

Latrunculin A (Lat-A) is a chemical that is commpnused to sequester actin
monomers (Coue et al, 1987; Yarmola et al, 2000)¢ckvin turn induce depolymerization of
actin filaments. In Figure 3.3.2, MCF-7 cell wasatied with Lat-A (4.74 pM) to inhibit actin
polymerization for FCS measurements and the changebe parameters derived from

autocorrelation curves were compared.

Figure 3.3.2 (A) demonstrates that there is noifstgimt change in diffusion time of
the short-form F-actin within the first 30 minutesincubation, on the other hand, in Figure
3.3.2(B), the disruption of long-form F-actin hdseady occurred within the first 30 minutes
according to its faster dynamics. With longer imatign time up to 60 minutes, the
remarkably accelerated diffusion time of short-fofsactin implies that the disruption has
also taken place. Comparing the changes in diffusime of long-form F-actin, the diffusion

mobility has increased by a factor of 2 and 4 &@tkand 60 minutes Lat-A treatment.

As expected, actin filaments underwent depolymé&dma while inducing the
disruption of stable actin structure by Lat-A. Toleservation of decreased diffusion time
(increased diffusion mobility) after Lat-A treatmas in line with other studies, which show
that actin filaments are cut or disrupted into demafragments. The data shown in Figure
3.3.2 (C) and (D) represents the molecular heteraiggewhich has increased due to filament
disruption after Lat-A treatment. For both actirogps, the molecular heterogeneity has

increased significantly within 30 minutes.
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Figure 3.3.2 Actin dynamics within M CF-7 cellstreated with Lat-A. With the treatment of
Lat-A (4.7 uM), actin filaments undergo depolymerizatiarich disrupts the stable actin
structure. The disruption results in faster diffusdynamics. (A) and (B) show the changes in
diffusion time for short-form F-actin and long-forRactin, respectively. (C) and (D) show

the changes in molecular fractions with the funttd incubation time.
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3.3.2 Treatment of Lat-A in dendritic spines

Lat-A was then applied to induce disruption of md¢tiaments within dendritic spines.
Based on the time scales whereas actin filamemimiMCF-7 cells underwent disruption, the
comparison of actin dynamics measured by FCS wa®rpeed at time point 0 (before

stimulation) and after 30 minutes treatment (agtenulation).

Figure 3.3.3(A) demonstrates the changes of auteledion curves of actin dynamics
before and after the neuron had been treated véthAlL and the fitting curves before (red)
and after (pink) Lat-A treatment were derived frim two-component model with the factor
of different particle brightness. Changes in diffus mobility of actin filaments can be
observed from the comparison of normalized autetation curves, as shown in Figure
3.3.3(B), where faster dynamics is exhibited alfi@rA treatment. The fact that the diffusion
time decreases for both actin populations afterA éteatment was consistent with MCF-7
cells. In addition, the results are in line withrleer studies (Frost et al, 2010; Honkura et al,
2008; Okamoto et al, 2004), which confirmed that lthat-A treatment induces the breakdown

of actin filaments into smaller fragments and tfaea faster mobility is observed.
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Figure 3.3.3 Actin dynamics within dendritic spinestreated with Lat-A. (A) The averaged
autocorrelation curves before and after Lat-A trestt (black and blue curves), which were
fitted with the different brightness model (red gnak curves). (B) Normalized fitting curves

demonstrate the changes in diffusion mobility alftat-A treatment.
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In Figure 3.3.4, based on two-component fittingnparisons of molecular diffusion
time and fractions are presented to describe agtramics before and after Lat-A treatment
for 8 single dendritic spines. The decrease olditin time in both actin populations and the
increase of molecular heterogeneity can be obsafted the disruption of longer form actin
filaments. However, in order to further scrutiniiee changes in actin dynamics and
compositions, the factor of different brightnesss heo be considered while fitting

autocorrelation curves.

As can be seen in Figure 3.3.4(A) and (B), the gkan diffusion time of short-form
F-actin after Lat-A treatment is from [0.0022+0.60€)] to [0.0009+0.0004 s], and that of
long-form F-actin is from [0.21+0.04 s] to [0.068Q. s]. Furthermore, as represented in
Figure 3.3.5 (A) and (B), the particle number afder form F-actin is increased significantly
(310+74 %) with the addition of Lat-A. In contrase can find that the average patrticle
number of short-form F-actin changes only slighl9+21 %). Figure 3.3.5 (C) and (D)
demonstrate that the particle brightness is deeteamsboth populations of actin filament. For
short-form F-actin, it changed from [4230+458 ai0.][2186+488 a.u.], while it changed
from [(352+31)*1G a.u.] to [(101+20)*1® a.u.] for long-form F-actin. The changes in

diffusion time, particle number and particle briggxts are listed in Table 3.1.

Actin filaments become shorter with the treatmehtat-A based on the results of
accelerated diffusion time. The fact that actiarfients have been shortened can be confirmed
with the decreased patrticle brightness. Treatmeneoron with Lat-A has the same effect as
for MCF-7 cell. The slight change of particle numbeshort-form F-actin may likely due to
the faster diffusion mobility. However, particle mber of longer form F-actin did increase
significant after Lat-A treatment due to the didrap of the more stable F-actin filaments.
Furthermore, as shown in Figure 3.3.6, the dradéicrease in overall fluorescent signal
within the observation focal volume implies thedas fluorescent molecules. In principle,
the concentration of fluorescence molecules is @ragal to the overall intensity (Walla,
2009). Therefore, it is clear that the total coriion of actin flaments decreased within

dendritic spine after Lat-A treatment.
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Figure 3.3.4 Changes in actin dynamics and molecular fractions within dendritic spines
before and after Lat-A treatment. (N=8) With the treatment of Lat-A5 uM), actin
filaments within dendritic spines undergo depolyizegion. This induces the disruption of
stable actin structures resulting in faster ditbnsof two major populations. (A) and (B) show
the decrease of diffusion time in both groups, #fert-form and long-form F-actin.
(p=0.0111 and 0.0051, respectively) (C) The molmcdraction of short-form F-actin
decreases with the treatment of Lat-A; (D) The ool fraction of long-form F-actin
increases with the treatment of Lat{p=0.0367)(Average values are shown in red, and the

molecular fractions are obtained from two-comporigting).
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Figure 3.3.5 Changes in particle number and brightness within dendritic spines before
and after Lat-A treatment. With the treatment of Lat-A, the actin structureebed due to
depolymerization. (A) The changes in averaged gartiumbers of short-form F-actin did not
alter significantly. (B) The changes in averagedtig@ numbers of long-form F-actin
increased (p=0.0040). (C) and (D) represent theedse of particle brightness after Lat-A
treatment in both short- and long-form F-actin (8604 and 0.0002, respectively).
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Figure 3.3.6 Changes in overall intensity before and after Lat-A treatments. The
significant decrease in overall intensity withinetliocal volume after Lat-A treatment
represents the loss of actin molecules (p=0.0002).

Table 3.1 Summary of physical parameters of actin dynamics before and after Lat-A

treatment.

BeforelLat-A After Lat-A

Short-form F-actin 0.0022+0.0005 0.0009+0.0004
Diffusion time (sec)
Long-form F-actin 0.21+0.04 0.06+0.01
Short-form F-actin 0 10+21
Changein particle number (%)
Long-form F-actin 0 31074
Short-form F-actin 4230+458 2186+488
Particle brightness (a.u.)

Long-form F-actin (352+31)*103 (101+20)*103
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3.4 Chemical induction of long-term potentiation (cLTP)

Long-term potentiation is one of the important @sses related to learning and
memory (Bliss & Collingridge, 1993; Bliss & Lomo913; Collingridge & Bliss, 1987).
There are two major methods to induce LTP in newedls. One way is to employ electrical
stimulation; the other one is by using chemicafiguction. Chemically induced long-term
potentiation (CLTP) has similar effects as the tele&l one (Gu et al, 2010; Roth-Alpermann
et al, 2006) but a larger proportion of synapsel g potentiated. In my thesis, | used

chemically stimulation to induce cLTP.

As mention in section 1.1.3, the mechanism of Liaduction is that NMDAR serves
as the initiator of the LTP process when the depmdd membrane potential is sufficient to
remove M@+ from NMDAR. The opening of the Mg gated ion channel in the early
stimulation stage facilitates the elevation of @e&* concentration. This Mg blockage
allows the flow of Naand C&ions into, and Kout of the cell in a voltage-dependent
manner. Moreover, the opening of the channel tditate C&* flow into the cell is further
promoted by the binding of glutamate to the receptd potentiation buffer that contains
increased potassium ions, reduced magnesium iaharaextra addition of 25 mM TEA was
used to evoke cLTP. TEA has been known as*aclannel blocker that produces more
depolarized membrane potential and therefore cLd@¢urs. Morphological enlargement of

dendritic spine is one criterion to judge whetlner meuron cell have been potentiated.

A reconstructed maximum projection image from aeseof optical sectioning images
of CA3 hippocampal pyramidal neurons is shown igufé 3.4.1(A). The image of dendritic
spines in part of the apical domain of CA3 regioed(rectangle area) labeled with fCherry
was shown in Figure 3.4.1(B). Inducing cLTP withm8 TEA, the morphological changes
with a function of time are shown in Figure 3.4.}(@here the morphological enlargements
of dendritic spines after TEA stimulation were Highted with orange arrows, while blue
arrows indicate dendritic spines without morphatadjichanges. The statistics of the change
in spine head width are shown in Figure 3.4.2, imcWv the measurement of spine head
diameter at different time points shows that itchess its maximum after 20 minutes of TEA
stimulation. The time point to measure actin dyranafter cLTP was set at 30 minutes after
the treatment of TEA for the FCS experiments, aé agfor the FRAP experiments.
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Figure 3.4.1 Dendritic spines in CA3 hippocampal pyramidal neurons and their
mor phological changes after cLTP. (A) Maximum projection image from a stack of optica
sectioning images of CA3 hippocampal pyramidal aesr (B) fCherry labeled dendritic
spines in part of the apical domain of CA3 pyrarhaddls (zoom in from red rectangle area in
(A)). (C) TEA induced morphological changes in deincl spines (zoom in from white
rectangle area in (B)) with a function of time. Tév@nge arrows point out the enlargement of
dendritic spines and the blue arrow points out thatdendritic spine remains stable. (Scale

bar: 50, 5, 2 um, respectively)

(Data taken by Yves Kellner)
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spine head width after cLTP
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Figure 3.4.2 Statistics of morphological enlargement after cLTP. Morphological
enlargement with the function of time shows tha ithcrease of the spine width reached its
maximum after 20 minute$:CS and FRAP experiments were firstly performectzeilEA
stimulation while another round of experiments otiradynamics after TEA stimulation was

performed after 30 minutes. Error bars represents.

(Data taken by Yves Kellner)
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3.5 Actin dynamics with the function of cLTP

The main goal of this study is to characterize dggamic changes of actin filament
due to cLTP induced morphological enlargement afddiéic spine. In this section, two
different methods were applied to investigate adymamics with the function of TEA
induced cLTP. The first approach was done by olialgoration partners and is based on
fluorescence recovery after photobleaching (FRAR) the second one is based on FCS.
FRAP allows for differentiating the static and dgma fractions of the actin filaments within
the dendritic spine, since 2P-FCS only detectsdimeamic fraction. The advantage of FCS
measurements compared to FRAP is that the diffesebtpopulations of dynamic actin

filaments can be further distinguished.

(A)
fCherry EGFP-actin

Figure 3.5.1 Fluorescence recovery after photobleaching (FRAP) imaging of eGFP-actin
within dendritic spines. (A) Images of fCherry labeled neuron cells, eGFfaabeled
dendritic spine and the merged image, respectivédig. merged image shows that most of the
actin structures are accumulated in spine heads.P@2udo-color encoded fluorescence
intensity image of eGFP-actin before photobleachsipws that actin molecules are
concentrated in the spine head. (C) Intensity repef e GFP-actin after photobleaching in a

single dendritic spine (pointed out by a white arin (B))(Scale bar: 2 um)

(Data taken by Yves Kellner)
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3.5.1 Actin dynamics within dendritic spine studied by FRAP

All the FRAP experimentswere performed between 15-19 DIV at single spiofes
secondary or tertiary dendritic branches of CAS3 pbgampal neurons. For both
morphological and dynamic observation, the CA3 bggmpal neurons were co-transfected
with fCherry and eGFP-actin. The images shown gufé 3.5.1(A) represent fCherry labeled
dendritic spines, eGFP-actin labeled dendritic espiand the merged image, respectively.
Data shown in Figure 3.5.1 (B) is pseudo-color éecdoto present the fluorescent intensity of
eGFP-actin, from which one can find that actin moles are concentrated in the area of the
spine head. The recovery of fluorescence intenaftgr photobleaching within a single
dendritic spine is shown in Figure 3.5.1 (C). Daalynamic mobility of actin filaments, the

intensity recovers with the function of observatione.

To compare dynamic changes of actin filaments, FRA&s performed before and
after TEA stimulation. As shown in Figure 3.5.2¢ #tatistics of intensity recovery was done
by recording 16 and 19 single dendritic spines tgefand after TEA stimulation. Only
dendritic spines exhibiting morphological enlargainafter TEA stimulation were selected
for experiments. Due to the equilibrium diffusiohaatin molecules within the dendritic spine
head, the fluorescent signal will recover. Basedhismimethod, actin molecules with different
mobility can be distinguished and classified agé¢hgroups: stable actin pool, dynamic actin

pool and monomeric G-actin pool.

In Figure 3.5.2(A), one can find that the recovitugrescence intensity (red curve) in
these enlarged dendritic spines is significantlyhkr than that in the corresponding control
experiments (blue curve). By analyzing the diffeenf recovery curves, the changes in actin
compositions before and after TEA stimulation candompared. The induction of cLTP
leads to a decrease of the stable pool actin fitsngom 21.9+3.3 % to 10.2+1.5 % and an
increase of the dynamic pool actin filaments frofn263.3 % to 78.6£2.2 %. Neither the G-
actin pool nor the turnover time is changed sigaifitly. The comparison of the changes in

the composition of actin pools and turnover time legted in Table 3.2.

DExperiments were done by Y.K.
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Figure 3.5.2 Fluorescence recovery after photobleaching (FRAP) analysis of eGFP-actin

dynamics before and after cL TP. (A) Fluorescence recovery curves for eGFP-actsirgjle

spines after photobleaching, which is performeditme{blue curve) and after (red curve) the
induction of cLTP. The recovery curves show a stofvards faster actin dynamics and a
reduction of the stable F-actin. (B) The decredsstable actin pool after cLTP (p=0.0021),
(C) The increase of dynamic actin pool after cLpRQ.0008). (D) The changes in the G-
actin pool are not significant. (E) The changesimover time are not significant.

(Data taken by Yves Kellner)

Table 3.2 Comparisons of the changes in different actin pools and turnover time before

and after cL TP acquired with FRAP measurements.

Actin pools: BeforecL TP After cLTP
Stable pool (%) 21.9+3.3 10215
Dynamic pool (%) 64.2+3.3 78.6 £2.2
G-actin (%) 13.9+2.1 11.2+1.6
Turnover time (sec) 165+1.8 143+15
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3.5.2 Actin dynamics within dendritic spine studied by 2P-FCS

The FRAP results suggest that shortly after cLTP inductibe actin cytoskeleton
becomes more dynamic and may be correlated to ralmgical changes. Furthermore, these
results demonstrate that cLTP influences the strattompositions of the actin cytoskeleton
within dendritic spines, with the amount of stalaetin filaments being decreased and
dynamic actin filaments being increased. In thetsgep, FCS was used to quantify how the
dynamic pool of actin filaments changed after cLTIR.total ~200 spines were investigated
but only those spines that did neither exhibit nmgets of the entire spine head before nor
after cLTP were used for further analysis. Thiesibn ensures that only intra-spine actin
dynamics are analyzed without any bias from movesmehthe entire spine head. For FCS
measurement, the two-photon excitation spot wasegdlan the center of different spine heads.
With the same stimulation procedure as in FRAP empt, the comparison of actin
dynamics in FCS experiments were done by pairedsamements only if dendritic spines
underwent morphological enlargements after cLTRufa 3.5.3 shows those spines that
displayed a significant growth in size (29.48+2%9. In Figure 3.5.3(B), comparisons of

normalized autocorrelation curves depict the sigaift faster dynamics after cLTP.
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Figure 3.5.3 Morphological changes of dendritic spines and the changes in actin
dynamics before and after cLTP. (A) Morphological changes of dendritic spines (N8
before and after TEA induced cLTP (Average valuessihown in red) (B) Normalized FCS

autocorrelation curves before (black curve) andrdfilue curve) TEA induced cLTP.

* Experiments were done by Y.K.
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Dynamic and composition changes of actin filaméet®re and after cLTP are shown
in Figure 3.5.4. After cLTP induced morphologicalaxgement, the diffusion mobility of
both actin groups, short-form and long-form F-actvas faster in the 8 measured spines. The
diffusion time of short-form F-actin decreased frf®r0041+0.0006 s] to [0.0017+0.0004 s]
and that of long-form F-actin decreased from [0@L@F s] to [0.18+0.05 s], which accounted
for 64.5% and 71.3%, respectively. Changes in sifia mobility may imply structural
modification. With changes in dynamics by a faabg-3 after cLTP, one can estimate that
there is also a change in polymerization degreethBtmore, the heterogeneity of actin
filaments within these enlarged dendritic spinesalso increase after cLTP, which is shown
in Figure 3.5.4 (C) and (D).

Next, we fit the autocorrelation curves with thedabof different brightness (section
3.2.2) in order to further quantitatively compdne thanges in particle number and brightness
after TEA stimulation. In Figure 3.5.5 (A), the clges in particle number of the short-form
F-actin were not as significant as these in theydimmm F-actin after cLTP (-2+26 %
compared to 75£25 %), which may likely due to thaster diffusion mobility. In Figure
3.5.5(B), we observed a significant 75% increaslemger form F-actin within those enlarged
dendritic spines that may result from the cuttiidomger form actin filaments. This cutting
effect implies the remodeling and reorganizatioadfn filaments within dendritic spine after
cLTP. Furthermore, the decrease in particle brigégnfor both groups can also provide the
evidence of the cutting effect after cLTP. In Fig®.3.5 (C) and (D), the changes in particle
brightness of short- and long-form F-actin are @nésd as follows: [1809+347 to 1588+332
a.u] and [(117+30)*1D to (78+22)*1G a.u.], respectively. Furthermore, Figure 3.5.6
demonstrates that the change in overall intensitiginvthe observation focal volume did not
significant before and after TEA stimulation. A goanison of physical parameters before and
after cLTP is listed in Table 3.3.
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Figure 3.5.4 Changes in diffusion time and heterogeneity of actin filaments before and
after cLTP. With TEA stimulation, actin filaments undergo cagieffect within enlarged
dendritic spines, which results in faster diffusaynamics of two major groups. (A) and (B)
The diffusion time decreases in both short-fornciraand long-form F-actin (p=0.0074 and
0.0008, respectively); (C) The molecular fractidrslort-form F-actin decreases (p=0.0405);
(D) The molecular fraction of long-form F-actin reases (Average values are shown in red;

the results of molecular fractions are derived ft@ra-component fitting)
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Figure 3.5.5 Changes of particle number and brightness within dendritic spines before
and after cLTP. (A) Averaged particle numbers of the short-form dérais not altered
significantly whereas in (B) that the averagedipEthumbers of long-form F-actin increases
(p=0.0014). (C) and (D) represent the decreaseuticfe brightness after TEA stimulation in
both short-form and long-form groups (p=0.0243 @il 68, respectively).
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Figure 3.5.6 Changes in overall intensity before and after cLTP. The overall intensity

within dendritic spines before and after cLTP ig decreased significantly, which implies

that there is no significant decrease of molecatarcentration within the observation focal

volume.

Table 3.3 Summary of physical parameters of both groups before and after TEA

stimulation.
Before TEA After TEA
Short-form F-actin 0.0041+0.0006 0.0017x0.0004
Diffusion time (sec)
Long-form F-actin 0.47+0.07 0.18+0.05
Short-form F-actin 0 -2+26
Changein particle number (%)
Long-form F-actin 0 75125
Short-form F-actin 1809+347 1588+332
Particle brightness (a.u.)
Long-form F-actin (117+30)*103 (78+22)*103
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3.6 Control experiments

In order to test whether the changes of actin dycsuare related to the cLTP induced
morphological enlargement of dendritic spines, ssveontrol experiments were performed
to prove the contributions of actin filaments torptwlogical modulations. The first control
experiment is to observe actin dynamics when thetfon of cLTP is blocked by treating the
neuron with the NMDAR antagonist AP5 together wiitle L-type calcium channel blocker
Verapamil (Roth-Alpermann et al, 2006). If cLTP sdsmthe same pathway as electrical LTP,
the inhibition of NMDAR and VDCC (voltage-dependeaicium current) should also inhibit
potentiation. Secondly, although most of the dditdspines undergo morphological changes
in response to cLTP induction, a few parts of themmain stable. Experiments on spines
without morphological changes after cLTP were panfed to demonstrate the correlation
between changes in the observed actin dynamicstladcLTP induced morphological
enlargements. Moreover, neuron without any treatnvems measured to investigate the

consistency of intrinsic actin dynamics.

3.6.1 Actin dynamics under cLTP with the treatment of AP5 and Verapamil

Similar to the experimental sets, the first rounid 2-FCS measurements were
performed with the neuron bathed in normal HEPEBehuAfter these measurements, the
buffer was replaced with TEA stimulation buffer liding AP5 and Verapamil for 10
minutes. Afterwards, the solution was changed td ARd Verapamil containing HEPES

recording buffer for another measurements.

Dendritic spines do not undergo morphological eggarent with the blockage of
cLTP. Dendritic spines without significant changeddiffusion time of both actin groups
before and after treatment as shown in Figure @%.4nd (B) implied that the actin structure
did not significantly change. Compared with incexh$ieterogeneity in enlarged dendritic
spines, there is no significant change within thegmes. Also, particle numbers did not
change significant in long-form F-actin, as showrFigure 3.6.4(A). For short-form F-actin,

however, there was an obvious decrease in parcigbers.
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3.6.2 TEA stimulation without morphological changes

As shown in Figure 3.6.2, dendritic spines that diot show any significant
morphological change after TEA stimulation did alsat show any significant change in
diffusion time and molecular heterogeneity. Accogdito Figure 3.6.2(A) and (B), the
changes in diffusion time of both actin groups ok significant within these stable dendritic
spines. This result supports the idea that actmanycs play a vital role in morphological
modulation during the process of cLTP. Furthermbesed on Figure 3.6.2(C) and (D), the
heterogeneity of molecular compositions did notngeasignificantly before and after the
stimulation. In Figure 3.6.4(B), the changes intiple numbers were not significant in both
groups, either. Compared with the experimental gkenlarged dendritic spines after cLTP,
it can be concluded from this control experimerdttthe changes in actin dynamics and
morphological enlargements are correlated. The detmty and reorganization of actin

filaments contribute to the morphological enlargatae

3.6.3 Intrinsic actin dynamics without TEA stimulation

Actin filaments are always in a dynamic equilibrigtate to maintain diverse cellular
function. The control experiment in this part foesison the intrinsic dynamics of actin
filaments within dendritic spines. The experimewesre performed in 10 minutes intervals
without any specific treatments to compare theed#fiices of actin dynamics with the

function of time.

As shown in Figure 3.6.3, using the same parameteia previous experiments, the
intrinsic actin dynamics show a time dependent isbeiscy. Neither the diffusion time of
both actin groups, nor the molecular heterogergignge significantly. In addition, changes
in particle numbers were not significant in botlowgs, as shown in Figure 3.6.4(B). The
results represent that intrinsic actin dynamicsenar steady-state equilibrium. This control
experiment again proved that the dynamic actinmfdats contribute to the morphological
enlargements. Furthermore, Figure 3.6.5 demonsttate the moderate changes of overall

intensity among these control experiments.
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Figure 3.6.1 Changes in diffusion time and molecular heterogeneity with blockage of
cLTP. There is no significant change in diffusion timedanolecular heterogeneity after the
blockage of cLTP (N=8). (A) and (B) The changeddifiusion time of two actin groups
before and after the blocking of cLTP. (C) and e changes in molecular heterogeneity of
two actin groups before and after the blockingloffe.
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Figure 3.6.2 Changes in diffusion time and molecular heterogeneity within dendritic

spines without morphological changes with TEA treatment. There is no significant change

in diffusion time and molecular heterogeneity witlstable dendritic spines (N=5). (A) and

(B) The changes in diffusion time of two actin gosuwithin stable dendritic spines. (C) and

(D) The changes in molecular heterogeneity of tatinagroups within stable dendritic spines.
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Figure 3.6.3 Intrinsic actin dynamics and molecular heterogeneity without any

treatment. There is no significant change in diffusion timedamolecular heterogeneity
within measured dendritic spines (N=7). (A) and {B)e changes in diffusion time of two
actin groups within measured dendritic spines. &yl (D) The changes in molecular

heterogeneity of two actin groups within measurexddiitic spines.
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Figure 3.6.4 Changesin particle numbersin control experiments. The changes of particle
number of both groups in the control experime3.oL TP blocked by AP5 and Verapamil,
(B) TEA stimulation without morphological changesda(C) Experiments measured in 10

min interval without stimulation.
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Figure 3.6.5 Changes in overall intensity in control experiments. (A) cLTP blocked by
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3.7 Summary of molecular dynamics within living cells

We have observed the heterogeneous dynamics of fdaments within living cells
by use of FRAP and FCS (section 3.5). Actin filaments play a Ivitale in modulating
structural or functional changes of living cells.oighological changes or movements of
living cells rely largely on actin filaments (Pattb& Borisy, 2003), and therefore, most of the
actin filaments are highly dynamic in order to sogprapid changes within living cells
(Honkura et al, 2008; Star et al, 2002). Due tortgeeat importance, actin molecules are of

great research interest in the fields of biochawyishd biophysics.

To begin with, using the FRAP metHo-actin, mobile dynamic actin filaments and
immobile stable actin filaments can already be imtgsiished (Figure 3.5.2). However,
dynamics spanning orders of magnitude cannot bedfirom a single fluorescent intensity
recovery curve. In earlier studies, monomeric aatimlecules (molecular weight of eGFP-
actin ~75 kDa) reach their equilibrium rapidly witi2 seconds (Star et al, 2002) owing to
that fast molecular exchanging between dendritines@nd shaft (Svoboda et al, 1996).
Therefore, the ~10 times slower turnover time nue@d in section 3.5.1, which is about 15

seconds, was mostly contributed by mobile dynardiim dilaments.

In my experiment, two-photon fluorescence correfatspectroscopy (2P-FCS) was
used to characterize molecular dynamics withindyn@amic pool of actin filaments. The key
advantage of this approach is that it allows idatiion of different sub-populations within
this dynamic actin pool, which is only observedoag averaged population in conventional
FRAP experiments. From FCS measurements, we agd@bharacterize the dynamic part of
actin filaments into two groups, short-form F-acfirlO actin monomers) and long-form F-
actin (~1000 actin monomers), with diffusion cogénts differing by more than 100 times
(~7 and ~0.07 M., respectively). The FRAP experiment, while atdeseparate three
different actin pools, does not provide quanti@timformation about different populations
within the dynamics pool. Prior to the FCS meas@n@s on actin flaments, the calibration is
necessary and is performed using freely diffusimpéxin V-eGFP molecule within the two-
photon focal volume determined previous with R6Ge Tiffusion coefficient of Annexin V-
eGFP is in line with the literature (Dayel et a999; Partikian et al, 1998; Stasevich et al,
2010).

* Experiments were done by Y.K.
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The differences in particle size and structural position result in heterogeneously
fluorescence fluctuations in FCS measurements (€igu2.1). Due to the heterogeneous
diffusion mobility of actin filaments (Frost et &010; Honkura et al, 2008), autocorrelation
curves were fitted using a two-component fitting dalo (equation (3.1) and (3.2)). The
dynamic behavior of two actin sub-populations a#i a&the molecular heterogeneity can be
analyzed in detail. However, owing to differenttpde brightness of these two sub-groups,
molecular fractions derived from this model do describe the absolute particle numbers
precisely. Therefore, a fitting model, which takesount into the difference in brightness,
was used to provide quantitative information ontipler number and brightness. The
significant decrease in particle brightness of bibh short- and long-form F-actin (Figure
3.5.5) confirms the compositional changes of attlaments after cLTP, which is correlated

to the faster actin dynamics.

Compared with researches using FRET to study thardic equilibrium between G-
and F-actin (Okamoto et al, 2004), a major advantafgour approach is the use of a single
label. In FRET experiments, double transfectedscelle mandatory and the cross-talk
between donor and acceptor signals has to be tat@oonsideration. Moreover, quantitative
analysis of the dynamic and structural heteroggrditactin filaments is not available from

the FRET experiment.

While acquiring the temporal information of actipn@mics with FCS, the changes in
morphology of dendritic spine are recorded usindeafield fluorescence microscopy. In this
study, the spatial resolution of wide-field fluoteace image is sufficient to observe the
morphological changes since the dimensions of dpéaels are arounduin.
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3.8 Remodeling and reorganization of actin filaments during
synaptic plasticity

In this work, we focused on the remodeling and ganization of actin filaments
within dendritic spines enlarged after cLTP. Therphological changes were fund to be
correlated to the functional changes (Holtmaat &t&da, 2009; Nagerl et al, 2008; Yuste &
Bonhoeffer, 2001), and our results agree with tbigon that, during synaptic plasticity, the
remodeling and reorganization of actin filamente aesponsible for the structural

modulations.

With the FRAP experimentsit had been demonstrated that the fraction ofadyin
actin filaments was increased after cLTP (Figufe23. By the combination of 2P-FCS and
FM, we were able to further quantify the changethandynamics and heterogeneity of such
filaments, via analyzing the various parametersaiobd, such as diffusion time, particle
number and molecular brightness. According to tbad® model (Rouse, 1953; Ruddies et al,
1993), the decrease of diffusion time in both astib-populations by a factors of 2~3 (Figure
3.5.4) corresponds to a proportional decrease enptilymerization degree. The significant
reduction of particle brightness in short-form dog-form F-actin after cLTP (Figure 3.5.5)
confirmed the reductions of polymerization degréeadin filaments. Briefly, there is more
dynamic shorter form F-actin within enlarged detidrspine after cLTP that is in line with
earlier observations that the dynamic actin filateemthin dendritic spines are necessary for
stable LTP (Krucker et al, 2000; Tatavarty et a02).

The two sub-populations of mobile actin filamentssist of ~10 and ~1000 actin
monomers, respectively, and were both shortenduwénlarged dendritic spine after cLTP.
This information is not available from FRAP or FREEasurements (as described in section
3.7). On the other hand, highly heterogeneous shdrih filaments can be visualized by
electron microscopy (EM) (Korobova & Svitkina, 2Q1®owever, it is not possible to

monitor dynamic changes of actin filaments using. EM

Using the two-component fitting model considerinffedent brightness, the shift of
equilibrium towards shorter F-actin after cLTP vé&denced by the increased particle numbers.
Furthermore, the reduced particle brightness yi¢hds same conclusion. Comparing with
drastically decreased overall intensity after Latrédatment (Frost et al, 2010; Honkura et al,

* Experiments were done by Y.K.
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2008; Okamoto et al, 2004), dendritic spine treatétth TEA did not undergo significant
intensity losses (Figure 3.5.6) which ensured thiestant concentration of actin molecules
confined within enlarged spine heads after cLTP.

In sum, taken into account the conserved overaitentration of actin molecules, the
2-3 times faster diffusion mobility, the reducedtpde brightness and the increase particle
numbers, we conclude that the actin filaments witthendritic spines, especially the long-
form ones, were cut shorter after cLTP. These shen actin filaments may serve as the
driving force or support backbones to facilitate rpfmlogical enlargement during LTP.
Compared with other techniques, our FCS measureamgrdvided detailed information
regarding to the heterogeneous molecular mobility #ne structural reorganization of actin

filaments.
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4 Conclusions

First of all, from a technical point of view, theormabination of two-photon
fluorescence correlation spectroscopy (2P-FCS) wihventional one-photon wide field
fluorescence microscopy (FM) and by using two ddfe labels — one for the cellular
morphology as detected by FM and another one Bwény localized specifically observation
of distinct proteins within the two-photon volumd e 1 fl — permits us to study
simultaneously in high detail and resolution (bmeplecular processes within selected
dendritic spines. The penetration abilities of flmton excitation allows us to focus on the
tiny single dendritic spine with precision and thiasrecord the fluorescence fluctuation
within this tiny focal volume (sub-micron level).h& technical approach of our set-up —
observing the overall living cell structure whilensiltaneously investigating processes on a
(bio)-molecular level at distinct and selected spetcan be easily applied to research fields

other than neurobiology.

This approach was used in my thesis to decipher dyv@amic properties and
population changes of different classes actin fdata within the dendritic spine that occur
during morphological changes induced by chemicadjlterm potentiation (cLTP). The key
advantage of our approach is that it allows idgmg different sub-populations within the
dynamic fraction of actin filaments that was prexly only observed as one averaged
population in conventional FRAP experiments. Asextpd, the experiments showed that
morphological enlargements of dendritic spines thue¢he TEA induced cLTP are highly
correlated to the dynamic changes of actin filamment

It turned out that two-component fitting models asalfficient to describe
guantitatively the observed FCS data. Thus, twaugsoof actin filaments with different
dynamic mobility can be clearly distinguished ahdracterized. The different diffusion times
observed from these fractions suggest an averagea$i~10 and ~1000 actin monomers,
respectively. Both fractions became much more dyoawthin spine heads upon cLTP but
only when a morphological enlargement occurred.rpfingly, the data showed that the
number of long-form actin filaments increased digantly in the observation volume while
the overall number of short-form filaments doegeast not increase, as demonstrated by the
non-significant change in the overall fluorescemtensity. This together with the additional

fact that the diffusion time of the long-form F-+actlecreases two to three times suggests that
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the longer actin filaments are cut into shorterarfients rather than simply being
depolymerized. Of course, in total the final stawet contains more actin molecules than

before since the spine head grows.

Based on these observations, the model shown urd-tg1.1 is proposed for the actin
reorganization and remodeling during cLTP withidaeging dendritic spines. The left and
right parts show only the static fraction of theirmcytoskeleton before and after TEA
induced morphological enlargement. The middle u@ret lower parts show the population
numbers as well as fragment sizes of the dynamaatibn of actin filaments as suggested by
the 2P-FCS observation during cLTP. The red circataa within spine head indicates the
volume that is actually observed in 2P-FCS andrématins constant during the growth of the
spines. The 2P-FCS data suggest that the longemdgractin filament population is cut in
somewhat smaller fragments of higher number. Thghdr number of long-form actin
filaments can then be used to reorganize and extenspine head in a similar fashion as a
tent, which is pitched by tent poles that can beduss the backbones to support
morphological enlargements. To sum up, we haverebdemore dynamic shorter branched
actin filaments within enlarged dendritic spineteafcLTP that may probably provide the
exertion forces for the expansion of spine head® disruption of long-form F-actin into
short-form F-actin may further support the morplgadal enlargement by using these

fragments for a "tree-growing-like" behavior of thetin structure.
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Figure 5.1.1 Reorganization and remodeling of actin filaments within dendritic spine

during the process of chemically induced LTP. During the process of LTP, the size of
dendritic spine enlarged in response to the long-teotentiation. With the enlargement of
dendritic spine, the dynamic actin filaments seagebackbone to facilitate morphological

enlargement.
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2P-FCS
AMPA
AMPAR
APS
APD
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eGFP
EM
F-actin
FCS
FM
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IPSF
Lat-A
LTD

LTP

Two photon fluorescence correlation spechms
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
AMPA receptor
2-amino-5-phosphonopentanoic acid
Avalanche photodiode
Charge-couple devices
Chemically induced LTP
Cytomegalovirus
Counts per particle
Days in vitro
Dichroic mirror

Enhanced green fluorescence protein
Electron microscopy
Filamentous actin
Fluorescence correlation spectroscopy
Fluorescence microscopy
Fluorescence recovery after photobleaching
Fluorescence resonance energy transfer
Hank’s buffered salt solution
Intensity point spread function
Latrunculin-A
Long-term depression

Long-term potentiation
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MCF-7 cell
MEM
MSD
NMDA
NMDAR
OPE
PALM
PSD
PSD-95
ROI
SPT
STED
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TPE

Human breast adenocarcinoma cell line
Minimum essential medium

Mean square displacement
N-methyl-D-aspartate

NMDA receptor

One-photon excitation

Photoactivated localization microscopy
Postsynaptic density

PSD protein of 95 kDa

Region of interest

Single particle tracking

Stimulated emission depletion
Tetraethylammonium

Two-photon excitation
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