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Analysis of the dynamics of neurosecretory vesicles by 
optical tweezers and image processing 

b y 

M a r t h a B e a t r i z A l v a r e z E l i z o n d o 

A b s t r a c t 

We present the analysis of chromaffin vesicles' dynamics during exocytosis. Optical tweezers 
combined with fluorescence for noninvasive microviscometry in cells and confocal imaging 
for trajectory analysis were used for this study. By the use of optical tweezers and fluorescent 
we applied the oscillation method propose by Fischer et al for measuring the intracellular vis-
coelastic properties in cells. A sinusoidally moving optical trap was used to drive intracellular 
optical trapped vesicles present in chromaffin cells in order to obtain local information about 
the viscoelastic liquid surrounding the vesicles. For probing this technique measurement were 
performed on water, glycerol and PEO, then in cells. 
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Chapter 1 

Introduction 

Neurosecretory vesicles are important carriers located inside neurons, which are responsible 
for neuron communication. In response to stimulation, neurosecretory vesicles undergo a 
journey in the cytosol of the neurosecretory cells to the plasma membrane where they fuse in 
a process called exocytosis. Like other organelles, vesicles are subjected to their environment, 
the structural response of a cell can provide information for solving some problems related 
to exocytosis of neurosecretory cells. Changes in the dynamics of vesicles due to viscosity 
variation caused by drugs or cellular processes inside cells can be an early indicator of disease 
since these cytoskeleton changes start taking place right at the onset. Minor changes in the 
kinetics of exocytosis have a dramatic impact on the function of synapses [1]. Such changes 
may underlie the altered neuronal activity associated with phenomena like learning and mem
ory, or could reflect deficits associated with neurodegenerative diseases, such as Parkinson's 
disease [2 ] . 

Transport of transmitters and hormones by secretory granules precedes a sequence of 
steps: granule formation/generation, transport, thetering, docking and finally fusion. Exocy
tosis has been studied in detail, but until now this process is not fully understand. 

In this work we are interested in analysis of the vesicles dynamics of chromaffin cells 
during exocytosis. In order to make such analysis we use optical tweezers in combination with 
fluorescence were tested in order to find changes in the medium that surrounds the vesicles 
and quantitative time-lapse confocal imaging was used for the kinetic analysis of vesicle traffic 
before and after exocytosis. 

For the kinetic analysis of exocytosis we used chromaffin cells. The main reason behind 
this choice is that chromaffin cells are extremely similar to human neurons, both structurally 
and functionally. This explains why chromaffin cells are widely used as a model for neuroen
docrine secretory cells and neurons. Chromaffin cells can be find as primary culture cells or a 
tumor cell line as PC 12 cells. Primary culture offers advantages over a tumor cell line since 
they retain their phenotype. They retain their phenotype while having dense core secretory 
granules. In addition they do not change over time that is crucial when study the dynamics of 
vesicles due to exocytosis. For the study of the dynamics of vesicle is very important to know 
the surrounding medium. The surrounding medium (the subplasma lemmal area) of the chro
maffin vesicles is characterized by the presence of a highly organized cytoskeletal network 
that is composed by binding proteins that form a dense viscoelastic gel. This viscoelastic gel 
will have effects on the dynamic of vesicles into exocytosis. From here the need of a technique 
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CHAPTER 1. INTRODUCTION 2 

that consider the viscoelastic effects in the study of the dynamic of vesicles into exocytosis. 
Another important fact in chromaffin cells while containing several vesicles only some 

of them perform exocytosis, those contains dopamine and noradrenaline. In order to dis
tinguish these vesicles, a specific DNA vector was transfected. This DNA vector has two 
components, a human growth hormone (hGH) that acts as specific carrier (it goes directly 
and only to the vesicles) and it is involved in exocytosis metabolic pathway and the EGFP, 
(Enhanced Green Fluorescent Protein) that is a fluorescent marker. The vector hGH-EGFP 
was transfected to chromaffin cell using electroporation in order to visualize and distinguish 
the vesicles of our interest. 

Once the vesicles of the chromaffin cells are fluorescent they can be visualized by tech
niques that include fluorescent imaging. 

Two different methods, with fluorescence, were used in this research, optical tweezers 
and confocal images. These tools were applied for the kinetic analysis of vesicle traffic before 
and after exocytosis stimulation with B a 2 + in living chromaffin cells. Using these tools two 
techniques were applied to the study of vesicles: the power spectrum of the movement of 
a vesicle driven by optical tweezers and quantitative time-lapse confocal imaging of single 
fluorescent tagged chromaffin cells vesicles. 

The first technique was applied for study the viscoelastic properties of the cell by the use 
of optical tweezers in microrheology. Optical tweezer are used on a technique that interprets 
power spectrum of the constrained Brownian motion characteristic of single fluorescent vesi
cle in a optical trap. This power spectrum was obtained from sinusoidal driven vesicle using 
optical tweezers in combination with fluorescence. 

Recent literature reports success on the use of optical tweezers to measure viscosity. 
Translational as well as rotational methods can be used to obtain the viscosity of liquids 
[3],[4]. Rotational measurements use birefringent particles that rotate in a circularly polarized 
optical trap and the exerted torque is used to obtain the viscosity [5]. Methods based on the 
observation of the thermal movement [3] of particles are only suitable for viscous liquids 
and not for viscoelastic liquids. Since most biofluids are viscoelastic, there is a need for the 
development of techniques that allow determination of the viscoelasticity. Fischer et al [4] 
proposed a method for this propose. This method was applied first in viscous and viscoelastic 
liquids in order to know the viscoelastic properties of the cytoplasm. 

The second tool used on this work is the confocal microscope. From confocal micro
scope, live images can be obtained for the study of changes in vesicle mobility in vicinity 
to the target plasma membrane. The movement of fluorescent tagged beneath the membrane 
of the chromaffin cells was characterized by single vesicle tracking approach from confocal 
microscopy images. These sets of confocal images were used for the precise determination 
of vesicles' mobility. The trajectories obtained from the single tracking analysis are input 
for some tools as the mean square displacement; diffusion coefficient and position correlation 
factor can be obtained in order to study the dynamics of chromaffin vesicles. 

This text is structured as follows: 
Chapter 2 will contain the background for this work. This background will include the 

description of neurosecretory cells and the exocytosis process as well as the basic principles 
of techniques/tools that are used in this research such as optical tweezers, fluorescence, and 
confocal microscope. 



CHAPTER 1. INTRODUCTION 3 

In chapter 3 the theoretical methods used for this study can be found. The oscilla
tion technique (noninvasive for chromaffin cells) for measuring viscoelasticity with optical 
tweezers proposed by Fischer et al [4]. In order to have a better understanding of the power 
spectrum signal obtained from this technique viscoelastic models of laser trap in a viscous 
and viscoelastic medium were developed and described also in this chapter. Live confocal 
imaging, proved to be a very useful technique to monitor the different functional states of a 
secretory vesicle from the first arrival at the membrane to final fusion. For this reason the last 
part of this chapter describes the image processing tools used on the analysis of confocal im
ages that include: image processing previous tracking, tracking algorithm, trajectory analysis 
and density of neurosecretory vesicles for the study of exocytosis. Additionally a correla
tion analysis of lateral movement and an automated analysis of vesicle residency area were 
developed and applied to compare different states of vesicles before and after exocytosis. 

Chapter 4 contains the experimental method for this work. These experimental meth
ods include: cell culture protocol, transfection techniques, measurement conditions used for 
chromaffin cells and a brief explanation of chromaffin in Ciguatera. 

The results of this research can be found in chapter 5 and they are divided in different 
points: cell culture, optical tweezers technique, power spectrum interpretation and dynamic 
analysis of confocal images. Finally the conclusions from this research are presented in chap
ter 6. 



Chapter 2 

Theoretical Background 

2.1 Neurosecretory cells 
Neurosecretory cells are commonly used as a model of neurons because they have similar 
properties, in terms of electrical activity, carrying impulses and secretory function. In a sense, 
they are behaving in the same way as any chemically signaling neuron, except that the target 
is the bloodstream, not another nerve or post-synaptic region [6]. Functionally, they serve as 
a link between the nervous system and the endocrine system. 

Neurosecretory cells, like chromaffin cells of the adrenal medulla (suprarenal gland -
located above the kidneys) and in other ganglia of the sympathetic nervous system are derived 
embryologically from the neural crest [7]. 

Chromaffin cells can be found as primary culture or as Pheochromocytoma (PC 12) cells 
that is the tumor cell line of chromaffin cells. Both chromaffin cells and PC 12 cells are the two 
most commonly used neurosecretory models to study neuronal secretion. Chromaffin cells 
and PC 12 receive sympathetic input through acetylcholinergic stimulation by the splanchnic 
nerve (nerves that goes to the glands), are able to trigger action potentials, and are responsible 
for release of catecholamines [8], namely adrenaline or noradrenaline [9], and a variety of 
proteins and peptides into the blood stream. Adrenal medulla and chromaffin cells are thus 
the part of the neuroendocrine system involved in regulation of cardiovascular tone. 

Catecholamine is stored in the large dense core vesicles (LDCVs) [10],[11], that are 
generated from the trans Golgi network. Chromaffin cells also have a fraction of electron-
lucent small synaptic-like vesicles [12],[13], that contains acetylcholine, similar to neuronal 
synaptic terminals which, apart from the main pools of synaptic vesicles, also have large 
secretory peptidergic vesicles [12]. 

The subplasma area of the chromaffin cells is characterized by the presence of a highly 
organized cytoskeletal network named cortical actin network. F-actin seems to be exclu
sively localized in this area and together with specific actin-binding proteins that form a dense 
viscoelastic gel; fodrin, vinculin and caldesmon, three actin cross-linking proteins and gel-
solin, an acting severing protein that are found in the subsplasmalemmal region [14]. Since 
these proteins exist on secretory granule membrane, acting filaments can also link secretory 
granules. Chromaffin vesicles can be trapped in this lattice and the cytoskeleton acts as a 
barrier preventing exocytosis [14]. Upon stimulation of neurosecretory cells, molecular re
arrangement of the cytoskeleton takes place. Indeed, some studies suggest instead that actin 
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filaments provide tracks along which secretory vesicles are propelled by molecular motors 
such as kinesin and myosin [15],[16],[17]. 

Secretory granules in these cells display a variety of different behaviors. For exam
ple, granules in growth cones of PC12 [18],[19] cells have slow, diffusive motions whereas 
granules in growth cones and processes of hippocampal neurons have directed as well as dif
fusive motions [20]. There are several studies examining the motion of vesicles in chromaffin 
cells mainly TIRF(Total Internal Reflection Fluorescence) in chromaffin cells. The common 
finding is that the vast majority of the granules adjacent to the plasma membrane are highly 
restricted in their motion and they present 'jittering' movement [21], [22] as if tethered or 
caged. Most of the secretory events occur from these granules. These small motions are 
regulated by ATP and C a 2 + , two factors that increase the priming of the secretory response 
[22]. 

Relative ease of preparation, easy genetic manipulation, robustness, and, most impor
tantly, similarity of the molecular machinery of secretion to neurons, makes chromaffin cells 
an ideal model for studying regulated exocytosis [12], [23]. On the other hand, PC12 cells 
are easier to culture because tumor cell lines can be maintained with long-term passage, as 
a result of repeated serial transplantations. Additionally, cells of tumor cell lines are capable 
of multiple multiplications, and for that reason the possibility of obtaining quantitative results 
from them is much greater. In my PhD thesis, I will use both chromaffin and PC 12 cells for 
the experiments. 

The combined use of biophysical and molecular biological techniques has provided in
sight into synaptic transmission, in particular the molecular mechanisms of Ca 2 +-triggered 
exocytosis. These studies continue to contribute significantly to our knowledge about basic 
mechanisms of neurotransmitter release and action. 

2.1.1 Exocytosis in neurosecretory cells 
Exocytosis is the cellular process in which intracellular vesicles fuse with the plasma mem
brane and release their contents into the extracellular space. This function is highly developed 
in some cells notably granulocytes, endocrine, exocrine and neuronal cells in which the secre
tory process is regulated by physiological stimuli [24]. To become available for exocytosis, 
vesicles must move from the cytosol to the plasma membrane and dock there. However, some 
details of this process differ between these cells types. Neurons, for example, package differ
ent neurotransmitters into the vesicles than do endocrine cells, transport these vesicles long 
distances from the cell body and released them in specific synaptic sites called active zones. 

Exocytosis can be constitutive (occurring all the time) or regulated (promoted by a stim
ulation). Constitutive exocytosis is important in transporting proteins like receptors that func
tion in the plasma membrane. Regulated exocytosis is trigger when a cell receives a stimula
tory signal from the outside. 

The exocytosis in neurosecretory cells can be regulated artificially in the lab by the 
addition of secretagogue such as barium [25] or nicotine [26] as has been shown and done 
before. This process involves fusion of intracellular vesicles with the plasma membrane [27]. 
By studying the kinetics of secretion of dopamine /^-hydroxylase, Mc Hugh et al [28] showed 
evidence for the existence of a regulated and constitutive pathway in PC 12 cells. 

Exocytosis is also a communication process; cells transmit chemical signals through the 
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products that they secrete. The signals are the hormones or neurotransmitters, produced and 
packaged into the vesicles inside the cell. When the appropriate signal is given (stimulation by 
the spanchnic nerve), these secretory vesicles must make contact with the plasma membrane, 
fuse thereby secreting transmitters such as dopamine (DA) and noradrenaline (NA) in to the 
blood stream in order to reach the target receptors by diffusion [28]. 

To visualize the dynamic behavior of secretory vesicles to undergo secretion, foreign 
endocrine hormone such as human growth hormone (hGHh) tagged with fluorescent protein 
(green fluorescent protein) can be genetically introduced into neurosecretory cells and exam
ined by confocal microscopy. From literature, it is found that a foreign endocrine hormone 
such as hGH can be packaged into secretory vesicles and secreted upon stimulation of exocy
tosis [29]. 

The LDCVs in cultured bovine chromaffin cells fuse with the plasma membrane upon 
C a 2 + influx through the L-, P/Q- and R-type of voltage-gated calcium channels [30]. Addi
tionally it is shown catecholamine secretion can also be triggered by acting on N-type Calcium 
channels. The LDCVs, which undergo secretion, can be functionally divided into several ex-
ocytotic pools [31]. In analogy to the exocytotic vesicle pools in neurons, and possessing very 
similar properties of molecular regulation. 

2.2 Optical tweezers 
Optical tweezers are based on the fact that dielectric particles can be accelerated and trapped 
by radiation pressure as was shown by Ashkin in 1970 [32]. Sixteen years later, he succeeded 
in the 3D trapping of a bead by a single highly focused laser beam, and he called optical 
tweezers [33]. The first application in biology was done also by him in individual tobacco 
mosaic virus and Escherichia coli bacterium [34],[35]. 

The conservation of momentum is the base of optical tweezers. The forces involved in 
optical trapping arise from changes in the momentum direction of the trapping beam caused 
by the trapped object. The light interaction with a material changes the momentum vector of 
the refracted exit wave; Newton's third law dictates that as a result a reactive force must act 
on the material. 

However, there exist three approximations, depending on the radius of the particle and 
wavelength of the trapping beam by which optical trapping can be described in a general. 
These three criteria are: the ray optics approximation ( r^A) , the Rayleigh approximation (r j j 
A) and T matrix (r ~ A). 

2.2.1 Ray optics approximation 
The ray optics approximation is valid for particles whose size is larger than the wavelength 
of the trapping light and that are defined in the Mie regime. In this approximation, a focused 
beam can be modeled as a set of converging rays. One of the conditions for optical trapping 
is that the refractive index of the particle must be higher than the surrounding medium. 

Figure 2.1 shows a spherical particle entering into a highly focused Gaussian beam. The 
incident rays coming from below, as in an inverted microscope, are refracted by the particle 
and reflected in the particle/water interface; the bead will act as a lens. 
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Due to its Gaussian distribution the ray from the center (in bold) is stronger than the 
ray on its left and will produce a higher reactive force given by F2 in the direction of the 
bead displacement. The difference in forces (JF\ and F2) produced by both rays will result 
in a restoring reaction force Fnet since a more convergent or divergent beam carries less total 
momentum than a collimated beam as the radial components of a circular symmetric beam 
will cancel out. 

This restoring force will be pushing the bead to the center of the beam, the equilibrium 
position of the trap. The axial stability on the trap relies on the balance between this force and 
the scattering force, which is proportional to the intensity of the beam and points in direction 
of the incident light. The balance between these two forces will confine the particle in the 
center of the beam and slightly below the focus [33] as is shown in Fig. 1(b). 

Figure 2.1: Ray optics diagram of a Mie particle trapped in a highly converging laser beam. 
Image a) shows a particle that is entering to the gradient field in an optical trap, b) Shows the 
equilibrium between the involved forces: restoring and scattering force. 

Trapping is stable when the gradient force in the region beyond the focus is adequate 
to overcome the scattering force, which would otherwise take the object out of the t r ap ' s 
center. This condition occurs, in practice, only with the highest possible light gradients, those 
produced by a microscope objective of high numerical aperture (NA). This approximation is 
only valid for spheres that are not close to the beam waist where the light can not be consider 
as a set of converging rays. 

2.2.2 Rayleigh approximation 
Particles whose diameter 2 r is much less than the wavelength of the trapping light in a uniform 
trapping electric field can be considered as a single dipole in the Rayleigh approximation. In 
this regime, objects can be represented as point dipole scatterers, simplifying theory. The 
instantaneous electric field E(r, t) will then induce a dipole moment on the particle 

p ( r , t) = 47rn2

mede0a3 - j — E(r, t) (2.1) 
where nmed is the refractive index of the medium, m is the relative refractive index 

(m = ribead/nmed) of the particle, e0 = 8 .85xl0~ 1 2 -^-^ the permitivity of free spac
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is its radius [36]. The radiation pressure can be describing by two components acting on the 
dipole. One of these components is the scattering force. As the field oscillates harmonically, 
the induced dipole will follow the field and will oscillate synchronously scattering waves in 
all directions. 

The magnitude and the direction of the energy flux will change by this scattering, and 
will cause a loss in momentum of the electromagnetic field. This momentum, directed along 
the direction of propagation of the incident wave, will be transferred to the particle and cause 
the scattering force given by [33] 

8-immedk4a6 (m2- l x 2 

, 2 c \ ml + 2 ) 
where / is the irradiance on the particle, k = ^ is the wave number of the incident light 

anc c = 3xl0 8 m/s the speed of light in the vacuum. 
The fact that the incident wave is a strongly focused Gaussian beam, results in a field 

with a increased gradient in the radial direction and towards the focus of the beam along the 
axial direction. The second component is a gradient force due to Lorentz force acting on the 
dipole induced by the electric field. The time average of this force is called the gradient force 
[36]: 

F9Tad = TmL^ofl" ( '~rri ) V \E\* = ( ) V / . (2.3) 
m 2 — l \ . , 2 2"7m m e da 3 /m2 — 1 

m2
 + 2) ' ' c I m 2 + 2 

Since the gradient force is proportional to the gradient of the field, it will tend to pull 
the bead towards the highest intensity of the field i.e. the focus of the beam. This effect is 
observed in solid beads; the contrary effect is observed in non solid beads. The bead solid 
will find its equilibrium position where the scattering force and the gradient force are equal 
and point in opposite directions. 

2.2.3 T-matrix 
When the particle used in optical trapping is the same size range as the wavelength of the 
trapping light, geometrical optics nor Rayleigh scattering theory can be applied for the de
scriptions of the change in momentum of the trapping light. Unfortunately, most biological 
work falls into this regime (r ~ A), where dimensions can be neglected and calculations 
become difficult. 

The relation between the incident and scattered light in the material can be determined 
using a transition matrix, known as T-matrix. T-matrix method is more properly a description 
of the scattering properties of a particle, rather than a method of calculating the scattering 
properties. This characteristic matrix contains information about the scattering properties and 
geometry of the object. The main advantage in the use of T-matrix is that it only needs to be 
generated once for each particle, it may then be used in combination with any incident field. 

There exist numerous ways to generate the T-matrix, for simple and complex geome
tries. For spherical homogeneous isotropic spheres, Generalized Lorenz-Mie theory (GLMT) 
provides analytical solutions; whose matrix is sometimes referred to as the scattering matrix. 

There are powerful methods to calculate trapping forces on a particle of any geometry 
and material. For other homogeneous isotropic particles, point matching [37] and surface 
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integral methods are generally used and for more complex particles the finite difference fre
quency domain technique (fdfd) [38] or the discrete dipole approximation method (dda) [39] 
can be used to generate the T-matrix. 

2.2.4 Optical tweezers in biological applications 
The trapping force or stiffness in an optical trap may easily be increased since it is proportional 
to the power of the trapping beam. However, this is not always a feasible option on biological 
samples that are heat sensitive. The trapping efficiency is determined by the physical param
eters the particle as the size of the particle, relative index of the particle with the surrounding 
medium and as well by the shape of the trapping beam (convergence and intensity profile) 
[40]. For the success of the biological experiment the heating effect may be minimized by 
selecting a wavelength of the trapping beam for which the sample is most transparent [39]. 

The ability to manipulate single molecules with nanometer precision and to measure 
forces on these molecules with piconewton accuracy in sterile and noninvasive way trans
formed optical tweezers in a powerful tool for biological applications. Optical Tweezers have 
been used to trap dielectric spheres, bacteria, living cells, viruses, organelles and strands of 
DNA. 

More specific applications include cell sorting, tracking of movement, measurement of 
small forces and measuring viscosity have been done with optical tweezers. For example, 
Ashkin & Dzeidzic used optical forces to stretch plant cell membrane in order to study their 
viscoelastic properties [34]; in collaboration with M. Schliwa's group, they also used optical 
tweezers to estimate the force produced by moving vesicles in the giant amoeba Reticulomyxa 
spp. [41]; by the combination of a cw infrared optical tweezers with either pulsed ultraviolet 
or pulsed Nd:YAG laser microbeams, M. Berns built optical scalpels, for cutting applications 
[42] also they have manipulated chromosomes in order to study cell division [43]. Mea
surements on sperm motility have performed with application in vitro fertilization [44]. Kuo 
(2001) reviews the use of optical tweezers for measuring biological forces. Optical tweez
ers can be used sortieing individual cells out of a mixed culture, for example bacteria [34] or 
yeasts [45]. There exist a commercial version of this optical tweezers set up developed for cell 
sorting (LaserTweezers 1000, Cell Robotics, Inc., Albuquerque, NM) available in the market. 
The torsional compliance of a bacterial flagella can be done by calibrating the optical force 
against viscous drag, [46]. 

The last trend is the use of materials, such as polystyrene or silica microspheres, trapped 
by optical tweezers in combination with organelles or live cells. Polystyrene spheres has been 
attached to one or more ends of single molecules of DNA and stretched, in order to study 
the dynamics of single DNA by following the relaxation of the coil [47], [48]. Polystyrene 
spheres coated with myosin molecules were trapped and deposited onto actin cables [49], in 
the presence of ATP the myosin molecules pulled the spheres along the actin. In similar way, 
silica spheres coated with the motor protein kinesin were trapped and placed on microtubules 
in the presence of ATP [50]. 

Kuo et al [51] attached spheres to membrane of cells and used optical tweezers to pulling 
the membrane out resembling filapodia or tethering. Lang and Block [52] list over a hundred 
papers reporting force measurements on biological molecules, cells, or colloidal particles. 
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Optical tweezers in combination with fluorescence microscopy grew rapidly from a nov
elty to a widely used tool in many fields. 

2.3 Fluorescence: physical principles 
Fluorescence is the process of emission of light that is produced nanoseconds after the absorp
tion of a photon shorter wavelength (more energy). By absorbing a photon of light, molecules 
increases their energy causing an electron to jump to a discrete singlet excited state. Typically, 
the molecule then dissipates some of this absorbed energy through collisions with surrounding 
molecules causing the electron to drop to a lower energy level. If the surrounding molecules 
are not able to accept the larger energy difference needed to further lower the molecule to its 
ground state, it may undergo spontaneous emission, thereby losing the remaining energy, by 
emitting photons of a longer wavelength. 

The difference between the excited and the emitted wavelength, is known as Stoke's 
shift. 

Flourophore are molecules that are used due to their fluorescent properties. There exist 
many organic substances with intrinsic fluorescent and autofluorescent properties that serve 
to capture or detect light energy, the chromophore is the moiety that causes a conformational 
change of the molecule when hit by light. Chromophores usually arise in one of two forms: 
conjugated pi systems and metal complexes. 

2.4 Confocal microscopy 
Most of the studies of exocytosis in secretory cells are performed using evanescent wave (EW) 
microscopy [21],[53] also term as a total internal reflection fluorescence (TIRF) [22],[54],[55]. 
EW microscopy present some advantages, no background, low photodamage and information 
about z position can be obtained from the decay of the evanescent intensity, usually calibrated 
by a fluorescent particle. One of the limitations is that EW is restricted to the bottom plane of 
the cells where the cell is usually adhered to the glass. The use of confocal imaging allow us 
to analyze the dynamic of exocytosis in the whole membrane and we are not limited by the 
usually lOOnm depth from the plasma membrane obtained by the TIRF. That is why confocal 
microscopy was chosen for this analysis. 

Confocal microscopy is an optical imaging technique that creates a high contrast image 
that represents a thin cross-section of the specimen and is useful in 3D image reconstruction. 
Marvin Minsky patented the principle of confocal imaging in 1957 [56]. His invention, the 
confocal microscope, performs a point-by-point illumination and image construction by fo
cusing a point of light sequentially across a sample and then collecting only the rays that came 
from the focal point. 

By a single point illumination at a time this technique avoided most of the unwanted 
scattered light, by the use of a pinhole (denoted as A in Fig.2.2), that results in a blurred wide-
field image in a conventional microscope. Additionally, the light that is reflecting from the 
sample would pass through a second pinhole aperture that is placed in an optically conjugate 
plane in front of the detector and physically obturates all the rays that are not from the focal 
point. The light from the focal point can be collected by a photodetector or photomultiplier. 
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Figure 2.2: Optical array of a confocal microscope. Point by point illumination is reach by 
using a focus laser, then the light that is reflected or emitted by the sample is guided by a beam 
splitter to an aperture that filter the wide field light letting enter the focal point rays into the 
detector. Two pinholes denoted as A and B are used in this set up. 

Together, the two pinholes (labeled as A and B in Fig.2.2 ) significantly reduce the back
ground because the focal point of the objective lens forms an image where the pinhole/screen 
is, those two points are known as "conjugate points" (or alternatively, the specimen plane and 
the pinhole/screen are conjugate planes). The pinhole B is conjugated to the focal point of 
the lens, hence the name "confocal" pinhole as can be seen in Fig.2.2. The thickness of the 
focal plane is defined mostly by the square of the numerical aperture of the objective lens, the 
optical properties of the specimen and the ambient index of refraction. 

After the image is collected point by point by the light detector, it is possible to recon
struct with high contrast a 3D image, by assembling a series of thin slices taken along the 
vertical axis z 

Confocal microscope image the specimen by reflecting the light off the sample or by the 
emitted light from fluorophores applied to the sample. Microscopy in the fluorescence mode 
has several advantages over the reflected modes, as it's more sensitive and able to attach flu
orescent molecules to specific parts of the specimen (for example, on vesicles), making them 
the only visible target in the microscope. We will focus on fluorescence confocal microscopy 
that is the technique that I will be using for study of the dynamics of vesicles undergoing 
exocytosis. 

In conventional fluorescence microscopy, a fluorescent specimen is illuminated with 
an excitation light source of an appropriate wavelength and an image is formed from the 
resulting emitted fluorescent light. The microscope uses a dichroic mirror that reflects the 
excitation light and transmits only the emitted light from the specimen. This particular type 
of fluorescence microscopy, when the objective focus the illumination light and the fluorescing 
light in conjunction with a dichroic mirror, is called epifluorescence. 

In a confocal microscope with fluorescence, the fluorescent light is scanned by the same 
mirrors that are used to scan the excitation light from the laser and then passes through the 



CHAPTER 2. THEORETICAL BACKGROUND 12 

dichroic mirror. Thereafter, it is focused onto the pinhole. There is never a complete image, 
in confocal microscopy ,of the specimen because at any instant only one point is observed. 
Thus, for visualization mis detector is attached to a computer, which builds up the image one 
pixel at a time. 

A confocal microscope, as any instrument, has some limitations and often compromises 
must be made to optimize performance. Confocal fluorescence microscopy has provided valu
able information on the turnover of synaptic vesicles [58] and chromaffin granules [59]. 



Chapter 3 

3.1 Technique for measuring viscoelasticity with optical tweez
ers 

Viscous materials, resist shear flow and strain linearly with time when a stress is applied. They 
are several macroscopic methods for measure viscosity. Optical tweezers have been success
fully used before to measure viscosity in small volumes. Translational as well as rotational 
methods can be used to obtain the viscosity of liquids [3],[4]. Rotational measurements use 
birefringent particles that rotate in a circularly polarized optical trap and the exerted torque 
are used to obtain the viscosity [5]. When using a translational measurement technique, the 
trap is calibrated using the method presented in reference [3]. Calibration of the trap stiffness 
k of the optical tweezers is necessary for determining the trapping force and then the viscosity 
of the fluid. 

One of the common used methods for calibration in normal viscous fluid is the power 
spectrum method. However, methods based on the observation of the thermal movement 
[3] of particles are only suitable for viscous liquids and not for viscoelastic liquids, those 
liquids that exhibit both viscous and elastic characteristics when undergoing deformation. 
The Brownian motion of particles in viscoelastic media differs from that in a viscous one, in 
viscous medium there is a loss of energy due to the drag of the bead by the medium meanwhile 
in a viscoelastic, the elastic term represents a storage of energy. In this case, we are interested 
on study of viscoelasticity because as it was mention before, chromaffin cells are characterized 
by the presence of a highly organized cytoskeletal network and the cytoplasma is form by a 
dense viscoelastic gel. During exocytosis both factors, viscosity and elasticity are important 
and affect the vesicle's journey to the membrane when exocytosis is stimulated. As first 
approximation the cytoplasm in chromaffin cells may be consider as a viscoelastic media. 
Since most biofluids are viscoelastic, there is a need for the development of techniques that 
allow determination of the viscoelasticity. 

Here we present the method proposed by Fischer and Berg-Sorensen [4] for measuring 
viscoelasticity using optical tweezers. This method is based on a sinusoidal oscillation of 
the liquid in combination with force measurements using optical tweezers. This technique 
combines the passive and active approaches. The passive part represents the Brownian motion 
of the particles inside the trap meanwhile the active part is the response of the trapped particle 
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Figure 3.1: Sinusoidal input to the piezo stage and bead movement. The input xs and output 
x0 signals, aditonally to the phase lag 6 between them are necessary for this method. 

to the driven sinusoidal motion of the stage. First, to obtain the complex viscosity of a liquid, 
a sinusoidal movement of the sample is generated by a piezoelectric, this sinusoidal signal is 
defined as 

where A is the amplitude of the signal and cuQ the angular frequency. The driving amplitude 
has two restrictions the particle must be trapped and the center of the trapped particle must 
remain within the linear detection range of the quadrant photo diode (QPD). An amplitude be
tween 10-1000 nm is suggested by the authors in [4], in order that in the driven system (active 
system) the particle exhibit the same scales those due to Brownian motion. Furthermore, one 
can determine the system response function x(̂ ) or spectral response of the system and then 
the external time-dependent forces acting on the trapped particle. Using this method the com
plex dynamic modulus (G) can be determined, which is the strain response of a viscoelastic 
liquid to a sinusoidal stress deformation. 

The output signal represents the position of a trapped bead as a function of time. In 
figure 3.1 the input and output signals are plotted, where the detected position of the bead 
is a superposition of the thermal Brownian motion and the sinusoidal response to the stage 
oscillation of the amplitude xs [4]. From these measurements the phase lag 0 between input 
and output signals and the amplitude of the bead in the liquid x0 are obtained. These three 
parameters are the input to the model for calculating the viscoelastic properties of the liquid 
of interest [4], described by the complex modulus of the medium. Next, the theory given in 
[4] is summarized, and the procedure for determining the complex modulus is described. 

The effect of the complex modulus on the motion of a particle which will also be acted 
on by the optical trapping force, characterized by the optical spring constant k, thermal forces, 
and possibly an external driving force is described by the friction relaxation spectrum, 

xs(w) = Asin(uj0t) (3.1) 

7(w) = 7/(0;) + r y / / ( u ; ) . 

(3.2) 
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Since here the real part 7 / ( 0 ; ) accounts for the effects of viscosity, which involves the loss of 
energy, and the imaginary part i^n{tjj) accounts for elasticity, which involves the storage of 
energy, the relationship between the complex modulus and the frequency relaxation spectrum 
is 

G*(uj) = z 7 ( c j ) / 6 7 r a . (3.3) 

where a is the radius of the particle. Therefore, the spectral response, °f the particle to 
an external force F defined by x(u) = x(u)F(u>), where x is the complex amplitude of the 
motion of the particle at frequency u, is 

x{oj) = 1/ (k + ij(u) -u2m) (3.4) 

where k is the spring constant and m is the mass of the particle. This expression can be used 
to relate the amplitudes of driving and of response in order to obtain the amplitude of the input 
signal. 

A suitable way to drive the particle with an external force is oscillating the stage sinu-
soidally. To a high level of accuracy, we can assume that the medium follows the motion of 
the stage exactly. In this case, the external force driving the particle is simply given by the 
friction relaxation spectrum, and the spectral response of the particle position to active driving 
by this external force will be 

fl(W) = x M 7 M = T ^ T , (3.5) 

where xs(uj) is the complex amplitude of the motion of the stage. Since we are only interested 
in the relative phase between the motion of the trapped particle and the stage, we can introduce 
the phase lag 9 between these two motions, and write the active response spectrum as 

Z o ( u ; ) c o s 0 xQ{u))sm9 
lUJXso{U)) uxsoiuj) 

where x0(u) and xso{uj) are the magnitudes of the particle and stage motion respectively, with 
x0(u>) = \x(u)\ and xSo(u) = |a;s(u;)|. This conveniently separates the response into real and 
imaginary parts. The magnitude x0 and phase lag 9 at a particular frequency u can be found 
from measurements such as those shown in figure 3.1. 

At this point, we can use the definition of the response function x(w), equation (3.4), to 
find an expression for since we have ioj^{uj) = (l/x(u)) — k+u2m from the definition, 
and therefore 

1 - iuR(u) 
= ~T 2 • ( 3 J ) 

k — u>zm 
If x(w) can be found, the friction relaxation spectrum can be found using equation (3.5), and 
hence the complex modulus G*(u>). 

However, it will first be necessary to determine the spring constant k of the optical trap, 
and the mass of the particle, if this is not already known or negligibly small (which will depend 
on how high the driving frequency is). For a particle of known size and composition, the mass 
will be known, and often is small enough to be ignored. One of the most common methods of 
measuring the trap stiffness k is to find the power spectrum due to thermal motion, which is 
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P M = < | , < u ) | » > = , " " r f | 7 ( " » (3.8) 

\k + zo>7 {u>) — u>zm\ 
where kB is Boltzmann's constant and T is the absolute temperature. However, we do not 
yet know the properties of the fluid, characterized here by 7 (u>), and therefore cannot find 
the spring constant by the usual method of finding the corner frequency of the Lorentzian 
spectrum as in [3]. However, 7 (u>) here is the same as for the externally driven case, at least 
when the motion in both cases is in the same linear regime [4]. 

Noting that the thermal motion power spectrum can be written as 

P(u) = 2kBTRe(1 H ) X ( u ; ) x » (3.9) 

and since 

Re(1(u;)x(u;)x*(uj)) = Re(R(uj)x*(u)) = Re\ fc _ J m J = k _ ^ 
(3.10) 

the friction relaxation spectrum can be eliminated and the optical trap spring constant 
k can be found from the ration of the real part of the active response spectrum R(u) to the 
thermal motion power spectrum P(u) using 

k — tjjm = 2kBl—^rr~\—• (3-H) P(uj) 
Even if the mass is unknown, it should be noted that this will yield the entire unknown term 
k — to2m in equation (3.7), allowing us to determine the viscoelastic properties of the fluid 
even if the spring constant remains unknown. 

3.1.1 Handling data 
In this part of the chapter, we describe how to measure and manage the experimental data 
series, considering a sinusoidal driving given in equation (3.1). 

For the passive system, a windowing tool for data compression, was done in order to 
obtain a experimental power spectrum from the data with low statistical error. The measured 
time for the driven system is equal to the length of the window for the undriven in order to 
obtain the same frequency spacing for both passive and active systems xQ/S. 

The data should be recorded for the time of the window and with a fsampie resulting in a 
time series of data. Applying the discrete Fourier transform to the data, we obtain 

N N 
x0/Stk = AtJ2-e~l27rhtx0/s, = AtY,-e-i2irjk/Nx0/s.j (3.12) 

j=i 3=1 
where k = -N/2 + I,N/2 where At = 1 / fsample, ti = jAt, and NAt is the window 
Twind that was used to obtain the frequency domain data set with frequency l/Twind. The 
maximum frequency is the Nyquist frequency fNyq = fsampie/2 and the discrete frequencies 
are given by fk = o;fe/(27r) = k/Twind. 
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Driving The active spectrum at / 0 can be calculated by recording the time series of data 
when the system is driven by a sinusoidal function from eq(3.1) with frequency f0. Using the 
power spectrum of the passive system (undriven) with f0 the trap stiffness value k0 can be 
calculated. In this method the system is driven by a number of sinusoidal functions with same 
amplitude but different frequencies fK where K = 1 , K M a x . The averaging the values of 
k results in a trap stiffness with a lower statistical error. The KMax angular frequencies were 
chosen to be an integer multiple of the angular frequency spacing 2Tx/Twind. 

uK = K • 2n/Twind, K = 1 , K M a x . (3.13) 

In order to reduce the statistical error due to statistical noise, the values of k can be averaged. 

Trap stiffness calibration Calibration is achieved from the discretization of equation (3.11). 
The discrete power spectrum is found for the passive and active systems from the Fourier 
transform in terms of these new parameters 

T 
-1 wind 

Ps = N l "' / w i n d (3.14) 

Rs = (3.15) 
i2nfkxs 

Position calibration For a well aligned detector system, the detector response will corre
spond to bead displacement linearly: voltx = f3x where x is the actual displacement in meters, 
voltx is the detector response in volts and (5 is the detector sensitivity in meter per volt. The 
value of P gives the conversion of the QPD voltage signal to the actual particle position, must 
be calibrated for. 

3.2 Viscoelasticity models and power spectrum 
Mechanical models are often used to describe the viscoelastic behavior of materials. They 
are especially useful in biomechanics because biological tissues have viscoelastic properties. 
The Maxwell model, the Voigt model and the Kelvin model are the most common models for 
material behavior [60JA11 of these models are composed of combinations of linear springs ki 
and dashpots 7,. A linear spring is supposed to produce instantaneously a deformation propor
tional to the load. A dashpot produces a velocity proportional to the load at that instant. More 
models may be built by adding more and more elements to the model. The force produced 
by the optical trap Ft can be added to the constitutive equation as a spring force kh where 
represents the stiffness of the trap. 

3.2.1 Model for laser trap in a viscous medium 
The movement of a laser trapped bead in a viscous liquid can be described by the Einstein-
Ornstein-Uhlenbeck Brownian motion theory with the system shown in Fig. 3.2 that can be 
represented by the Langevin equation 
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Figure 3.2: a) Two element model for a trapped particle in a viscous medium, b) Three 
element model for a trapped particle in a viscoelastic medium. 

Fth — lx> — kx = mx" (3.16) 
where Fth = ^j2kBT^rj(t) the thermal force, is a random Gaussian process that represents the 
Brownian forces at temperature T, 7 is the drag coefficient, kB is the Boltzmann constant, and 
r](t) represents the white noise of the position of a particle of mass m. For a spherical particle 
Stokes' law gives 7 = 6Trpva, where pv is the fluid's shear viscosity and a the sphere's radius. 
Taking everything in eq.(3.16) to vary as e~tujt in order to work in the frequency domain, and 
noting that inertia can be neglected for small Reynolds' numbers we obtain 

Fth - iujx'- kx = 0 (3.17) 

and from here, since the spectrum of the driving force is flat, we obtain the Lorentzian function 

(\x2\)= (3-18) 

Depending on the value of the frequency uj therefore it can be expected that when to exceeds 
the corner frequency a quadratic decay in the power spectrum can be observed and when 
uj —> 0 a constant plateau, as shown in Fig.3.3. 

More quantitatively well above the corner frequency 

1 ^ 7 ^ 0^7 

and when u —> 0 

<M> = # ~ ("°) 
The dependence of the corner frequency of the power spectrum on the stiffness of the trap 
can be analyzed in Fig.3.2. A high stiffness corresponds to a high corner frequency, where 
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Figure 3.3: a) Power spectrum (bold line) as function of the trap stiffness k3 and with a corner 
frequency / c 3 = £ 3 / 7 . The corner frequency fc depends on the stiffness on the trap and varies 
proportionally to it. The values of stiffness kx > k2 > k3 correspond to the corner frequency 
fi<h< h b) Power spectrum for the model in Fig. 3.2 b). 

k\ > k2 > k3 and fx < f2 < / 3 , where fci = A^/7. Above the value fcj/7, when plotted in 
a log-log scale the power spectrum has a linear behavior. For a given stiffness k3, the linear 
behavior starts above the value £ 3 / 7 , before this frequency the power spectrum has a constant 
value or a plateau. The force exerted by an optical trap on a particle is often found by fitting 
a Lorentzian to the power spectrum of Brownian motion of the bead in the trap. 

3.2.2 Model for laser trap in a viscoelastic medium 
A very simple model of viscoelasticity can be set up by incorporating an additional spring to 
the previous system, as shown in Fig. 3.3 (b) 

The power spectrum (shown in Fig. 3.3(b)) for this system is 

\X~\ = T 
F2 

ki + kn 

(3.21) 

+ 

F2 rth and if, u —> 0 0 , then \x 
1 (kt +kmy 

» ki there will be. Then cum = 
= ^ the material's properties can 

For u> —> 0, as before, \x2\ 
If km « ki there would not much effect, but if fc„ 

^ >> u>i = ^ . Once we are above the trap turnover, u>m 

be observed. 
This model which essentially concentrates all the elastic effects close to the probe parti

cle, with the viscous effect further away is too simple to describe a real fluid. A better model 
would involve a range of different spring-dashpot systems in parallel, leading to a staircase 
spectrum. Taken to the limit, the stair case could approach a linear fall off in a log-log plot, 
but one with a slope less than the -2 appropriate for the purely viscous case. 
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3.3 Image analysis 
Single Particle Tracking (SPT) is the use of computer analysis of consecutive images or frames 
from a video to follow the sub-micron motion of individual particles for example organelles, 
microspheres, and molecules under microscopic observation. The technique is based on track
ing the fluorescence or scattering signal of a nanoparticle bound to the molecule of interest. 
This technique has been widely used in many fields especially in biophysics, due to its impor
tance for understanding the kinematic behavior of objects in a range of physical and biological 
science applications. Diffusion of proteins in cell membranes [61], kinesin-driven movement 
of beads on microtubules [62], and the myosin-driven movement of actin filaments in vitro 
[63] are good examples of this analysis. 

Various SPT algorithms have been developed including cross correlation of images [21], 
sum-absolute difference, [61], center of mass [64] and direct Gaussian fit to the intensity pro
file [22]. For single small particles Gaussian fit is the most accurate and rapid of all these 
algorithms for tracking fluorescent particles [65]. Confocal microscopy was recently devel
oped as an elegant optical technique that is useful to observe single molecule fluorescence 
avoiding the background due to its point by point scanning. 

In literature we can find some articles that perform tracking of chromaffin cells on im
ages obtained by the use of TIRF and EW [21],[22],[55]. 

Using the confocal microscope quantitative time-lapse images can be obtained from 
the hGH-GFP chromaffin transfected cells as can be seen in Fig.3.4. The stack of 300 ac
quired consecutive images (n=5) of 372x347 pixels (25.7x24/im) were analyzed using a 
costum-developed routine in Matlab. Previous image processing was required to improve the 
performance of the algorithm. 

After image processing, that usually precedes the tracking, for all algorithms there exist 
at least two basic steps. The first is segmentation, in which multiple particles in a field of view 
are identified and discriminated, usually the original image is cropped and filtered. Subse
quently, an algorithm tracks the particles individually to monitor their displacement between 
consecutive images. The performance of the tracking algorithm (rather than the segmentation 
algorithm) defines the fundamental performance limit of the method. 

A central part of this study is to analyze the dynamics of neurosecretory vesicles before 
and after exocytosis stimulation. The trajectories obtained from the tracking are the input for 
tools that are useful to analyze the motion of these vesicles as mean square displacement, 
correlation of trajectories and velocity autocorrelation. 

3.3.1 Image processing previous tracking 
Prior tracking, the stack of 300 acquired consecutive images (n=5) were converted first to 
a gray scale and background was extracted. The background of the image is defined as the 
average of pixel intensity outside the cell. After the background was extracted a customized 
threshold was applied. 

The vesicles were selected from the stack of images, the vesicles that meet our selection 
criteria were those that appeared in the same plane in more than 40 consecutive frames. 

For segmentation of the image, Logger Pro (by Vernier Software) roughly estimated the 
trajectory of the vesicles. This software allow to track manually the object of interest and to 
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Figure 3.4: Confocal Microscopy image of two neurosecretory cells transfected with Hgh-
GFP. 

have a reference point (position x and y) for cropping the image, at each time, by a square 
mask, that is our region of interest (RIO). The region of interest (a square centered in the 
reference point on each frame) was cropped from the original image and finally a stack of 
squared consecutive images containing only a single vesicle per frame was obtained. One 
of the problems in tracking is the overlapping of objects in order to avoid this situation, the 
morphological image tools from Matlab were used for this purpose. The adapthisteq was used 
for contrast enhancement of the grayscale image by transforming the values using contrast-
limited adaptive histogram equalization (CLAHE). CLAHE operates on small regions in the 
image, called tiles, rather than the entire image. The contrast of each tile is enhanced, so 
that the histogram of the output region approximately matches the histogram specified by a 
distribution parameter,which can be selected from Rayleigh, uniform or exponential. In order 
to get a uniform image, the function /special was used with averaged filter, that have to be 
repeated for better result and finally the image is transform to a binary image. 

Some of the intensity traces revealed mono-exponential decay due to fluorophore bleach
ing, which was determined by exponential fitting. This was corrected when necessary by re
verse scaling of the time (as mirror function) and it was applied to the vesicle's fluorescence 
intensity with the fitted exponential curve. 

3.3.2 Tracking algorithm and Gaussian fit 
A fluorescent particle can be considered as a point like particle that forms a diffraction lim
ited image of width approximately equal to \/{2NA) where A is the wavelength of the ligh
and NA the numerical aperture of the objective, so it involves a particle smaller than this 
diffraction limit. A punctual particle is not homogeneous: it follows a spatial pattern named 
point spread function (PSF). The particle position can be recovered with high precision using 
a deconvolution technique in which the particle image is fitted with a theoretical distribution 
function. For fluorescent single molecules the PSF can be well approximated to a Gaussian 
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function with the center corresponding to the position of the particle, the standard deviation 
or waist that corresponds to the size of the particle can also be found from this fitting [66]. 

For single small particles Gaussian fit method is the most accurate and rapid of all these 
algorithms for tracking fluorophored particles. For the case of a sub-wavelength diameter 
particle, direct Gaussian fit to the intensity distribution is the superior algorithm in terms of 
both accuracy and precision [65]. The 2D Gaussian fitting approach is often used in many 
single particle tracking applications including those based on TIRFM [21]. 

A self developed computer program was used to analyze the stacks of single vesicle's 
images. The xy vesicle's position at each particular time was determined by fitting a 2D 
Gaussian (eq.(3.23)) to the intensity distribution of the cropped and processed image contain
ing only a single vesicle. There two options for this fitting, find the center of mass of the 
intensity distribution and the standard deviation in order to use these parameters as an input 
in the fitting or the fitting can be done by least squares method. The center of mas or centroid 
by itself for particle tracking has the advantage that is faster than the Gaussian fitting and it 
does not require the assumption of any theoretical description of the intensity distribution, 
so this method can be used for big and even asymmetric particles. The only problem in this 
method is the background that has to be excluded as much as possible since it would affect 
the calculation of center of mass. 

The displacement can be tracked by weighting the fluorescence distribution from multi
ple pixels between successive time-lapse images. Here, we calculated centroids of successive 
images to estimate subpixel displacements in two dimensions. The centroid of a single axis is 

m n m n 
c* = 2^2^(*< x 7 « ) / 2 . 2 ^ ( 3 - 2 2 ) 

i = l j = l i = l j=l 
in which x{ is the coordinates of a pixel on the x axis, and 7^ denotes the fluorescence in
tensity of the corresponding pixel. Cy is found in the same way. A threshold was defined as 
the fraction of the maximum fluorescence intensity, and those normalized pixels below the 
threshold were appointed zero. 

The mean and the variance have to be find and then these parameters are used for fitting 
the Gaussian first in ID and then in 2D. 

/•>,,) = AeMJiX - *]' + ( S " „ f ~ 2 f " Z°){V ~ V°h 0 . 2 3 ) 
2 ( 1 — pA)o* 

In fitting function 3.23, e x / 2 width values of the 2D Gaussian along x and y axis were as
sumed equal (ax = crY = O~XY = °~), while the correlation coefficient p was a free fitting 
parameter to account for random ellipticity of the intensity distribution due to noise. Ampli
tude A of the peak, local background intensity offset C and peak coordinates (x 0 , yo) were 
the other free parameters of the fit. The Gaussian width a was used to check the quality of 
tracking: results were accepted when it was on average between 400 and 500 nm (approxi
mating the point spread function width). Additionally, xy trajectories were visually inspected 
for fit errors, and occasional large fluctuations for only one time point in xy trajectories were 
corrected by averaging two neighboring points. 
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3.3.3 Trajectory analysis 
In this section some general rules applicable to single particle tracking and methods to derive 
a possible models of motions are described. 

Fist, as it was said previously the area where the vesicles is moving is identified and the 
image is crop, the spots on the cropped image each represent a potential vesicle. The position 
(XQIVO) of the vesicle at each frame was determining by fitting a 2D Gaussian to the intensity 
distribution in the selected area in order to estimate accurately the position and size of the 
vesicle as has been done before [21]. The 2D trajectories, displacement and velocity were 
obtained. 

Mean square displacement (MSD) is another parameter that is very useful in vesicle dy
namics because is an indicator of the distance a vesicle traveled on average in a given time, its 
dependence to time is related to the motion properties of the particle. Consequently a possible 
mechanism for the particle motion can be obtained by comparing the experimental MSD plot 
with predictions from different motion models. Theoretical expression have been derived by 
different authors for MSD for different modes of movements [67], and it was introduced for 
vesicles analysis in [21]. For each vesicle, both the 2D mean square displacement and the 
2D diffusion coefficient were calculated as from individual trajectories. The quality of the 
tracking can be evaluated by the Gaussian width. 

Let x(t) and y(t) be the coordinates of the vesicle in one frame and x(t + n5t) and 
y(t + nSt) the position in the consecutive plane after a interval of nSt. For a given nSt the the 
mobility of each vesicle can be analyzing by determining the two dimensional MSD that can 
be calculated as follows [68]: 

1 N-n 
MSD(nSt) = — V { [ x ( j 6 t + nSt) - x(6t)}2 + [y(JSt + nSt) - y(St)}}2 (3.24) 

i=i 

where N is the total number of images in the recording sequence and n and j are the positive 
integers with n = 1 ,2, . . . (N — 1). 

By fitting the MSD plot with the appropriate equations different types of motion can be 
identified, as examples the following equations consider normal random diffusion, anomalous 
subdiffusion, and directed motion with diffusion. 

MSD was fitted to a straight line is indicative of random diffusion or Brownian motion. 

MSD(nSt) = 6D{2\n5t)a (3.25) 

where in a coefficient a\\, and D is the diffusion coefficient defined as D = kBT/3nna, 
where kB is the Boltzmann constant, T is the Temperature, 77 is the viscosity of the medium 
and a is the diameter of the particle. 

In directed diffusion a drift velocity of the particle v2 = v2 + v2 is superimposed on 
random diffusion: 

MSD(n5t) = 6D{2)(ndt) + v2(n5t)2 (3.26) 
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Figure 3.5: Different shapes of MSD plot over time allow to distinguish various types of 
movements: active transport (I), random difussion (II), anomalous difussion (III) and confined 
difussion (IV). 

The anomalous subdiffusion model considers the presence of energy traps, the MSD's neg
ative curvature in the plots manifest a caged diffusion of the vesicles, in which the vesicle 
motion is confined in some cage-like tether. 

MSD{n6t) = R2[l - Ax exp{~6A2D^n6t/R)\ (3.27) 

where Ax = 0.99 and A2 = 0.85 (fixed constants for spherical cage) and R is the radius of 
the spherical cage in which the particle is free to diffuse with the diffusion coefficient D ( 2 ) 

[21],[70]. 
In Fig.3.5 shows the MSD versus t plots expected for particles moving according to 

these models. For the active transport or also called directed diffusion (I), random diffusion or 
also known as free diffusion (II), anomalous subdiffusion (with obstacles)(III), and confined 
diffusion (IV). At short times can be noticed that all graphs have similar linear behavior, at 
long time MSD reaches a maximum value, this and the shape of the graph are related to the 
geometry and to the size of the space where the particle is moving. Some equations were 
derived concerning the geometry of the cage as a circle, rectangle or hexagon [70]. 

There are two options to do this analysis of trajectories either by fitting one-by-one 
the MSD plots obtained for individual particles or by fitting a MSD vs curve calculated as 
the average of the plots of several particles. The first option provides the distribution of 
motion parameters such as diffusion coefficients and velocities. The last one is similar to 
averaging in ensemble measurements. For comparing the mobility of vesicles residing close to 
the membrane and the ones that are deep inside the cytosol, we divided the total population of 
vesicles into two groups, peripheral and central vesicles, according to their relative distances 
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from the plasma membrane. 

Correlation in trajectories Correlation in trajectories xy and velocity autocorrelation anal
ysis can be use in combination with single particle tracking analysis, as was done by [65] and 
[22] in order to study the dynamics of vesicles. The correlation between two variables, in 
this case the coordinates x and y, indicates the strength and direction of a linear relationship 
between them. In general statistical usage, correlation or correlation refers to the departure of 
two variables from independence. In this broad sense there are several coefficients, measuring 
the degree of correlation, adapted to the nature of data. 

The correlation coefficient px Y between two random variables X and Y with expected 
values \xx and pY and standard deviations ax and aY is defined as 

= cov(X,Y) ^ E((X - px)(Y - pY)) _ E((X - px)(Y - pY)) 
P x ' Y oxaY oxoY y/E(X2)- E2(X)y/E{Y2) - E2{Y) 

(3.28) 
where E is the expected value operator and cov means covariance. This is valid only if both, 
ax and cry, are nonzero. The absolute value of this coefficient represents the dependence 
between the two variables, if \px Y | —• 1 means that the variables are independent and they 
have a linear relationship and \pXY \ —> 0 if they are independent. This coefficient is useful 
tool to know if the vesicles prone to the membrane with a linear direction when exocytosis is 
stimulated. 

3.3.4 Density of neurosecretory vesicles 
When exocytosis is stimulated in neurosecretory cells, their vesicles travel to the membrane 
and the density of vesicles close to it increases before they release their content. The density of 
vesicles is quantified in different times before and after exocytosis stimulation. It is important 
to note that using confocal microscopy the frames are different planes of the object of study, so 
a increment of the number of vesicles close to the membrane can be visualized by a increment 
of vesicles in the peripheral region of the image. For this reason, two regions are defined for 
the purpose of this study: peripheral and central region. 

The density of vesicles is defined as the number of vesicles per pixel squared or per 
p?. An algorithm to count objects was performed in Matlab by using the video and image 
processing blockset. The processed images were the input for this program that performs an 
erosion and reconstruction after averaged filtered, it allowed to segment vesicles when they 
overlap in the image and are difficult to visualize in the RIO (Region of Interest). Object with 
radius less than the maximum size of the vesicles were filtered, finally we obtain a binary 
set of images with our objects of interest. The perimeter function in Matlab was applied to 
the grayscale in order to define the total area of the cell. This profile was shrink 50% of the 
original size by maintaining the same perimeter shape and it was used as a mask situated in 
the center of the binary image. This mask was used to crop the image in order to quantify the 
vesicles in the central region. This transformation was applied to every image of the acquired 
time series before process them for identifying and labeling the objects in the image by a 
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Matlab predetermined routine. This program again was run twice(for peripheral and central 
region) in order to obtain the number of objects in the two regions of interest. 

In order to verify the error of the program, the vesicles found in 100 frames of the 
unprocessed image were counted by human eye and this result was compared with the output 
of the program for the same set of images. A variation of 11 % was found. Finally, the obtained 
number of objects from each frame was divided by the image area, which was determined 
by intensity thresholding the average projection image (thresholds cytoplasmic fluorescent 
background). 



Chapter 4 

4.1 Cell culture, transfection and measurement conditions 
Chromaffin cells are typically used for studies of catecholamine and peptide secretion, tran
scription, signal transduction, intracellular trafficking or morphology. Primary cultures of 
bovine chromaffin cells offer advantages that can be useful in many different types of exper
iments [71]. First, these cells retain their highly differentiated chromaffin phenotype, with 
dense core secretory (chromaffin) vesicles distributed throughout the cytosol; in contrast, 
granules in the PC 12 line are relatively sparse, and largely docked at the inner face of the 
plasma membrane. Second, bovine chromaffin cells in primary culture are more represen
tative of the behavior of the normal cells in the gland in vivo, because they are terminally 
differentiated and incapable of division [72],[73]. 

For our experiments, bovine chromaffin cells were prepared from bovine adrenal glands 
and were maintained as primary cultures, following procedures similar to those previously 
described by O'Connor et al [72]. Then the cells were transfected with a plasmid encoding 
human growth hormone tagged with EGFP (hGH-EGFP vector). The transfection was per
formed by two different methods: liposome-mediated transfection and electroporation. After 
transformation, chromaffin cells were maintained in the incubator (37°C and 5% C 0 2 ) for at 
least 48-72 hr before carrying out experiments with optical tweezers or confocal microscopy. 

4.1.1 Protocol for embryonic chromaffin cell primary culture 
The protocol for the extraction of the cells previously described by O'Connor et al [72] can be 
divided into three stages: isolation of cells (5-6 hours), determination of viable cell numbers 
(approximately 30 min.) and growth in culture (3-7 days). Chromaffin cells can be isolated 
in high yield from bovine adrenal medulla by a procedure involving collagenase perfusion, 
tissue disruption, and cell purification. This protocol described in detail in Appendix 1 is 
given for three glands; volumes should be adjusted proportional to the number of glands. It 
is important to note that only few reagents are needed, this protocol is low cost and easy to 
reproduce. The easy access to the bovine glands allows me to continue working with this cell 
line. 

27 

Experimental Methods and Materials 
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4.1.2 hGH-EGFP vector cell transfection: electroporation and lipofec-
tamine 

Cell transfection is a method of gene delivery to introduce foreign DNA into a cell. There exist 
several mechanical and biochemical methods for transfection. DEAE-dextran (Diethylaminoethyl-
dextran), calcium phosphate and liposome-mediated transfection are the biochemical meth
ods commonly used in molecular biology. Micro-injection of materials, biolistic delivery and 
electroporation are examples of physical transfection methods. 

The hGH has been used successfully as a marker of transfection, and allowed us to study 
the function of transfected proteins in neurosecretion using PC 12 cells and adrenal chromaffin 
cells [24]. In the literature we can find that chromaffin cells were successfully transfected with 
a plasmid for hGH express in secretory vesicles which can undergo regulated exocytosis [74]. 
The hGH was expressed in fraction of the culture cells and is localized predominantly in 
secretory vesicles of the regulated secretory pathway. 

For our experiment, the vesicles that contain dopamine (DA) and norepinephrine (NE) 
in neurosecretory cells were expressed with human growth hormone tagged with EGFP (hGH-
EGFP vector) in order to visualize the vesicles of interest and track them when exocytosis is 
stimulated. The expression of gene fusion products (hGH and EGFP), can be easily monitored 
by the observation of the emitted fluorescence, usually takes place over a period of several 
hours after transfection and continues for 48 to 72 hours after introduction of plasmid DNA 
into the cells. 

A hGH-EGFP vector was used in order to tag specifically the neurosecretory vesicles. 
Two different transfection methods were tried: electroporation and liposome-mediated trans
fection in order to find the most efficient transfection rate for chromaffin cells. Next, we 
present a brief description of these two techniques. Complete protocols for these procedures 
can be found in detail in the Appendix section. 

Electroporation Electroporation is a mechanical method used in molecular biology for 
transformation by introducing polar molecules into a cell through its membrane. A large 
electric pulse temporarily disturbs the phospholipid bilayer, pores are formed when the volt
age across a plasma membrane exceeds its dielectric strength, opening access and allowing 
negatively charged molecules like DNA to diffuse into the cell. This procedure will succeed if 
the strength of the applied electrical field and duration of exposure to it are appropriately cho
sen to the type of cells. The electrical settings and waveforms have been pre-calibrated by the 
manufacturer. The preparation instructions are described in the Rat Neuron Nucleofactor™ 
transfection kit designed by Amaxa™. 

The mix that contains the chromaffin cells, hGH-EGFP vector and the nucleofactor solu
tion (from the kit) is pipetted into a glass or plastic cuvette which has two aluminum electrodes 
on its sides. This is set on the machine and the customize program for the chromaffin cells 
is selected. Once the electroporation is performed, DMEM (Dubecco's Modiffied Eagle's 
medium) medium is added to the mix and the transfected cells are incubated and grown in 
the poly-d-lysine coated glass-bottom dish (Mattek corp, Ashland, USA) (refractive index 
n=1.5224) in the 5% C 0 2 incubator at at 37°C. The complete transfection protocol used for 
these experiments can be found in Appendix 2. 

The success of the elecroporation depends greatly on the purity of the plasmid solution, 
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especially on its ion content. The mix has to be cleaned very carefully from medium, because 
small variations in the ionic content can produce dramatic changes during the electroporation 
and might cause heat changes that can be detrimental to the survival of the cells. An additional 
centrifugation of the cells is also performed to preclear the medium prior to electroporation. 

Liposome-mediated transfection Liposome-mediated transfection known also as lipofec-
tion is a lipid-based transfection technology used to introduce genetic material into a cell by 
means of liposomes which are able to fuse with the cell membrane since both are made of a 
phospholipid bilayer. The main advantages of this technique are its high efficiency, its ability 
to transfect all types of nucleic acids in a wide range of cell types, its ease of use, reproducibil
ity and low toxicity. Human growth hormone (hGH or somatotropin) was easily transfected in 
Chromaffin cells by Lipofectamine LTX™ (Invitrogen), a poly-cation polymer that delivers 
DNA into cells. The lipofectamine protocol that was followed for these experiments can be 
found in detail in Appendix 3. 

4.1.3 Pharmacological treatment of neurosecretory cells with B a 2 + as 
stimulator 

Nicotine [26], Barium ( B a 2 + ) [76], C a 2 + [77] and KC1 [78] has been used before for stim
ulation of exocytosis in chromaffin and PC 12 cells. However, these reagents have different 
and independent mechanisms of exocytosis from cultured adrenal chromaffin cells [75]. Bar
ium ions enter chromaffin cells via voltage-sensitive L-type calcium channels, although the 
intracellular site of barium action is distinct from that of calcium. Most of the possible in
tracellular mediators of calcium action during exocytosis are not sensitive to barium. Barium 
was selected for this experiment due to its strong effect on the secretion of catecholamine 
compared to nicotine and KC1, and its linear behavior with concentration as can be found in 
[75]. 

After transfection of PC 12 cells with hGH-EGFP, cells were placed on a Mattek plate 
and maintained at 37°C and 5% C 0 2 in DMEM medium until they reach the confluence 
needed for the experiment (80%). Confluence refers to the coverage or proliferation that the 
cells are allowed over the culture medium. 

Before placing the sample on the microscope, the cells were prepared and the medium 
was replaced by Buffer A containing (mM) NaCl, 145; KC1,5, Na2HP04, 1.2; glucose, 10; 
HEPES-NaOH, 20 (pH 7.4), for easy visualization of the cells in the microscope. Then 2.0 
mM Ba were then added in a calcium-free Buffer A. This because barium-induced secretion 
is inhibited by C a 2 + in a competitive manner [75]. The barium solution diffuses in the buffer 
that contains the cells and triggers exocytosis in chromaffin cells. 

4.1.4 Chromaffin cells and Ciguatera 
Additionally, it is also important to notice that neurosecretory cells are very useful in the study 
of neurological effects of different toxins in mammal cells since the secretion from chromaf
fin cells is Ca 2 +-dependent and sensitive to neurotoxins (e.g., tetanus toxin, botulinum toxins) 
that cleave SNARE proteins [74]. Chromaffin cells can be used as a model to reconstitute 
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the sequence of events when intoxication. In the reference [79] we can find with detail an 
application of chromaffin cells in order to probe Brevenal as a cure for Ciguatera. Brevenal 
is a nontoxic short-chain trans-syn polyether that competes with brevetoxin (PbTx) for the 
active site on voltage-sensitive sodium channels. Ciguatera is a food borne illness poisoning 
in humans caused by eating marine species whose flesh is contaminated with a toxin known 
as ciguatoxin, which is present in many microorganisms mainly in reef algae. This disease 
have gastrointestinal and neurological effects, neurological effects can be reproduced in chro
maffin cells. In the paper [79] we show that P-CTX-1B induces a tetrodotoxin-sensitive 
rise in intracellular N a + , closely followed by an increase in cytosolic C a 2 + responsible for 
promoting SNARE-dependent catecholamine secretion. Our results reveal that brevenal and 
P naphtoyl-brevetoxin prevent P-CTX-1B secretagogue activity without affecting nicotine or 
barium-induced catecholamine secretion, that is a sign of normal behavior on a health cell. 
Brevenal is therefore a potent inhibitor of ciguatoxin-induced neurotoxic effect and a potential 
treatment for Ciguatera. 

4.2 Image set ups 

4.2.1 Confocal microscopy parameters and protocols used in the mi
croscopy measurements 

After incubation the Mattek plate was placed on a fixed stage of the 510 META confocal laser 
scanning microscope (Zeiss 510 Meta, Germany) using a 63x oil immersion objective ( 0.75 
NA). The aperture setting of the confocal pinhole was 100 /mi. Fluorescence was excited with 
the 488 nm of the Argon laser and the emitted light was collected through a 510 nm long-pass 
filter. All experiments were performed at room temperature (20-22° C) and time-series images 
of confocal sections were captured using a time-lapse mode before and after stimulation of 
exocytosis (barium addition) on the same cell with a frame interval of 0.5 s. Series of images 
were collected using the scanning mode settings of 512 x 512 pixels for the image resolution. 
The transfected chromaffin cells were presented on a green scale. 

During the experiment chromaffin cell were perfused with Buffer A. Barium 2mM was 
locally applied by a pipette to depolarize the membrane and activate C a 2 + channels in order 
to trigger exocytosis in the middle point of the time series images. In the optical tweezers 
experiments the Mattek was placed in the stage of the optical set up and the same procedure 
for stimulation was followed, 2mM of Barium was locally and slowly applied by a pipette, 
measurements on viscosity were done before and after stimulation. Different capture intervals 
were used depending on the experiment. Sections (different planes in the vertical axis) were 
collected using a standard scanning mode format of 512 X 512 pixel resolution for the density 
analysis. For the tracking algorithms, a total of 600 frames was obtained. A set of 300 frames 
was obtained before and after stimulation of exocytosis for 5 cells at intervals of 0.5 seconds. 
For the analysis of density of vesicles in the peripheral and central regions 6 planes with 600 
frames each were obtained with a 1.2 seconds as an interval between frames of the same plane. 
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4.3 Optical Tweezers and Fluorescence set up 
Our setup is a custom made system that combines optical tweezers, fluorescence microscopy 
and back focal plane imaging. This combined set up was based on an optical tweezers in
verted microscope system designed by Dr. Gregor Kndner and it consists of the following 
parts: microscope and illumination system, trapping beam system, back focal plane imaging 
system, fluorescence imaging system and data acquisition system. Our self-assembled com
bined fluorescence imaging and optical tweezers setup is schematically illustrated in Figure 
4.1. A picture of the actual set up is shown in Figure 4.2. 

For biological applications, choice of wavelength is very important. An ytterbium doped 
fiber laser was chosen for the optical tweezers as its emission wavelength (1064 nm) generates 
minimal heating in biological samples and leaves the visible spectrum free for fluorescence 
microscopy and imaging [80]. 

4.3.1 Optical Tweezers set up 

Microscope and Illumination System The high numerical aperture objective (NA= 1.3, 
O.M. in Fig.4.1 ) focuses the laser beam to create the trap. The condenser also delivers illu
mination from a white light source located above it for the bright field imaging. Additionally, 
the transmitted light from the He-Ne position detection beam is collected by the condenser 
and its back focal plane is imaged on the quadrant photo detector (QPD) for position detection 
of the trapped object. Inverted microscopes provide stability and flexibility for multiple beam 
incorporation as well as easy access to the sample. The microscope in our setup comprises 
an oil immersion lOOx (Nikon) objective, an air spaced infinity condenser (Olympus 1.4 NA) 
and a white lamp as illumination source. The numerical aperture of the condenser should be 
higher than the one for the objective in order to ensure that all the transmitted laser light is 
collected. 

The illumination system (Olympus TGHM Spot macro illuminator) and the condenser 
were mounted on a 1.5" dynamic damping post (Thorlabs) and fixed to the optical table. For 
positioning the sample, a 3D piezo-controlled micrometer stage (MDT-631, Thorlabs) was 
mounted independently and aligned to the condenser, and also fixed to the optical table. 

The illumination system was positioned 25 cm above the condenser, following the Kohler 
illumination principle in order to get a bright image without glare and minimum heating of 
the sample. According to this principle, a lens inside the lamp housing focuses the light and 
images the bulb filament at the back focal plane of the condenser where the diaphragm is. 

Trapping beam System As a trapping laser we used a collimated laser beam from a 1064 
nm ytterbium doped fiber laser (YLD-5-LP, IPG Photonics) with a variable output power up 
to 5 W. A linearly polarized Gaussian beam is the output delivered through a single mode 
fiber. The minimum stable power for this laser is 3 W, so we used a polarizing beam splitter 
cube in combination with a half wave plate in order to reach a power in the order of hundreds 
of milliwatts at the entrance of the objective. 

Detector beam System As an imaging laser we used a He-Ne (Uniphase 1144P, A=633 
nm). The optical setup of our detection system is similar to the trapping set up and it is 
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Figure 4.1: Schematic of the experimental set up of Optical Tweezers and Fluorescence imag
ing. In this scheme all beams are represented by different colours; i.e. the trapping beam by 
a pink line, the position detection beam optical path by a red line, the combination of both 
beams is represented by an orange line. Mercury light is represented by purple line, when 
filter it, a blue line represents the excitation light for the fluorophore, it's emission is shown in 
green. 

composed of steering lenses and a beam expander. The detection arm is mounted above the 
condenser and perpendicular to the optical axis of the trap. After passing through the optical 
trap, objective and condenser, the detection beam is reflected by a dichroic mirror (D3) that 
reflects 632 nm wavelength. A 200 mm focal length lens (L9) forms an image conjugate to 
the condenser back focal plane (BFP) on the QPD, which is adjustable in the xy plane. 

4.3.2 Fluorescence: filter selection for EGFP detection 
Fluorescence imaging allows molecules beyond the resolution limit of the light microscope to 
be visualized. Fluorescence and Optical tweezers has been combined before for biophysical 
applications [81],[82]. 

For the design of the fluorescence set up we have to know the spectrum for excitation 
and emission for the fluorophores of interest. This will enable us to select the most appropriate 



Figure 4.2: Actual picture of the Optical tweezers+fluorescent detection set up. 
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optical elements. For EGFP the excitation spectrum is 420 nm to 540 nm with a maximum 
performance (100%) at 488 nm. In fluorescence the emitted photons always contain less 
energy which means a longer wavelength. The emission spectrum of EGFP has a maximum 
peak at 511 nm and ranges from 510 to 640 nm, overlapping the excitation spectrum as can 
be seen in Fig. 4.3. 

Based on the area that covers both spectra, the dichroic mirror and excitation and emis
sion filters were carefully selected for obtaining the maximum performance of the fluores
cence set up. As fluorescence excitation source we used a 100 W mercury light (ULH 100HG 
Olympus). 

The main characteristics of a mercury lamp are that it incorporates a number of spectra 
lines within the broad wavelength range (380-800 nm) and high intensity. Excessive bright
ness represents a problem, as it causes rapid photobleaching of the fluorophore, so this light 
source requires a neutral density filter (ND filter) for diminishing the power. As can be ob
served in its spectrum, although the mercury lamp has several peaks (235 nm, 365 nm, 404 nm, 
435 nm, 546 nm and 578 nm) none of them excites EGFP optimally. Allowing wavelengths 
other than the excitation wavelength of the target fluorophore to pass will cause an increase 
in the background light and could damage the sample. The spectral line in the Hg spectrum 
closest to the optimal excitation wavelength is at 435nm, where the absorption efficiency is 
approximately 65% of the peak efficiency. 

The excitation filter is a band pass filter that passes only the wavelength necessary for 
the excitation light source for the fluorophore excitation. We use a band pass filter 450±40 nm 
(Thorlabs) in order to get more intensity by "covering" the width of the mercury lamp peak 
at 435 nm. This filter was set after the telescope and the beam was directed to the objective 
by a mirror (M5 Fig. 4.1) and the dichroic mirror (D4 Fig. 4.1). Light passing through the 
excitation filter is directed by a mirror and reflected 90° towards the objective by a dichroic 
mirror. This dichroic mirror separates excitation light from fluorescence. This fourth dichroic 
mirror (XF20 435-520 DBDR) was fixed at a 45° incident angle to light below the optical 
trapping/imaging dichroic mirror (D2 in Fig.4.1). The dichroic mirror D4 in Fig. 4.1 reflects 
(R~97%) the excitation light (440-500 nm) and transmits (T~98%) the emitted fluorescence 
(500-520 nm). 

The emission filter, a band pass filter 510±20 nm (Thorlabs) separates fluorescence gen
erated by the fluorophore from the background light. Even though emitted fluorescence can 
be observed in the presence of illumination light background this filter is necessary because 
the strength of the fluorescent light is weaker than the excitation light by a factor of 100,000:1. 
The emission filter was fixed in front of the CCD camera at an angle to allow better fluores
cence images. The fluorescence capabilities are sufficient to visualize the fluorescent granules 
of interest described below. 

Data and Image Acquisition The image of the trapped object is transmitted through two 
dichroic mirrors (D2 and D4), that transmit only visible light, and reflected to the CCD 
(Charge Couple Device) camera (CCD-300 RCX Panasonic) with a resolution of 480 hori
zontal lines. This camera images the trapped object in the bright field or fluorescence illumi
nation if the filter is added to the optical path. For bright field imaging the CCD camera is 
aligned and adjusted to its focus. For fluorescent imaging an emission filter is placed at 45° 
before the CCD camera. 
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Figure 4.3: The diagram shows the mercury lamp spectra (yellow) that was used as excitation 
source and the excitation (light blue) and emission (pink) spectra for EGFP. Figure generated 
by Curv-O-Matic 2.0 from Omega Optical. 

All photo detectors, power meter, QPD and the controller for the piezo stage are con
nected to the data acquisition card (PCI-605E, National Instruments). 

4.3.3 A l i g n m e n t ana ea i iDra t ion 

A number of introductory experiments were carried out on polystyrene beads trapped in test 
media, before making measurements in cells. Several methods have been described to cali
brate the force acting on a trapped bead in optical tweezers [83]. The most reliable procedure 
interprets the power spectrum of the Brownian motion of a trapped particle. 

The power spectrum method was selected to calibrate the trap because once set up it 
continuously monitors the condition of the trap [83]. This is conventionally done with the 
Einstein-Ornstein-Uhlenbeck theory of Brownian motion, which predicts a Lorentzian spec
trum in a viscous medium [85]. 

The trap and photodetection systems were calibrated simultaneously. For good position 
calibration we first have to know and confirm the relation between the position and the volts 
produced by the detector. 

The QPD displacement-voltage factor is first calibrated by monitoring the movement 
of a 0.5 jj,m bead in water fixed to the bottom of a cover slip when the piezo stage is driven 
sinusoidally. Then, by fitting a Lorentzian function to a power spectrum of the displacement 
due to Brownian motion, shown in figure 4.1 (later in the paper) the trap stiffness can be 
determined from the corner frequency and the nm-voltage correction factor j3 [83]. This even 
can be done without a calibrated detector system since corner frequency is independent of 
the magnitude of the spectrum. For a well aligned detector system, the detector response will 
correspond to bead displacement linearly: 
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vxx = p (4.1) 

where x is the actual displacement in meters and vx is the detector response in volts. 
This method provides a fast and accurate way of determining trap stiffness. In order to test 
the system, measurements were made first in water and then in glycerol solutions of different 
concentrations. 

Position detection A calibrated system is needed for accurate quantitative measurement of 
the bead displacement. Back focal plane is a technique for detecting the displacement of 
micron-sized optically trapped particles using far-field interference. This technique refers to 
the plane normal to the principal axis of the lens which coincides with the back focal length of 
the lens. When a particle, of similar size to the wavelength of the trapping light, is trapped by 
optical tweezer in the object plane of a microscope objective will cause a diffraction pattern. 
In the corresponding Fourier plane, located in the back focal plane (BFP) of the condenser this 
interference pattern is detected. This pattern arises as the laser light scattered from the bead 
interferes with the unscattered laser light. A lateral movement from the equilibrium position 
of the trapped bead causes a an angular change of the beam that hits into the detector and 
it results in a translation of this diffraction pattern. Information about an axial displacement 
of the bead can also be determined by the laser intensity shifts in the Fourier plane that is 
projected on a quadrant photo detector (QPD). 

A quadrant photo detector (QPD) must be placed in the Fourier plane for performing 
position detection. As the laser enters the sample through the objective, the condenser acts as 
the imaging lens for the laser focus. The quadrant photodiode in our setup monitors the pattern 
of laser intensity in the back focal plane (BFP) of the condenser. The lateral displacement (in 
x and y) can be obtained from the difference in the signal from the quadrants, while the sum 
of the four quadrants will correspond to axial displacements of the trapped particle. 

For the accuracy of this method is important that the outer part of the beam must be 
filtered in order to get only the intensity and position of the center of the spot. This can be 
done by closing the condenser iris or by using a small QPD to only detect the center of pattern. 

Usually due to the structure of a normal microscope it is difficult to mount the detector 
directly in the back focal plane of the condenser, so a lens must be used in order to image the 
BFP and create a second Fourier plane to place the detector, as can be observed in our set up 
(where L9 in Fig.4.1 represents the lens that images a second Fourier plane of the back of the 
condenser). 



Chapter 5 

Results 

Two different techniques were used for the kinetic analysis of granule traffic before and after 
exocytosis stimulation with B a 2 + : Quantitative time-lapse confocal imaging of single fluo
rescent tagged chromaffin cells granules and the power spectrum of the movement of a vesicle 
driven by optical tweezers. In this chapter we show the results obtained for the cell culture 
where chromaffin cells were selected over PC 12 cells for its transfection rate with electropo
ration. After culture the cells, the first analysis was the application of the technique proposed 
by Fischer et al for measuring viscoelasticity, we present the results from this application on 
water and glycerol, and then in the cells. The second analysis is the application of optical 
tweezers with fluorescence imaging for microrheometry. By measuring of the power spec
trum of Brownian motion of a trapped vesicle we can obtain information on the mechanical 
properties of the surrounding medium which can change in response to stimulation, the effect 
of barium in this case. In the frequency domain we can analyze the power spectrum graph, 
obtain the diffusion properties and compared it with the diffusion properties obtained from 
image analysis in the time domain. By the use of models described in chapter 3 we can inter
pret the variation of the power spectrum for cells before and after exocytosis. The information 
obtained from the power spectrum concerns the properties of the cytosol. Finally in this chap
ter, we show the image processing analysis from live confocal microscopy images, that shows 
the dynamics of vesicles when exocytosis is stimulated. This analysis was done by means 
of tracking of single fluorescent vesicles. After the trajectories were obtained the movement 
of the vesicles can be analyzed using tool such as: the mean square displacement, the diffu
sion coefficient, and the correlation of the position. Additionally an analysis on the density of 
vesicles in time and the area of residency before and after stimulation was obtained. 

5.1 Cell culture 

Chromaffin cells can be find as primary culture cells or a tumor cell line as PC 12 cells. Two 
different types of neurosecretory cells were tested for this study. Pheochromocytoma (PC 12) 
cells is the tumor cell line of chromaffin cells. Both chromaffin cells and PC 12 cells are the 
two most commonly used neurosecretory models to study neuronal secretion. These two types 
of cells were transfected with hGH-EGFP vector by electroporation and lipofectamine. The 
one with highest transfection rate was selected for our experiments. 

37 
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Figure 5.1: a) Image from chromaffin cells from the Optical Tweezers set up. b) Fluorescence 
image of chromaffin cells in the Optical tweezers set up. 

Human growth hormone (hGH or somatotropin) is easily transfected in PC 12 cells by 
Lipofectamine LTXTM (Invitrogen) meanwhile chromaffin cells are more difficult to trans-
feet using Lipofectamine and hence we turn to electroporation (Amaxa). The transfection 
with electroporation was more successful in chromaffin cells, with an hGH transfection rate 
of 80% while in PC 12 cells we obtained a lower rate (65% approximately). Lipofectamine 
was more efficient for PC12 cells (70%) but less so for chromaffin cells (15%). For this reason 
chromaffin were selected due to its high rate of transfection by electroporation. By this trans
fection hGH-EGFP can be expressed in chromaffin cells, it enables us to visualize its vesicles 
in confocal microscopy and in the optical tweezer set up. Figure 5.1 shows the image of the 
cells with white illumination on the optical tweezers set up. Under the light of a mercury 
lamp, used as excitation light source, we can observe that vesicles of interest are fluorescent 
(Fig.5. lb). It is important to notice the difference between the two images because even when 
in the left images all the vesicles look similar, some look darker and that is related to the dis
tance from the focus. However, some vesicles that can be seen on the left are not fluorescent 
because they are not transfected with the hGH-EGFP vector as can be see in the right image. 
For our experiments all the measurements were done on fluorescent vesicles. 

5.2 Measurement of viscosity in water and glycerol by the 
oscillation technique 

As it was describe in detail in Section 3 the technique by Fischer for measure viscoelasticity 
was used for this study and implemented to our knowledge for the first time experimentally. 
As was explained in this section, for this technique the stage was driven sinusoidally (labview), 
then the position is detected by the QPD. From the QPD, we obtain the inputs for the technique 
phase and amplitudes of these signals. Then this information is process by a Matlab program, 
that reproduces the series of equations in order to find the passive and active responses. Finally 
the viscoelasticity can be obtained, as was showed in chapter 3. This program and some 
measurements were done in collaboration with Susan Roelofs at the University of Queensland. 

The position of a bead in the optical trap as a function of time was obtained using the 
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signals from the QPD. This was done first in passive mode, a situation where the stage was 
not driven. After one passive measurement, several active measurements were performed. For 
this active measuring the stage was moving sinusoidally with an amplitude of 100 nm and a 
frequency of 60 Hz. From these input values the viscosity was obtained using equations 5 to 
14 from chapter 3. Figure 5.2 gives an example of the raw data obtained from the quadrant 
detector during an active measurement. In the frequency domain this translates to figure 5.2 
b) that represents the power spectrum of the signal. In this graph the large peak is due to the 
driving frequency and the thermal background is visible from the Lorenz curve, where the 
corner frequency is related to the trap stiffness. 

First, we try this method in a viscous liquid, water was selected as a reference due to its 
low viscosity variation with temperature. In figure 5.3 we can see th results obtained from 5 
sets of 4 measurements (1 passive (steady stage) and 3 active (driven stage) measurements) in 
different beads. A viscosity of 1.0±0.1 10 _ 3 Pa s, was the output of these measurements. 

Then we try different concentrations of glycerol (17%, 37%, 52%, 63% and 79%) in 
water solution, in order to probe the performance of this technique in more viscous liquid. 
For low concentration (17%, 37% and 52%) the performance of the method was acceptable 
(error jl0%), and the viscosity increased with concentration of the sample as we expected. 
Surprisely this technique works different for higher concentration, the error was big specially 
for 79%. 

The next step was to probe this technique on viscoelastic materials. The viscoelastic 
properties of poly(ethylene oxide) (PEO) solution (MW 3,3000,000) were investigated using 
this dynamic oscillatory testing technique. The results from the application of this technique 
are shown in Fig.5.5. In this figure, different increasing concentrations (0.43 %, 0.75%, 2.5% 
and 4.7%) of PEO aqueous solutions correspond to different increasing viscosities (0.0225, 
0.1866,0.7463, 6.3716 [Pa s]). This graph present a exponential behavior that can be observed 
as linear in a log plot as is specified by the provider in Appendix 5. 

Different factors can affect the quality of our measurement as temperature and external 
vibrations specially the precision of our instruments. The stage by which we drive the system 
is under hysteresis and there is not a good feed back between the stage and the computer, this 
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Figure 5.3: Measurements performed in water. A viscosity of 1.0±0.1 10" 3Pa s was obtained. 
The x axis represent the number(nr) of measurements and y axis the viscosity. 
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Figure 5.4: Measurements performed in glycerol solutions. The obtained viscosity is plotted 
as a function of the glycerol concentration. 
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Figure 5.5: The viscoelastic properties of poly(ethylene oxide) (PEO) aqueous solution (MW 
33,000) in different concentrations (0.43%, 0.75%, 2.5% and 4.7%). 

fact affected our measurements. 
Due to the variation in the measurements we decided to look for the effect of the diam

eter in scattering light that could affect the calibrated force and the signal that is capture bye 
the QPD. All these measurements were performed on solid polystyrene beads with a diameter 
of 2±0.045 /im. The effect of the size of the particle on the position in the trap as well as 
the trap stiffness using a full non paraxial vector wave treatment was calculated by Timo 
Niemen. The result of the calculations is shown in figure 5.6, where the variation in bead 
position in z—direction as a function of the bead diameter and the effect of the diameter on 
the trap stiffness (dark circles represent a bead with diameter of 0.5 //m and clear circles a 
bead with diameter 2 pm) are shown. 

These simulations were done customized for our set up for a NA of 1.3 and a trapping 
wavelength of 1064 nm. It appears that a small variation in size causes a large variation in 
z—position in the optical trap. This could be a problem because the position of the bead with 
respect to the imaging system changes, which means the calibration of the QPD changes and 
therefore the position we obtain in meters could be incorrect. In figure 5.6 b) the effect on 
the effect of the diameter on the trap stiffness is shown. Again large variations can occur. 
To avoid problems with either of these factors we choose polystyrene beads of 2.077 //m 
with a standard deviation of 0.045 fjm. For this size range the variation in z—position as 
well as trap stiffness appears to be minimal. This is not the case for chromaffin vesicle whose 
diameter is approximately 0.5// (see the green circles in Fig.5.6), the variation for trap stiffness 
and z—position represents a big variation that definitely affect our results and can be the 
explanation for the 20% variation that was obtained on the measurements. 
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Figure 5.6: a) Variation in bead position in z-direction as a function of the bead diameter and 
b) The effect of the diameter on the trap stiffness (green circles represent a bead with diameter 
of 0.5 /im and blue circles a bead with diameter 2 /im). 

5.2.1 Measuring viscoelasticity in chromaffin cells before and after exo
cytosis stimulation by the interpretation of the power spectrum 

Applying this method to the real data of the power spectrum of the 0.5 pm diameter polystyrene 
beads trapped in water, we obtained a good fit with the Lorentzian function, as can be seen 
in Fig.5.7 a) which shows the power spectrum of a trapped bead, the average of 20 indepen
dent power spectra sampled at 8 kHz, fitted by a Lorentzian curve. A corner frequency of 
f c=195Hz can be obtained from this fit. From this graph we obtained an average high fre
quency slope of-1.94 that is very close to our expectation of the power tail in a viscous liquid 
with a characteristic slope of -2 [87]. 

In the same figure we show some preliminary data on the ~0.5/xm diameter vesicles in 
a chromaffin cells as described in section 3. The figure 5.7 shows that the high frequency 
slope of a log-log plot is substantially less than -2 indicating viscoelastic behavior of the cell 
content. 

As was mention previously, barium is commonly used for exocytosis stimulation in 
chromaffin cells, but when B a + 2 is added in high concentration (more than 5 mM) the cells 
die. Changes in the cell structure, mainly in the cytoskeleton, are expected in a dead cell. 
A difference in the power spectrum of a dead chromaffin cell is shown in Fig.5.7 c). We 
can even perhaps see a similarity of this spectrum with the staircase spectrum presented in 
Fig.5.7., which demonstrates that the content inside chromaffin cells is viscoelastic and that 
differences in the cell structure caused by the effects of drugs can be detected by the analysis 
of the Brownian motion power spectrum. 

The power spectrum of the Brownian motion of vesicles was capture in order to study 
the dynamic behavior or motion of secretory granules in resting and stimulated conditions 
using the models showed in chapter 3 for optical tweezers in a viscoelastic medium. It is 
important to notice that one sample was needed for each measurement, the measurements 
were performed on the same fluorescent vesicle, in control condition and in different times 
after stimulation. The following is the procedure for all measurements: a Mattek plate with 
cells was placed in the stage of the optical tweezers set up. Then the microscope was adjusted 
and a fluorescent vesicle was trapped. A measurement was perform in control condition after 
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Figure 5.7: a) Power spectrum of the 0.5 pm trapped polystyrene bead in water with a corner 
frequency of f c= 195 Hz. The power spectra shown is the average of 20 independent power 
spectra sampled at 8 kHz. The data was fitted by a Lorentzian function, b) Power spectrum of 
a 0.5 /xm trapped vesicle inside the chromaffin cell, c) Power spectrum of a 0.5 / i m trapped 
vesicle inside the dead chromaffin cell after the treatment with B a + 2 . 
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Figure 5.8: Brownian motion power spectrum of chromaffin vesicles. Six cells were measured 
before and after exocytosis estimulation. Each cell is represented with the same color. The 
arrow indicates the direction of the graph with time. 
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this, barium is added and the measurement is repeated 1 and 3 minutes after. Six cells were 
treated with barium as secretagogue, in Fig. 5.8 each of the measurements performed for each 
cell is presented using the same color. A notorious change in the offset of the line can be 
observed in most of the cells, in all measurements the graph moves parallel to the original 
and it is moved to the left. A change in the slope or in the offset can be translated to a 
change in the properties of the medium. The slope is not changed in a significative way in our 
measurements, mere is only a variation on the offset for the measurements after stimulation. 
This variation can be interpreted with the models used in chapter 3 as an increment on the 
viscosity of the medium. For example in this figure three green lines can be observed, the 
one at the right is before stimulation the other two lines correspond to the measurements from 
1 and 3 minutes after the addition of barium. The change in the offset represent a decrement 
in viscosity. 

5.2.2 Imaging processing for the study of vesicle's dynamic 
As was mentioned in Section 2.3.3. from the image processing we obtain mainly the trajecto
ries of the vesicles by Gaussian fitting. By the analysis of trajectories we can obtain the size 
of the vesicles, mean square displacement and its interpretation: diffusion coefficients, and 
x — y correlation. Additionally, we performed two other analysis by image processing: the 
density of vesicles and the area of residency before and after exocytosis stimulation. 

Tracking of single vesicles with confocal microscopy in chromaffin cells For our study 
the vesicles that appear in more than 40 consecutive planes of the processed images and those 
that not collide with neighboring vesicles were selected for tracking. 

An average of 12 vesicles were selected per cell in 5 cells. As was described in detail in 
chapter 3, the images were processed before vesicle's tracking. 

The first step of every tracking routine is to locate the particle with high precision. For 
this propose, as was explained in detail in chapter the original image was converted to gray 
scale and processed to modify the background for easy visualization of vesicles. Then the 
particles were tracked by using the software Logger Pro, based on the trajectories obtained 
from this software, the original images were cropped, and finally the image of a single vesicle 
was fitted to a Gaussian. By this fitting the size and a more accurate position can be deter
mined. Sixty vesicles were tracked and fitted to Gaussians. The diameter of the particles has 
a Gaussian distribution with 0.473 nm as central value and a standard deviation of 0.181nm. 
The trajectories were obtained with more precision than the ones obtained from Logger Pro 
software. The trajectories present different behavior in control and stimulated conditions as 
can be seen in Fig.5.9. This figure shows an example of two typical trajectories that were 
obtained from the tracking of the vesicles before and after exocytosis stimulation. 

In control conditions 90% of the vesicles present a trajectory that seems confined in 
a compartment as is shown in Fig.5.9 (left). In stimulated condition 75% of the vesicles 
visually present in their trajectories a more directed movement as is shown on the right of the 
same figure. The remaining vesicles that were closer to the central region and the nucleus 
were prone to confined behavior presented in control condition. These two different types of 
trajectories can be then analyzed by the study of the correlation of trajectories. 
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Figure 5.9: Example of vesicles' trajectories before (left) and after (rigth) exocytosis estimu
lation. 

In biological samples there exist variations in shape and size that can affect the T h e o l o g 

ical experimental results if this variation is not considered. The radius was consider for the 
optical trapping experiments for measuring viscoelasticity. 

Mean square displacement and diffusion coefficient Confocal microscopy provides the 
opportunity to study dynamics and movement of single vesicles in living cells. In this work, 
movement of individual vesicles was studied in wild-type chromaffin cells using single parti
cle tracking techniques with high temporal resolution (as described in the sub-section 3.3.3). 

Lateral trajectories (x — y plane) of vesicles in all trials most often had a confined shape, 
that means that vesicles did not leave a certain area but rather showed jittering movement 
during observation time. It is difficult, however, to characterize the nature of movement from 
the raw trajectories. Quantification of movement parameters such as the diffusion coefficient 
was first performed using mean square displacement (MSD) analysis, as widely used in single 
particle tracking (see theory in the sub-section 3.3.3). 

From the five different diffusion models presented in chapter 3 (see theory in the sub
section 3.3.3) only three types of motions were found by fitting the MSD plot with the appro
priate equations presented: active transport (I), random diffusion (II) and confined diffusion 
(IV). Fig.5.10 summarizes the results of MSD curve fitting for vesicles tracked in chromaf
fin cells before and after exocytosis stimulation. MSD plots fitted with theoretical models 
resulted in curves shown in different colors, and returned parameter values that allow us to 
estimate the diffusion coefficient for each case. 

A straight line fit to MSD indicates a random diffusion (see eq. 28), which was generally 
observed in majority of the vesicles in control condition and is shown in Fig. 5.10a). 

Even though when exocytosis is stimulated most of the vesicles seem to move in con
fined compartments and exhibits a negative curvature in the MSD plot (Fig.5.10 b). This 
behavior can be interpreted as a caged diffusion as if the vesicle were tethered or confined by 
different obstructions. 

In our experiments we seldom observed a different kind of motion suggestive of the 
vesicles touch a cytoskeletal filament and moves as in a rail with high velocity, this was pre
sented with the higher frequency in stimulated condition than control condition. In literature 
we can find the report of this movement that occurs when vesicles use the actin filaments as 
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Figure 5.10: Exemplary MSD plots common in chromaffin cells under exocytosis estimula-
tion, a) directed diffusion b) free diffusion c) confined diffusion. 

track rails powered by motor proteins and it known as active transport [5.10]. Their MSD 
results in a positive curvature because V 2 from equation (29) is the dominating term in the 
MSD plot as was showed in Figure 7 and it was described by active transport (labeled as I). 

In control condition most of the vesicles (77%) present free diffusion and part of them 
(19%o) were fitted with a quadratic function presenting caged diffusion. Only a small fraction 
of vesicles (4%) displayed MSD plots with the shape that corresponds to 'active transport' 
mechanisms Fig.5.10 c). 

The movement in stimulated condition can be observed as restricted diffusion most of 
the cases (84%) and the vesicle moves less than its diameter during the time lapse. Ap
proximately 8% of the vesicles can be consider in the category of directed diffusion and the 
remaining vesicles were freely diffusing. We can assume that the information that we are 
obtaining corresponds to the docking state of the vesicle, when the displacement is restricted 
but the jittering increases. 

In random and cage diffusion, most vesicles move around their residing position, and in 
control condition only small fraction traveled in directed fashion. We found that high B a 2 + 

stimulation significantly increases the number of granules that traveled in directed motion, 
that suggest a regulated active transport of granules. B a 2 + leads to a influx of C a 2 + that have 
been cited as central factor in accelerating the recruitment of neurosecretory vesicles in order 
to be competent for exocytosis. The MSD plot from the trajectories of chromaffin vesicles in 
time that corresponds to the stimulated and control conditions can be fitting to the equations 
(28-30) presented in chapter 3 in order to find the diffusion coefficient in two dimensions D ^ . 

Interestingly, despite the fact that visually most of the trajectories could be classified 
as confined in stimulated condition, the majority of MSD plots were better fitted with a free 
diffusion model (linear), because even they are confined in a restricted area where they move 
freely. 

For stimulated condition the diffusion coefficient, was D ( 2 ) =11.93±2.2xlO~Vm 2/s 
(in 60 cells) higher than the one obtained in control condition D ( 2 ) = 1 8 . 1 2 ± 3 . 7 x l 0 - 4 / / m 2 / s 
for the same number of cells. This difference indicates that when stimulated the motion of 
the vesicles is restricted and this motion is confined or caged, this could be an indicative of 
docking process. 



CHAPTER 5. RESULTS 47 

1 

0.8 

0.6 

0.4 

0.2 

0 

-0.2 

-0.4 

-0.6 

-0.8 

-1 

• 
• • * 

• 

•f- » • 

• • 

• • " • 
1 5 10 • " 15 50 

I 

* 1 • • • 
• • * 

• 

• EstimulatedSi 

• Control 

Figure 5.11: Representative set of 20 position correlation factors between x and y coordi
nates for control and estimulated condition in chromaffin cells. The correlation for control 
condition, indicated by pink squares, shows a low correlation range (from -0.5+ to 0.5), a 
higher correlation can be observed for estimulated condition show as blue squares varies from 
1 0 . 4 - 0 . 9 1 . 

The x — y correlation Additionally to restricted displacement, in 75% of the trajectory plots 
during stimulation we observed a trend direction towards the membrane that can be quantify 
by the position correlation factor (using x — y trajectories). The correlation is a tool that 
allow us to find the degree of linear dependence between two random variables, in this case 
x and y coordinates. If the correlation coefficient p is close to 1, it indicates an increasing 
linear relationship, meanwhile a coefficient of -1 indicates a case of a decreasing linear re
lationship. Intermediate values in all other cases, indicating the degree of linear dependence 
between these two random variables. The closer the coefficient is to either -1 or 1, the stronger 
the correlation between the variables. When the correlation is 0 the variables are known as 
independent. 

A high correlation factor ( p ifi.5) between x — y coordinates can be observe in stimu
lated condition in 85% of the vesicles and only 10% of the control condition presents a high 
correlation factor. Figure 5.11 shows the x — y correlation of 20 vesicles in control condition 
(pink squares) and the same number in stimulated condition (blue squares). We can observed 
that in both cases there is a degree of linear dependence, but the stimulated condition has 
higher correlation than the control condition. After stimulation vesicles have a preferential 
direction in order to reach the membrane. These data confirm the confined movement that can 
be observed by plotting the trajectories. It is important to notice that 20% of the vesicles in 
stimulated condition were competent and performed exocytosis during the tracking, so they 
disappear after the last frame that was consider for tracking. 

Area of residency Using the accumulation of cropped images processed for tracking, we 
can identify the residency area as a function of time, that we defined as the area that a single 
vesicles covers during a given period of time. The analysis of the trajectories from the tracking 
results, revealed that some vesicles (~20%) moved as if they were restricted within a circular 
cage, suggesting the presence of some intracellular tethering matrix. By constructing the 
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Figure 5.12: a) Cropped section of the original image, b) Gray scale filtered image with 
smooth surrounding c) Area of residency of the vesicle. 

histogram of the diffusion coefficients, we observed a smooth Gaussian distribution instead 
of the existence of distinct groups. 

In literature is revealed that vesicles in unstimulated condition moved in an area of 65 
/xm2, suggesting the presence of some intracellular tethering matrix and in stimulated condi
tion the average area is in average 31 /im 2 where the vesicles confine their movement, this area 
is almost 50% of the area covered in control condition. We could be observing the docking 
condition because several studies using TIRF has determine that the vesicles that are adjacent 
to the plasma membrane are highly restricted in their motion, two orders of magnitude less 
than in free fusion, suggesting that they are metered or restricted by a cage ([21],[55],[22]) that 
could be the case that we are observing here, despite we don't have two orders of magnitude 
difference we observe a decrement in the area as was cited in these references. 

Using the study of the trajectories from the tracking results of sixty vesicles we can 
observe that the vesicles in control condition the area of the center displacement was 62.7 
nm 2 in 20 seconds in average and in stimulated condition the area of the center displacement 
is restricted to approximately 50% of the original area, approximately to 31.8 nm 2 . The 
lateral trajectories of the vesicles were more often confined to a certain area showing jittering 
movement. Figure 5.9 shows an example of a confined shape trajectory from a chromaffin 
cell's vesicle in unstimulated condition and a trajectory in stimulated condition. In order to 
find the area of residency of a single identified vesicle, an image analysis was carried out 
as follow in Fig.5.12First, the image is converted to gray scale and the area of interest is 
segmented a), then this image is filtered image and average filtering is applied to smooth the 
surroundings b), finally in c) the area of residency of a single vesicle is defined by a threshold. 
This image was converted to a binary image in order to find the area that the vesicle covers 
when it moves. 
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Figure 5.13: a) Original image obtained from the confocal microscope b) Binary image, after 
image processing c) Image with membrane countour defined d) Central area of the image for 
counting maintaining the same membrane contour. 

Distribution of vesicles before and after stimulation We hypothesise that the density of 
vesicles will be increase close to the membrane moments before exocytosis. First when stim
ulated, vesicles travel towards the membrane and this causes a increment in the fluorescence 
until they release their content as a result the intensity decreases. Usually this fact is quantify 
by the intensity of the image in time before and after exocytosis or by monitoring the hGH that 
are released into the extracellular medium. We performed a quantitative analysis, by counting 
the number of vesicles in a certain area in order to know exactly the number and size of the 
vesicles that are close to the membrane, and know what percentage of them were competent 
for exocytosis. 

For this purpose the cell was divided in two regions: central an peripheral as was de
scribed in detail in subsection 3.3.4. By using the program described in subsection 3.3.4, we 
find the area of the cell by a threshold, considering the background and then the area is defined 
by a perimeter. The area is transform to a binary image and the number of pixels is quantify 
and the density of vesicles is obtained. Figure 5.13 shows the a) Original image obtained from 
the confocal microscope b) Binary image, after image processing c) Image with defined area 
by a perimeter d) Mask used for the central area of the image. 

There exist several studies using TIRF that quantify the intensity of light before and after 
exocytosis. Due to the nature of this technique, the analysis is done only near the membrane 
that is attach to the glass of the coverslip. One advantage of the confocal microscope is that 
we can obtain different planes of the cells and reconstruct in a 3D image in time, that means 
information of the whole membrane can be obtained. Using confocal microscopy we study 9 
planes in 5 cells and quantify the effect in the number of cells close to the membrane due to 
exocytosis stimulation. 

Figure 5.14 shows an example of one of the planes (central part) of a chromaffin cell 
under stimulation obtained from the confocal microscope. In this figure we can observe the 
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Figure 5.14: Vesicles in time before and after estimulation in the central plane from a cell. 
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Figure 5.15: Intensity of the images in time. 

number of vesicles in time in control condition and in the middle of the graph a pulse can 
be observed, the B a 2 + was added in this instant. An instant shrink reaction of the cells was 
observed when the secretagogue was added. Then an increment on the number of vesicles in 
the peripheral area can be observed in the next 20 frames that correspond to 20 seconds. Next, 
some competent vesicles fuse with the membrane and a decrement on the number of vesicles 
can be observed. The number of vesicles in the central region present a little variation when 
stimulated, at the end they presented also a decrement as can be observed in the last frames. 
It is difficult to say that vesicles from central region are static, or also quantify the vesicles 
as a constant number in the whole cell due to fact that vesicles are generated in the Golgi 
apparatus, this generation rate is unknown and could be affected under stimulation. 

It is interesting to compare the number of vesicles with the intensity graph of the same 
set of images. As can be seen in Fig. 5.15 the intensity presents a pulse when the secretagogue 
is added but the intensity is always increasing this can be interpreted by the movement of the 
vesicles to the membrane, if the vesicles are close to the membrane the fluorophore would be 
capture with higher intensity as if it were far from it. So by the combination of this two graphs, 
one could think that the vesicles in the central region actually travel to the membrane and they 
are replaced by those vesicles generated under stimulation, meanwhile in the peripheral region 
the competent vesicles fuse with the membrane. A combination of this two analysis with the 
quantification of the released hormones can give us a useful tool for the analysis of exocytosis. 

In order to probe the "conservation" of the vesicles in the whole cell, we count the 
vesicles in 9 planes of the cell on 200 frames. Fig.5.16 shows the number of vesicles on time 
before an after exocytosis. We can observed that the number of vesicles is decreasing with 
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Figure 5.16: Total number of vesicles in time of 9 planes of the cell. Barium is added in the 
frame 100. 
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Figure 5.17: Density of vesicles in time in the central plane od the cell. Barium stimulation is 
done on frame 50. 

time. The number of vesicles in time has a different behavior when exocytosis is triggered. 
The data of the graph present higher slope after exocytosis. 

The density of the vesicles in time in the central plane is shown in Fig.5.17. The stim
ulation by the addition of Barium was perform in the middle of the time series (frame 50). 
We can see in that this graph has a very similar behavior as the number of vesicles in time in 
one plane. After stimulation, the density of vesicles increases suggesting that the number of 
vesicles increases on the plane and then we can observe a decrement in the number of vesicles 
due to the fusion of vesicles when exocytosis. 



Chapter 6 

The aim of this work was to provide a better understanding of the dynamics of secretory 
vesicles destined to undergo exocytosis in neurosecretory cells by optical tweezers and image 
processing from confocal imaging. Both tools, optical tweezers and confocal imaging were 
applied to study the mobility of single secretory vesicles in living chromaffin cells. 

This study has required efforts in a wide range of fields: 
The first step was to align and improve an optical tweezers setup capable of precise po

sition measurements in two dimensions and fluorescence imaging for the EGFP fluorophore. 
This single beam optical trap combined with fluorescence imaging was used to implement the 
viscoelasticity measurement technique proposed by Fischer et al. in order to measure the vis
coelasticity properties of chromaffin cells during exocytosis. In this set up, the fluorescence 
capabilities of the set up were sufficient to visualize the fluorescent vesicles and the optical 
trap was able to trap them tridimensionally inside chromaffin cells. The Brownian motion 
power spectrum by the constitutive equations was used in order to analyze the viscoelastic 
properties inside cells by trapping vesicles without damaging the cell. Differences in the cell 
structure caused by the effect of drugs or cellular processes was be detected by the analysis of 
the Brownian motion power spectrum. 

In conclusion the method proposed by Fisher et al. for measuring viscoelasticity has 
been tested experimentally in water, glycerol and PEO. This method and any method that 
implies the use of the scattered light of the trapped object will be affected in relation with 
its size. The size of the trapped particle changes the scattering light and the signals that are 
obtained from the QPD, affecting considerably the trap stiffness and the particle's z—position 
in the optical trap. Using this technique the values of the viscosity of water were consistent 
with an error of 20% as well the values found for the glycerol viscosity. For low glycerol 
concentration (17%, 37% and 52%) the performance of the method was acceptable, and the 
viscosity increased with the concentration of the sample as we expected. Surprisely for higher 
concentration the error was big specially for 79%. The method was more precise for low vis
cosity since we can observe in the glycerol plot how the error increases with the concentration 
of glycerol. The next step was to probe this technique on a PEO aqueous solution (MW 
3,3000,000) using this dynamic oscillatory testing technique. The viscosity increased with 
the concentration of PEO as occurred on glycerol measurements but the experimental set up 
must be improved in order to obtain precise measurements. The graph of the data presented an 
exponential behavior that can be observed as linear in a log plot as is specified by the providor 
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Conclusions and future work 
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in Appendix 5. The method proposed by Fisher et al. for measuring viscoelasticity has been 
proven experimentally in viscous and viscoelastic liquids as water, glycerol and PEO. 

The variation presented on the measurements can be generated from different sources, 
the variation of the trap stiffness, the feed back from the stage, and the environmental noise 
that is randomly generated. More precision could be achieved by monitoring the position of 
the stage real time, this would improves the calibration of the QPD. A feedback controller of 
the microscope stage would also provide more useful results. 

Optical tweezers were used in chromaffin cells in order to study the changes in the 
medium that surrounds the vesicles when exocytosis is stimulated. The Brownian motion 
power spectrum of a driven particle in a viscoelastic medium was obtained by the use of con
stitutive equations. These power spectrum plots was used in order to analyze the viscoelastic 
properties inside cells and the differences in the cell structure caused by the effect of drugs 
or cellular processes. By the interpretation of different experimental power spectrums plots 
we found that when exocytosis is stimulated the viscoelasticity of the medium increases. This 
increment in viscosity can be interpreted as a restructure of the actin filaments or as a change 
in the properties of the gel that surrounds the vesicles. A increment in viscosity that is related 
to a change in the structure will restrict the area of residency of the vesicles. 

Additionally to optical tweezers, confocal microscopy was used for real-time imaging of 
single fluorescent labeled vesicles beneath the plasma membrane of chromaffin cells. Confo
cal imaging was combined with the single particle tracking, trajectories analysis, correlation, 
residency area analysis, and assisted by density vesicles' analysis. Each part of the analysis 
of trajectories can give different information that when combined with the viscosity obtained 
from optical tweezers can give a wider panorama of the exocytosis process. 

The vesicles in chromaffin cells presented three different behaviors in control and stim
ulated conditions: free diffusion, directed diffusion and cage diffusion. 

In control condition 90% of the vesicles present a random diffusion behavior when their 
MSD plots are fitted to the models previously described. This can seem contradictory to inter
pretation of the trajectory plot where we can observe that in control condition there exist a cage 
formed by the actin filaments of the cytoskeleton that restrict the movement of the vesicles in 
most of the cases. Even though it seems contradictory, it can be explained by the fact that the 
observation time is too short or the cage is so big that its behavior is reflected as free random 
diffusion when using MSD plots. From the fitting of MSD plots the diffusion coefficient for 
control condition was determined as D ( 2 ) =18.12±3.7xlO~Vm 2 /s . By the correlation of the 
coordinates we found that x — y movements were independent this means that vesicles in 
control the movement is random and it does not present any preferential direction. 

In stimulated condition, the active and caged diffusion increases 4% and 65% respec
tively in relation to the control condition. The diffusion coefficient is also affected by the 
stimulation and it changes to D ( 2 ) =11.93±2.2xl0~ 4 /mi 2 /s . The area of the residency of the 
vesicles is reduced to 50% approximately when compared to control condition, suggesting 
that most of the vesicles are in docking state. This result supports the one obtained from 
optical tweezers where the viscosity increases due to a possible chemical change in the sur
rounding medium or in the restructure of actin filaments. The trajectories plots of vesicles in 
stimulated condition present a preferential direction that was quantify by the correlation of 
its coordinates at each time that can be related to active transport of vesicles. A preferential 
direction was showed in their trajectories and also in the correlation of its coordinates. So in 
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stimulated condition we can define the movement of the vesicles as a restricted, directed and 
more active than in control conditions. 

The density of the vesicles was analyzed in different planes of chromaffin cells in con
focal microscopy. The peripheral region presented an increment on the number of vesicles, 
when exocytosis is stimulated, that is difficult to distinguish in the analysis of intensity in time. 
The combination of these two graphs make us infer that the vesicles are actually traveling in 
direction to the membrane. 

Future work can be done with these techniques in an non invasive way on chromaffin 
cells or on any neurosecretory cells. The effect on the dynamics of exocytosis of different 
secretagogues (as KC1 and nicotine), the actin filament disruption, deficits on hormones or the 
effect of any drug can be monitor with these techniques. 

As conclusion we can said that optical tweezes and imaging processing from confocal 
microscopy are useful tools for the study of cell's dynamics. 
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Appendix A 

Protocol for extraction of bovine 
chromaffin cells 

The protocol for the extraction of the cells from adrenal glands can be divided into three 
stages: isolation of cells (5-6 h), determination of viable cell numbers (approximately 30 
min.) and growth in culture (3-7 days). The protocol for chromaffin cells is given for three 
glands; adjust volumes proportional to the number of glands. This protocol has to be done 
in sterilized conditions, using sterilized equipment in a cell culture hood. For the success 
of the protocol, surgical instruments should previously sterilized and re-sterilized during the 
procedure by dipping into 90% ethanol. Next we present the reagents, equipment and reagents 
set up used for this protocol and all the steps followed. 

Reagents 
Bovine adrenal glands 
Gloves 
100 penicillin-streptomycin-GIn (Invitrogen, cat. no. 10378-016) 
Fungizone (amphotericin B; Invitrogen, cat. no. 15290-018) 
DMEM low-glucose medium (Invitrogen, cat. no. 11885-084) 
Heat-inactivated FBS (Gemini Bio-Products, cat. no. 100-106) 
AraC stock (cytosine arabinoside; 3 mg AraC per 10 ml DMEM) 
5-FDU stock (5-fluorodeoxyuridine; 24.6 mg FDUper 10ml Locke's) 
Trypan blue stock (Sigma, cat. no. T8154) 
0.2% collagenase P (Roche, cat. no. 11213857001) 
0.5% BSA (Sigma, cat. no. A9418) 
Percoll (sterile solution; GE-Amersham Biosciences) 0.22-mm pore-size filter 
Ethanol (90%) 
KC1 
Locke's buffered Percoll solution 
N a H C 0 3 10 Locke's buffer 
Locke's transportation buffer 
Glucose 
HEPES acid 
lOMNaOH 
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Poly-L-Lys 
Poly-D-Lys 
0.22-mm pore-size filter 

Equipment 
Spinner flask; either sterile glass or plastic. 
Glass beakers (100-, 250- and 500-ml) 
500 ml bottle 
250 fim nylon mesh plus filter container 
15 cm polysteryne Petri dish 
50-ml conical tubes (Corning, Cole-Parmer, cat. no. EW-17400-34) 
50-ml round-bottom transparent centrifuge tubes (e.g., Nalgene) 
24-well tissue-culture-treated polystyrene cell culture plates 10- and 25-ml plastic pipettes 
Single channel pipetters 
Motorized pipetting aid 
Filtration unit, 0.22-mm pore size 
40-mm (BD-Falcon 352340) and 100-mm (BD-Falcon 352360) filters 
Cell culture hood (with sterile laminar air flow) 
Neubauer chamber with coverglass (hemacytometer) 
Inverted light microscope 
37 °C, 5% C 0 2 cell culture incubator 

Reagent set up 
10X Locke's buffer 90 g NaCl, 4.17 g KC1, 3.02 g NaHC0 3 , 10.09 g glucose, 
50 ml 1 M HEPES acid. Adjust to pH 7.4 with 10 M NaOH and make up the volume to 1: 1 
with water. 
Filter-sterilize with 0.22-mm pore-size filter. 
XLocke's buffer Dilute 10 Locke's buffer 10-fold 
Locke's transportation buffer (supplemented with antifungal agent) 1,500 ml 
10X Locke's buffer containing 100 U ml 1 penicillin, 100 mg ml 1 streptomycin, 
as 100 penicillin-streptomycin-GIn; add 1%, vol/vol and 0.5 mMfungizone. Filter-sterilize 
DMEM cell culture medium DMEM low-glucose medium containing 100 U ml 1 penicillin, 
100 mg ml 1 streptomycinas 100 penicillin- streptomycin-Gin; add 1%, vol/vol), 10% heat-
inactivated, FBS, 1% AraC stock 
(10 mM final concentration) and 0.1% 5-FDU stock Filter-sterilize with 0.22-mm pore-size 
filter. 
Store frozen (for months) or refrigerated (for weeks). 
0 .1% trypan blue stock solution in 13 Locke's solution Store refrigerated (for weeks). 
0.2% collagenase P solution 50 ml 0.2% collagenase P in 1 Locke's buffer,supplemented 0.5% 
BSA. 
Prepare and filter-sterilize on day of procedure. 
Locke's buffered-Percoll solution For 20 ml, mix 2 ml sterile 10 Locke's buffer with 18 ml 
Percoll. 
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Isolation of cells 
II Collect bovine adrenal glands from abattoir. Transport the glands in ice container. 
21 In a cell culture hood, clean the glands, remove the sorrounding fat using scissors and 

always wearing gloves. 
31 Inflate each gland through the adrenal vein with 1 m 0.2% collagenase P solution, 

smash slightly the gland meanwhile keeping pressure from the pipette with the liquid. Incubate 
all the prepared glands for 15 min at 37°C in a 500 ml sterile glass beaker covered with 
aluminum foil. 

41 To isolate the medullae, where is more like it to find chromaffin cells, snip off the 
tip of the gland that is further away from the vein. Cut longitudinally along the long axis 
of the gland. Open the gland and will look as a butterfly shape. Two areas will be very 
distinguishable, peel away the cortexes gently and place the medulla (the darker part) in to a 
sterile 15 cm diameter Petri dish. 

51 Mince the medullae carefully with a small knife, do it for 8-10 minutes this step is 
crucial to obtain a good yield of cells. 

61 Pour the minced medullae into the remaining sterile-filtered 0.2% collagenase P so
lution in a sterile spinner flask, rinse the Petri dish with the collagenase solution and add 
completely to the spinner flask. Incubate for 30 min. this mixture with gently stirring (low 
rev/s) at 37°C. 

71 Filter the collagenase/medulla mixture through a 250-/xm sterile nylon mesh into a 
sterile glass beaker. 

81 Pour the filtered mixture into a 50 ml tube and fill out the tube to 50 ml with Locke's 
buffer. Centrifuge the tube for 10 min., at room temperature (20-25°C), at approximately 400 
rev/s, in order to pellet the cells. 

91 Carefully remove the supernatant with a pipette and discard. Re-suspend the cell 
pellet in 20-ml 1 Locke's buffer solution. 

10 J Filter the cell suspension into a 50-ml sterile conical tube using a 100-mm single-use 
cell strainer filter. 

III Centrifuge at 1000 rev/min. at room temperature for 9 min. Three bands should be 
observed, in the bottom of the tube red blood cells can be find, Chromaffin cells band in the 
middle of the tube and cellular debris accumulates on the top of the gradient. If the bands 
cannot be observed clearly repeat centrifugation. 

12| In order to separate these bands remove the debris at the top with a pipette and 
discard. 

131 Collect the middle chromaffin cell layer (approximately 50-60% of the gradient 
volume, 10-15 ml) with a 10-ml pipette. 

14| Filter the band containing chromaffin cells through a 40-mm single-use cell strainer 
filter. 

15| Put the filtrate (10-15 ml, which contains the cells) into a 500-ml sterile bottle and 
add 200 ml sterile DMEM low-glucose medium. Aliquot 200 ml into four 50-ml conical tubes 
and pellet the cells by centrifuging at approximately 400g for 10 min. at room temperature. 
Remove the supernatant carefully and discard. Re-suspend the cell pellet gently in 20 ml 
DMEM cell culture medium using a motorized pipetter. 

Counting number of viable cells 
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16| Clean the baucher camera with ethanol (80%) and mount the cover glass over the 
ruled area. 

17| Mix the content of the tube and take 10 ml with a pipetter and pour it on the edge of 
the two glasses close to the ruled area in order to fill the chamber with the cell solution. 

18J Set it in the microscope and count the cells that are in other four large corner squares. 
Be careful, very small round cells correspond to contaminating red blood cells. 

19| The number of cells obtained to 10 9 times represent the actual concentration. 

Cell culture 
201 Dilute cells to the appropriate density in DMEM cell culture medium. This propor

tion depends on the experiment. 
211 Pipette the cell suspension into the polystyrene plate or dish. The cells will settle 

and attach to the glass over time in the incubator. Plating can be scaled up or down to other 
vessel sizes by adjusting volumes in proportion to the surface area. 

22| The cultures are typically maintained under sterile conditions in a 37°C per 5% C 0 2 

incubator. 
Experiments are typically performed 3-7 d after plating, the medium must be day by 

day and changed if the medium turns yellow, there may be contamination (usually fungal). 



Appendix B 

Reagents 

Rat Neuron Nucleofector Kit (VPG-1003) Content for 25 reactions 
2.25 ml Rat Neuron Nucleofector Solution 
0.5 ml Supplement 
10 /ig pmaxGFP (0.5 //g///l in 10 mM Tris pH 8.0) 
25 certified cuvettes 
25 plastic pipettes 

Borate buffer 
1.24 g boric acid, 1.9 g Borax (sodium borate), add 400 ml H 2 0 , prep, of coverslips adjust to 
pH 8.5. 
500 ml HBS Dissection solution [Invitrogen/Gibco; Cat. No. 24020-091], 5 ml penicillin/streptomycin 
[Invitrogen/Gibco; Cat.No. 15140-122], 5ml 1 M MgCl 2 , 3.5ml 1 M Hepes (pH 7.3) 
200mM L-glutamine 

Trypsin treatment 
Trypsin/EDTA-HBS solution [Invitrogen/Gibco, Cat.No. 25300-054] 

Trypsininhibiton 
0.8 mg/ml trypsin inhibitor [Invitrogen/Gibco; Cat.No. 17075-029] in dissection solution, 
sterilized by filtration. 

Culture medium 
I DMEM [Invitrogen/Gibco; Cat. No. 10566-016] supplemented with 10% fetal calf serum 
(FCS). 

Culture medium II 
Neurobasal-A medium [Invitrogen/Gibco; Cat. No. 10888-022] 
or DMEM [Invitrogen/Gibco; Cat. No. 10566-016], supplemented 10 mg insulin, 10 mg 
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transferrin, with 
5% horse or fetal calf serum, 2% B27 supplement, 2 mM GlutaMAX™ I, 500 ng gentamycin, 
5 pM cytosine arabinoside. 
Note: Medium should be refrigerated to avoid metabolisation of glutamate, which could be 
neurotoxic. 

Preparation of coverslips 
1) Put glass coverslips (13 mm) into a rack and boil in 100% ethanol for 5 min. 
2) Dry for 5 min. under a laminar flow and place them into a 24-well plate. 
3) Add 400 /il poly-D-lysine solution (1 mg/ml, dissolve in borate buffer, sterilized by filtra
tion) and incubate 
in a humidified 37°C/5% C 0 2 incubator overnight. 
4) Wash 2x with sterile water and dry. 

Nucleofection protocol 

> For the preparation of Nucleofector Solution Add 0.5 ml Supplement to 2.25 ml Nucleofector 
Solution and mix gently. 

One nucleofection sample contains 

> Optimal cell number: 4 - 5 x 106sample contains. 
> Plasmid DNA: 1-3 /ig plasmid DNA (in 1-5 //l H 2 0 ) for stable linearized DNA or 2 fig 
pmaxGFP 
> siRNA: 30 and 300 nM of siRNA (start range) 
> Nucleofector Solution: 100 [A Rat Neuron Nucleofector Solution 

Preparation 
11Prepare the required number of mixed cells according to the protocol. 
21 Prepare 1-3 /xg DNA for each sample. For siRNA we recommend to start using 30 

nM and 300nM for each sample. 
31 Pre-warm the supplemented Rat Neuron Nucleofector Solution to room temperature. 

Pre-warm an aliquot of culture medium I at 37°C in a 50 ml tube (500 jA per sample). 
4| Prepare poly-D-lysine and laminin coated coverslips in 24-well plates, add 300 fil 

culture medium I per sample and pre-incubate plates in a humidified 37°C/5% C 0 2 incubator. 
51 Resuspend the prepared mixed cells in room temperature Rat Neuron Nucleofector 

Solution to a final concentration of 4-5 x 106cells/100 /ul Nucleofection. 
Important: Steps 6 - 1 0 should be performed for each sample separately. 
6| Mix 100 /il of cell suspension with 1-3 fig DNA or the appropriate amount of siRNA. 
71 Transfer the nucleofectionsample into an Amaxa certified cuvette (avoid air bubbles 

while pipetting). Close cuvette with the blue cap. 
81 Select program X-01 (see Nucleofector Manual for details). Insert the cuvette into 

the cuvette holder (Nucleofector I: rotate carousel to final position) and press the »X« button 
to start the program. 
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91 When the display shows »OK« (nucleofection process is completed) take the cuvette 
out of the holder. Add 500 /il of the pre-warmed culture medium I to the cuvette immedi
ately and transfer the sample into the prepared 24-well plates. To transfer the cells from the 
cuvettes, use the plastic pipettes provided in the kit to prevent damage and loss of cells. 

101 Repeat steps 6-9 for the remaining samples. 
111 Incubate cells in a humidified 37°C/5%C0 2 incubator post nucleofection 
12| After 2-4 hours carefully replace medium with 750 fA fresh culture medium I to 

remove cellular debris. 
131 After 24 hours replace mediumwith fresh culture medium II. 
14| After 24 - 48 hours of incubation viability of cells can be evaluated by the cofluency, 

the proportion of cells attached to the cover slips. Depending on the gene, expression is often 
detectable after 6 - 8 hours and can be observed up to 12 - 14 days after nucleofection. 

15| Replace half of the culture medium II with fresh medium once a week. 



Appendix C 

Use the following protocol to transfect DNA into mammalian cells in a 24-well format. For 
other culture vessel, please consult the specification from the manufacturer. 

Prepare complexes using a DNA (Kg) to Lipofectamine™ 2000 (jul) ratio of 1:2 to 1:3 
for most cell lines. Transfect cells at high cell density for high efficiency, high expression 
levels, and to minimize cytotoxicity. 

1. One day before transfection, plate 0.5-2 x 10 5 cells in 500 p \ of growth medium 
without antibiotics so that cells will be 90-95% confluent at the time of transfection. 

2. For each transfection sample, prepare complexes as follows: 
a. Dilute DNA in 50 /il of Opti-MEM I Reduced Serum Medium without serum 

(or other medium without serum). Mix gently. 
b. Mix Lipofectamine™ 2000 gently before use, then dilute the appropriate amount 

in 50 /il of Opti-MEM I Medium. Incubate for 5 minutes at room temperature. Note: Proceed 
to Step c within 25 minutes. 

c. After the 5 minute incubation, combine the diluted DNA with diluted Lipofectamine 
2000 (total volume = 100 p \ ) . Mix gently and incubate for 20 minutes at room temperature 
(solution may appear milky). 

3. Add the 100 iA of complexes to each well containing cells and medium. Mix gently. 
4. Incubate cells at 37°C in a C 0 2 incubator for 18-48 hours prior to testing for transgene 

expression. Medium may be changed after 4-6 hours. 
ftbpFU4.1451in2.2641in0ptSource: Invitrogen catalog.invitrogenFigure 
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Labview program 

The following description correspond to a labview program that was used for the position 
detection from the signals captured by the QPD. This program was developed by Martin 
Persson. 

In this program the X — , Y— and Z—channels of the QPD are displayed in three sepa
rate graph windows in the main window of labview. In this window he angular momentum of 
the beam is monitored in terms of circularly polarized light, the power of the trapping beam 
is also displayed. The monitoring state is stopped once a calibration sequence is initiated 
and restarted once it is finished. When stiffness calibration is initiated from the main pro
gram, a sub program containing the calibration routine starts. This program can also be run 
independently. 

The program sends a sinusoidal output signal to one axis ( X—channel) in the piezo 
stage and then collects measurement data from the QPD. The inputs of the program are: 
driving frequency, drive amplitude, sampling rate and number of samples for each channel 
and they should be determined on the front panel. The four quadrants that correspond to the 
four input channels from the QPD, QX, Q2, Q3 and Q4, are combined to create three virtual 
channels for position in X, Y and Z: 

Measurement data from the first oscillation of the stage is removed to reduce transient 
effects in the piezo stage. The remaining data is sent to Lab VIEW'S "FFT Power Spectral 
Density" to calculate the power spectral densities for the X, Y and Z signals. The data 
acquisition and PSD calculation is placed in a "for loop" and the Spectral Measurements VI 
is set to produce an average of all spectra for each channel. 

The output from the :for loop" is only the averaged spectra for X, Y and Z. The sin
gle data point corresponding to the driving frequency is removed from the X spectrum to 
allow the fitting of a Lorentzian function but saved in memory for the following calculations. 
Before curve fitting, frequencies outside the range specified by the user on the front panel 
are removed to avoid frequencies where unwanted noise usually appears such as around the 

X 

Y 

Z 

(Qi -Q2-Q3 + Qa)/Z 
(Qi + Q2 - Qs - Qa)/Z 
(Qi + Q2 + Q3 + Q4) 
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Nyquist frequency and in very low frequencies. For curve fitting a Levenberg-Marquard al
gorithm included in Labviewwas used. This algorithm is equivalent to a least squares fit if 
measurement errors are independent and normally distributed with constant standard devia
tion, which is true since the central limit theorem applies to the PSD used which is the average 
of a large number of spectra. The program returns fc and A for the X—, Y-, and Z—spectra 
as well as the magnitude of the peak in the X~spectrum to the main program where trap 
stiffness is calculated for all channels. 

The main program also contains routines for drag calibration and for mapping the de
tector response by scanning the stage in the X — Y plane or along the Z—axis. The scans are 
done with a bead stuck to the microscope cover slip. 
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