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ABSTRACT OF THE THESIS

Characterizing lateral diffusion of EGFR using advanced fluorescence spatial correlation functions

By
Jim Kalassery
Master of Science in Biomedical Engineering
University of California, Irvine, 2016

Associate Professor Michelle Digman, Chair

Epidermal growth factor receptor (EGFR) has various functionalities in the cell cycle
and also plays an important role in cellular transport. EGFR is found to be localized on the cell
membrane before its activation. Although, there are numerous studies that focus on the
transport and signaling mechanism of EGFR mediated cellular transport, only few studies have
been done in the area characterizing its lateral diffusion. In our work, we focus on
characterizing EGFR lateral diffusion prior to and after activation of the receptor by epidermal
growth factor using Total Internal Fluorescence Reflection Microscopy (TIRF). TIRF microscopy
uses camera based data collection and novel pixel based correlation methods enable us to
analyze and study a diffusing population. One can record whole cell, and analyze and decipher
the predominant diffusion mechanisms presented in the cell using the techniques like pair-
correlation function, image mean square displacement, number and brightness, etc. This thesis

presents the very first trial to correlate EGFR movement within a cell using these techniques.
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CHAPTER 1: Background

1.1 EGFR receptor functionality and actin cytoskeleton relationship

The plasma membrane is a highly packed moiety comprising of many surface proteins
including receptors and ion channels. The question about the organization of these proteins in
the plasma membrane is important in the understanding of receptor triggering and
downstream signaling. The organization of receptors on the membrane was previously
considered to be random distributed on the cell surface. [1] However, it is now well accepted
that the membrane and proteins alike are compartmentalized giving rise to topological protein
organization (from monomers to high-order oligomers) on the plasma membrane. Among
these proteins is the epidermal growth factor receptor (EGFR). It plays a significant role in cell
growth, differentiation, motility and proliferation. [2-4]. It is well studied that upon activation,
EGFR, which predominantly exists in monomeric form prior to activation, exists as a homodimer
(Figure. 1) [5]. But some studies have pointed out that EGFR may also exist in higher order
oligomeric forms once activated [6]. Recent research has concluded that this receptor behavior
is highly dependent on factors such as cell type, receptor expression, temperature,
experimental conditions. [7] But it is evident that clusters with varying number of receptors

coexist.
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Figure 1: EGF activation of EGFR, showing dimerization and intracellular signaling resulting in
various cell functions

Actin cytoskeleton has been implicated to have a role to play in lateral diffusion of EGFR
clusters [8-10]. A recent study, focused on two particular elements of the cytoskeleton, actin
filaments and microtubules, and their involvement in the diffusion of EGFR clusters [11]. Single
particle tracking (SPT) method was used to track the fluorescently tagged EGFR clusters and
mean square displacement (MSD) technique was used to study different modes of diffusion of
individual EGFR clusters. Two important results from this study was, that the disruption of actin
filaments increase the mobility of EGFR clusters, while the disruption of microtubules decreases
the overall mobility [11]. One possible avenue by which disruption of microtubules has
impacted the diffusivity is by the redistribution of the caveolae dependent proteins and the
formation of signaling complexes. [11-12] But this relationship is not fully understood and the

impact of caveolae on diffusivity on EGFR clusters is thus a very important element that need to



be understood for a wider understanding of the functionality of the receptor. In our research,
we study this relationship and try to verify the impact of caveolae on overall diffusivity of the

receptor.
1.2 Caveolin and Epidermal Growth Factor interaction and localization

Caveolin is an integral transmembrane protein and plays a significant role in interactions
of integrin receptors with cytoskeleton associated and signaling molecules. [13]
Compartmentalization of EGFR into caveolae helps with preventing EGFR degradation and also
enables intracellular EGFR signaling. [14] This process has implications in nuclear transport of

EGFR to assist with DNA repair. [15-16]
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Figure 2: a) Caveolin structure, anchored by actin cytoskeleton [17] b) shows signaling pathway
involving Src signaling and EGFR transactivation resulting in downstream p53 activation

EGFR is localized on the membrane and often found to be concentrated in
caveolae rich regions (Figure.2). EGFR moves out of the caveolae, if it is activated by ligand

induced binding [18]; specifically, for the purposes of our experiment, this is our expected
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response to the addition of EGF. This movement is independent of clathrin coated pits [19].
While, there have been studies showing post stimulation by EGF, and in some cases EGFR
moves out of caveolin pits and into transmembrane [20], the modes of diffusion have not been
characterized. In our work, we aim to study the underlying diffusion mechanism that enables

the transport post stimulation by EGF.

1.3 Methods to study EGFR-Caveolin diffusivity on cell membrane

Recent studies on EGFR activation has emerged focused on characterizing the ligand
activation of EGFR by observing for its dimerization using different analytical methods to
confirm the accepted mode of activation [21-23]. In this study, we plan to prove the increase in
dimeric EGFR by using Number and Brightness (N&B) analysis technique. Characterizing the
diffusion of the receptor across the membrane, upon activation is the stated aim of this study,
for this purpose, we use Image Mean square displacement (IMSD) technique to study lateral

diffusion after addition of EGFR ligand, EGF.

Single particle Tracking (SPT) has been predominantly used as a means to understand
clustering of EGFR as well as a means to understand the diffusion characteristics [24]. SPT is an
important tool in observing direct protein dynamics and interactions. However, the number of
molecules that can be observed in a time period is limited, rendering the technique unreliable
in studying rapid phenomena for a large number of events [25]. IMSD use an entire image for
the analysis thereby allowing us to observe the whole cellular interaction and the particulars of

receptor activity across the whole membrane [26].



CHAPTER 2: Analysis Techniques

2.1 Diffusion role on cell membrane

Our work focuses on the lateral diffusion of EGFR on the cell membrane. Specifically, we
will use fluorescence based image analysis techniques to determine predominant mechanisms
of diffusion for the receptor in the presence of the EGFR ligand (epidermal growth hormone
factor (EGF)) and without it. The classic diffusion profiles are already well defined in a previous
work published from our lab of similar nature [27]. Scientific works in the recent decades
predominantly used MSD characterization in conjunction with SPT technique for diffusion
studies [27]. Our approach involves using total internal reflection fluorescence (TIRF)
microscopy with a fast camera system and requires analysis of entire image. In this work, we

analyze these mechanisms characterizing diffusion profiles for entire cell using IMSD technique.

2.2 Image Mean Square Displacement

The prime analysis method we have used in this work to characterize the lateral
diffusion of EGFR is the image mean square displacement (IMSD) method. Similar to particle
tracking, the IMSD method results in a value of mean squared displacement providing
information into molecular diffusion, flow, directionality of flow, directed motion within in a 2D
image using correlation functions. The mechanism of how molecules can move can be
determined using diffusion maps which are also produced by iMSD analysis. These types of
motion include random diffusion, active transport, transient confinement, anomalous sub

diffusion, confined or corralled diffusion and binding-unbinding events (Figure. 3 & 5). The



IMSD technigue we use analyzes the whole image without separation of particles (like SPT) and

is based on the spatiotemporal image correlation function. [27]

Figure 3: MSD characterizations of four different diffusion profiles a) shows simple or isotropic
diffusion mode showing random motion b) shows directed motion c) shows confined diffusion
in fixed space d) shows transient confined diffusion curve. [28]

To successfully implement IMSD analysis, it is imperative that we acquire images using
‘fast imaging’ on the region of interest on the membrane using the TIRF system. This means
using a lower exposure time with the camera. The stack of images acquired can then be used to

calculate average spatial temporal correlation functions. An apparent diffusivity (D apparent) vs

average displacement plot can be acquired by fitting the correlation functions and obtaining the



protein diffusion law. [29] Thus, with the IMSD plot we are able to directly and immediately

characterize protein diffusion modes. [30]

The spatio-temporal autocorrelation function can be mathematically expressed as

(I(x,y,r)](x +&, v+ x,t+ r))

(I (-L ¥, t))

G(fa}t,’af)z ~il

Where the measured fluorescence intensity at positions x and y and for a time t is defined as
I(x,y,t). € is the distance in x and ¥ is the distance in y while T represent the time delay. <...>
represents the average. In terms of the number of molecules and the autocorrelation of the

instrumental waist, this correlation function can be further expressed as
1
G(&,7.7)= P& 2.7)@W (S, 7)

In this expression, N is the number of molecules in the observation volume, ® represents the

convolution operation. p(g’, ;{’T) is the probability of finding a particle at a distance € and )

after a time delay of t, while W(ﬁ, Z) is the autocorrelation of the instrumental waist. Taking

into account diffusive dynamics, a Gaussian function can be used to define the probability

o‘z(r)

function, where the variance is the Mean square displacement of the moving particle. ,
the waist of the correlation function can be defined as the sum of particle MSDs and the

instrumental waist, which can be measured by a Gaussian fitting of correlation function of each



time delay. [29] This enables the calculation of apparent diffusivity and average displacement of

the moving molecules:

D, (r)= 02(1’)4—;72(0)

R(r)=o?(r)-o°(0)

Dapp(t) is the apparent diffusivity of the molecule and R(t) is the average displacement of the

molecule.
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Figured: a) average image stack acquired to do spatial correlation function. b) 2D Gaussian used
to fit the series of correlation functions. ¢) With the Gaussian, the MSD of the moving particle is
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Figure 5: theoretical curves showing all four modes of diffusion, Red represents Brownian
motion, Blue is the confined diffusion, black shows directed motion and green is the transient
confined mode of diffusion. The intercept at time, t= 0 is the offset due to convolution of the

size of the particles and the PSF [27]

The IMSD curves define four modes of diffusion. These diffusion modes can be profiled
as isotropic, confined, transiently confined or corralled and directed diffusion or flow. Isotropic
diffusion defines random diffusion of molecules, while confined diffusion explains a diffusion
profile where the diffusion is confined within the boundaries of a defined space. [28] For
transiently confined diffusion, the molecules are able to escape the confinement of the
boundary in longer time. The directed diffusion shows a molecule undergoing faster diffusion

rates under flow.

2.3 Pair Correlation function

We used the pair correlation analysis technique to understand the molecular flow pattern of
the lateral diffusion of the receptor induced by EGF. This analysis method is based on the

concept of following the same fluorescent molecule as it diffuses across the membrane. By



following and detecting the same molecule at two different points, average time it takes for the
molecule to travel between the points can be calculated. The underlying principle behind this
correlation method is that a particle observed at time t= 0 at the origin can be found at a

distance r with a probability proportional to the fluorescence intensity at a given distance [31].
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Figure 6: a) Diffusivity for a pCF distance of 4 pixels. b) pCF calculated for 24 points around
center at various angles. c) Provision of angles calculated from the point. d,e) pCFs at different
PCF distances (from 1 to 6) [left panel] PCF calculated at a distance of 10 pixels for different
values of diffusion coefficient, as diffusion coefficient decreases the maximum of pCF function
moves at a longer time[31] .

For two points at a distance 6r and with a time delay t, the pCF can be calculated using

the following expression

(F(1,0)« F(t + 7,6r))
(F(2,0))(F(1,6r))
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Where the fluorescence intensity at any time and distance &r from the origin can be expressed

using the following equation
F(t,or) = kQ / W(r)C(r + or,t)dr,

Where Q defines the quantum yield and W(r) is used to define the excitation-emission laser
power, filter combination and the position of the particle in the profile of illumination. C(r,t) is
the diffusion propagator which is proportional to the probability of finding a particle at position
r and time t if the particle is at position r = 0 and time t =0. Mathematically, C(r,t) can be

defined as

3

1 re .
C(rit) = ———exp(——
(AxDt)y"~ Pl 4Dt

The added benefit of the pCF approach is that it will also enable us to infer any barriers
to diffusion along our diffusion pathway. This is accomplished by seeing when the maximum of
the pCF occurs. The maximum of pCF at a longer time is attributed to the particle attempting to
pass around or over the barrier. The location and size of these obstacles/barriers can be found

by mapping the time of maximum of the pCF for every pair of points in the image. [31]
2.4 Number and Brightness

EGFR is activated upon addition of EGF; this activation is characterized by dimerization
or higher order oligomerization of the receptor which predominantly exists in monomeric form

prior to activation. To verify this activation of the receptor, we use Number and Brightness
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(N&B) method which is an analysis method widely used to characterize molecules into different

oligomerization forms.

The N&B method was developed as a means to quantify aggregation of molecules,
which is a marker for many cellular functions. The number and brightness is determined by the
first and second moments of the fluorescence intensity distribution. [32] For a camera based
system, such as TIRF, the exposure time of the system determines the time each pixel is
sampled for. Thus, with a long enough exposure time, number fluctuations occurring due to fast

processes are averaged out while only fluctuations due to slower processes remain. [32]

Mathematically, the parameters apparent brightness (B) and apparent number of

particles can be defined as follows.

Where B is defined as the ratio of variance to average intensity

<k >?
0-2

And N is defined as the ratio of total intensity to B. The calculated apparent brightness, B from
the variance in intensity fluctuations can then be used to find the true molecular brightness,

which is represented by € in the following equation.
B=¢€e¢+1

o’—< k>

€E =
<k>
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Figure 7: Monomers, dimers and trimers for a PSF is shown. The fluctuation intensities vary for
different state, from the fluctuation in intensity, the variance can be obtained, which is related
to the aggregative state and can be used to find the apparent brightness B. [33]

When applying this analysis method to biological systems, B represents the aggregates
of fluorophore containing molecules and N gives the average number of molecules in the
illumination volume [32]. Thus using this analysis method we can confirm and visualize EGFR

being activated after addition of EGF, which possibly leads to different diffusive pathways which

can be analyzed using other analysis methods discussed in previous sections.
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Chapter 3: Methods and Materials

TIRF microscopy:

The principle behind total internal reflection fluorescence (TIRF) microscopy works by
ensuring that there is reflection caused by the incident angle, ©i from the excitation light

passing through the glass coverslip and interfacing with the sample, being greater than the

critical angle, ©c defined by Snell’s law.

0. = sin"'(n; / m3)

, Where niand n; are the refractive indices of the sample and the coverslip, respectively. For
Total internal refection to occur, the refractive index n1 of the sample need to be less than the

refractive index n2 of the coverslip (Figure. 8). [34]

O
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Figure 8: The illustration shows the TIRF principle, where an evanescent field is created as the
incident angle is higher than the critical angle and the refractive index, n1 of the sample is less
than that of the cover slip, n2. The green dots indicate only the fluorophores that are
illuminated under the evanescent field [25]



As stated previously, when the incident angle ©i is greater than the critical angle ©c, the
excitation light is reflected off the coverslip interface. When, this occurs, the incident light

penetrates through the interface and creates an evanescent field. [34]

s
I \I
| |
! |
lar+ laser ,"’ \\ \,\ |
l458/488/514 “ | I
| 7 I
| \_- White laser with [}
\ » a filter wheel ’

Mercury Lamp

Camera for TIRF

O

L

Figure 9: The schematic shows the TIRF setup used for the experiments: two lasers were used
for two color excitation, the TIRF camera is attached to an Olympus microscope.

For our study we focused on the cell membrane where EGFR is localized using the TIRF
microscope. With the TIRF system, the evanescent wave propagates approximately 100nm
inside the cell, which makes it a particularly useful tool in gathering membrane dynamics data.
The advantages of TIRF include, obtaining high contrast images of fluorophore near the plasma
membrane, very low background from the bulk of the cell, reduced cellular photo damage

allowing high signal to noise ratio and rapid exposure times. [34] TIRF minimizes out of focus

15



intracellular fluorescence, allowing for greater signal to noise ratio and allows the greatest

amount of information on the fluorophores associated with the membrane. [34]

The system set up we used for the purposes of the experiments had a two laser system
enabling two color excitation, allowing us to capture information in two channels for cross
correlating using pair correlation function (pCF). For the purpose of our experiment the FLIM
camera was not used, (FLIM Camera is visible in Figure 10 showing actual setup) images were

acquired with the EMCCD TIRF camera.

Cell Culturing:

Chinese Hamster Ovary (CHO-K1) cells were cultured at 37%C in media containing
Dulbecco’s Modified Eagle medium (DMEM)/ F-12 Nutrient mixture supplemented with 10%
Fetal Bovine Serum (FBS) and 1% Penstrep at 5% CO0,. Transfections were carried out using
Lipofectemine 5000 and according to manufactures instructions. After transfections using the
EGFR and the monomeric EGFP fused to the membrane targeting sequence GAP-43 plasmid
(EGFR-GFP was a gift from Alexander Sorkin (Addgene plasmid # 32751), the cells were plated in
imaging dishes and left to grow for 24 hours. For two-color experiments we co-transfected the
EGRP plasmid and the Caveolin plasmid (EGFR-GFP was a gift from Ari Helenius; Addgene

plasmid #27705) in CHO-k1 cells and performed the same serum starvation prior to adding EGF.

Serum starvation was done four hours prior to imaging. The media in the imaging dish
was aspirated and replaced with DMEM F-12 Media without the FBS and the penstrep

supplement. This was done to induce greater stimulation by EGF.

16



TIRF Imaging:

TIRF setup has already been described in chapter 3. Data acquisition was done using 2-
color filter by the use of both Fianium white laser and an Argon laser. The cells were
transfected with gfp and mcherry plasmids, enabling us to collect data in both the green and
red channel. In instances, where the cells were not co-transfected with both fluorophores, data
was only collected in one channel appropriate for the transfected plasmid ( channel 2 for green
and channel 1 for red) using a 256x256 grid; for two color data acquisition a 512x256 grid was
used to collect both channels. Images were collected with TIRF EMCCD camera, using a zoon of
2 which corresponds to a pixel size of 0.138 um. The microscope used a 60x oil objective with

1.4 NA. More than 2000 frames were captured at 20k (100ms) exposure time.

EMCCD TEMPERATURE  CAMERA
a) CAMERA CONTROL SHUTTER | D) LASER SHUTTER

‘‘‘‘‘
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...........
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_____

LASER OLYMPUS FLUORESCENCE TIRF ANGLE
CONTROL  coNTROL MICROSCOPE FILTER CUBE CONTROL

Figure 10: The actual setup of the TIRF system used to acquire data for the purposes of this
study. The filter was at position 3 for TIRF mode, Images were first focused using the
microscope and then imaged using the TIRF camera.
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From the actual setup of the TIRF microscope, the cells were brought in focus, while the
camera shutter remained at position S, preventing any light from entering the camera. Once
the cells were properly focused, using the computer module, we enable the operation of the
camera, the excitation wavelength was selected accordingly, the camera mode was switched on
the microscope and the zoom wheel was turned to 2x for imaging (Pixel size= 145nm). Then the
laser was turned on and after setting the gain to 4095 in the accompanying software for the

camera and selecting the preferred, grid size, we were able to capture images on the camera.

The laser emission shutter is shown in Figure 10, with the on and off mode, turning it on
while excite the fluorophores in the imaging dish. One extremely important part of achieving a
TIRF image is to ensure that we are at the perfect TIRF angle, adjusting the knob, that changes
the fiber optic laser, will allow us to increase or decrease the angle to create the evanescent
field, so that we will only see the membrane of the cell. There is also, a filter wheel position can
be manually verified on the filter turret wheel on the microscope (the TIRF mode on this

microscope is available for filter position 3).

IMSD Analysis: For IMSD analysis, the first step was to ensure that we account for photo-
bleaching. Using the intensity of the background signal in our image, the background noise is
eliminated. IMSD analysis was done in SimFCS, using all model option, enabling us to
distinguish between diffusion profiles. For the analysis, 256 time points were used for the
correlation fit using a region of interest of 64 pixels. Immobile fraction was subtracted using the
analysis technique. Since, we acquired the data using a zoom of 2 with the TIRF camera, a pixel
size of 0.138um was used. A default PSF of 0.3um was used for analysis. For an exposure of 20k,

50 Frames/sec was used to analyze the data under the IMSD function. The correlation function

18



was calculated after which the IMSD data was processed, the results of which are discussed in

the next section.

N&B Analysis: N&B analysis was done using SimFCS. The images acquired from the TIRF
microscope was analyzed using the N&B technique with detrend accounting for photo
bleaching. For individual images, threshold was set and analysis was done so that the
monomer population was centered with a brightness of 1.16. The molecular brightness value
was calibrated using cells expressing the membrane bound monomeric eGFP (GAP-eGFP; data
not shown). By looking at the population that is above brightness value of 1, we can distinguish
between, dimers, trimers and other higher order oligomers. There is a linear relationship
between the molecular brightness increase of monomers, dimers and higher order aggregates

in such a way that the brightness will increase by 2 fold, 3 fold and so on.

pCF Analysis: In order to detect interaction between caveolin and EGFR, we used the cross-
correlation method applied to the pCF analysis. This technique allows us to determine the co-
variance of the fluctuations between two labeled species. For our analysis, we measured cross
correlating between caveolin-mcherry and the EGFR gfp movement. By doing pCF analysis, we
need to ensure that the diffusivity was happening in relation with each other and not
independently. In SimFCS, all image pCF analysis was carried to achieve the results for pCF
analysis. The analysis was done for a pCF distance of 4, number of angles 26, and 24 number of
points around center. Time delay and Eccentricity was plotted, while lower anisotropy
threshold was set for 0.1 and upper anisotropy threshold was set for 0.6. A pixel size of 0.138

um was used, and frame time of 0.020 sec. With this analysis we expect to see, cross

19



correlation in average pCF, illustrated by concentrated red dots in the image after the image is

scaled to reduce background noise.
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Chapter 4: RESULTS

4.1 IMSD analysis for diffusion profile characterization

Through the IMSD analysis, we analyzed the whole image in an effort to characterize the
different diffusion profiles that are prevalent on the cell membrane. After the addition of EGF
we will be able to activate the receptor which will dimerize and change the movement of
molecules on the cell membrane. This can potentially signal molecular transport to the nucleus.
The expectation is to see a marked shift in the overall diffusion profile, before and after the

addition of EGF.

According to the work done by Boggara et. al,[11] in characterizing EGFR clusters using
single particle tracking, we expect to see a mixture of diffusion profiles with the IMSD analysis
on the cell. Their work highlighted, molecules diffusing in primarily three modes: 1) simple
diffusion, which we have termed also as isotropic diffusion; 2) confined; 3) and directed
diffusion. With the IMSD approach, we also observed transient diffusion as well as the three
other diffusion states as mentioned above (Figure.11). However, characterization of molecular
motion after the addition of EGF was not studied in living cells. Our measurements are the first
to show the changes in diffusion profiles after activation of the receptor. These changes have
been theorized biologically but as yet, we have not conclusively proven with an imaging

technique.
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Figure 11: The images above are acquired for individual cells, intended to show varying
diffusion profiles for specific regions of interest. We observe all four diffusion profiles on the
cell membrane for different regions of interest. The acquisition of data is done according to the
method described in the materials and methods section under the methods section describing

the IMSD analysis.

The above images show three of the IMSD diffusion profiles as described in the analysis

techniques section. For all three images, a region of interest of 64 was chosen with 256 points
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to fit. These images show three modes of lateral diffusion that is common on the membrane for
the receptor. With our work, we aim to further characterize these diffusion mechanisms to

understand their biological relevance to the overall functionality of the receptor.

The IMSD analysis has provided us with similar diffusion profiles as observed by earlier
studies that had looked at diffusion profiles of EGFR clustering on the cell membrane. In
addition to the three modes of diffusion that has been laid out by Boggara et. al, [11] we have
also been able to observed corralled diffusion with our IMSD approach. All four diffusion
mechanisms that are described by the IMSD model were observed in our work for

characterizing EGFR diffusion on cell membrane.

Below, the data is shown for individual cells after running IMSD analysis on data sets
that underwent stimulation by EGF and dataset that is presented before any stimulation. IMSD
analysis done for individual images is shown in Figure 12 and 13, the pie chart shows the shift in

diffusion profiles for individual cells as influenced by addition of EGF.
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Before Addition of EGF

Foont®

Figure 12: The above pie chart shows the percent distribution of four different diffusion profiles
before addition of EGF. Each pie chart is a representation of an IMSD analysis done on two
separate cells

Here, we see the diffusion profiles of individual cells, before addition of EGF. All
diffusion mechanisms as laid out by the IMSD curves are observed on the cell membrane. For
these individual cells shown in Figure 12 the predominant mechanisms are P-conf, which is the

transient confined diffusion equivalent in the pie chart, and directed diffusion.
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After the Addition of EGF
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Figure 13: The above pie chart shows the percent distribution of four different diffusion profiles
after addition of EGF. Each pie chart is a representation of an IMSD analysis on two separate
cells

In Figure 13, we see the breakdown of diffusion profiles, after addition of EGF. For the
individual images, the corralled diffusion still remains the predominant diffusion mechanism,
even after the addition of EGF. The other two parameters of note are the increase in the
confined mode of diffusion. The other striking result after addition of EGF, is that the

contribution of directed diffusion is less than before the addition of EGF.
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Histogram showing IMSD diffusion profiles
before and after addition of EGF
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Figure 14: Histogram of diffusion profiles from IMSD analysis of 18 files, y-axis shows the
frequency

The IMSD analysis provides an estimate of diffusion profile by plotting the change in
MSD over time for multiple segmented regions in the image. The histogram of these profiles
from 18 different cells (9 after EGF, 9 before EGF) is plotted in the figure. A custom Student’s T
test was done on the sorted distribution, which simulated a one tailed heteroscedastic model
with before addition of EGF and after addition of EGF as two independent populations. The p-
value obtained from the statistical analysis is 0.00168, showing a significant difference in the
two datasets. This value does not reflect the statistics of the fitting used or the number of data
points, but shows the distribution of profiles are different for the samples with and without

EGF. The chart shows that the predominant diffusion mechanisms driving the diffusion on cell
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membrane before any stimulation are transient confinement model. Directed diffusion is the
second highest contributor, indicating that there is a flow pattern on the cell membrane,

regardless of any stimulation

Our predominant aim in doing this work was to observe and characterize the shift in
diffusion profiles upon addition of EGF and activation of the receptor. The two striking
comparisons are the contributions of transient confinement and confinement models to the
overall diffusion profile. Both these confined diffusion profiles increase upon addition of EGF to
the cells. The random diffusion mechanism also increases. The other interesting observation

from our experiments is the decrease in directed diffusion model.

Looking at the direct comparisons between the diffusion profiles before and after
stimulation by EGF of the receptors, we can see that the results point to dominant mechanism
of diffusion profile in the cells we imaged as transiently confinement model. Even though after
addition there is an increase in the already dominant transient diffusive mechanism, the highest
increase in diffusive mechanism is the confinement model post stimulation. The confinement
model is almost doubled in terms of overall contribution to diffusivity. The decrease in directed
diffusion is also striking, the flow model of diffusion is significantly reduced and the diffusion is
predominantly concentrated in confined models, possibly demonstrating the localization and

activation of the receptor around caveolar invaginations.
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4.2 N&B analysis for analyzing clustering post activation

The number and molecular brightness analysis was used to understand the aggregation

process of EGFR in the presence and absence of EGF.
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Figure 15: The above illustration is provided to show a N&B analysis carried out on an individual
cell before the addition of EGF. The red color overlaying the cell indicates the monomeric
population with a molecular brightness equal to 1.16 (€=0.16 counts/pixel dwell time/molecule)
and the green color overlaying the cell indicates the dimeric population for this individual cell,
B=1.32 (€=0.32 counts/pixel dwell time/molecule).

The Figurel5 depicts the results of an N&B analysis done in SIMFCS. The image shows a

cell that is being imaged before being stimulated by EGF. The pixels highlighted in red shows

monomers in the cell and the green coloring of the pixels are the representation of dimeric

aggregates in the cell. The image shows that amount of monomers in the cell highly outweigh

the existence of dimers for this particular cell.
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AFTER EGF
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Figure 16: The above illustration is provided to show a N&B analysis carried out on an individual
cell after the addition of EGF. The right panel is the average intensity map of the CHO k1 cell
expressing EGFR. The middle panel is the molecular brightness map of the protein after the
addition of EGF. The red color overlaying the cell indicates the monomeric population and the
green color overlaying the cell indicates the dimer population for this individual cell. The last
panel is the distribution of molecular brightness using the color cursors mapped in the middle
panel.

The Figurel6 shows the results of N&B analysis done on a cell that has been stimulated
by EGF. As can be seen from the graph, the noise/background level is set to 1 and the monomer
population can be found at 1.16. The higher order oligomers, exist as dimers; N&B analysis
gives a value of 1.32, approximately two times the value of difference in B1. The
monomeric/dimeric map of the cell also shows the increase of dimeric population in the cell,
after addition of EGF. The difference is much more apparent when comparing Figurel5 and
Figure 16, as the monomer: higher order ratio is much higher before stimulating by EGF. The

increase of dimeric population after stimulation by EGF is apparent on comparison between the

two cells shown in Figures 15 and 16.
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Population of EGFR monomers and higher order
aggregates before and after addition of EGF
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Figure 17: Histogram showing the difference in monomer and higher order aggregates prior to
adding EGF and after adding EGF

The graph characterizes the population of molecules in all the cells imaged with TIRF
into monomer and higher order aggregates. Analysis was done on approximately 200,000 pixels
to characterize the effect of stimulation on clustering and aggregation of particles. A student’s T
test was done on the distribution shown in Figure 17, using one tailed independent,
heteroscedastic model, between populations before addition of EGF and after addition of EGF.
The p-value for the test was .036 between the two sets of data. The graph shows an increase in

the higher order aggregates after stimulation as well as the monomeric population decreasing
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as a result of the activation of the receptor. The monomeric population decreased by

approximately 32%. Our analysis shows a very strong mechanism for the activation of EGFR.

4.3 Cross-pCF for cav-EGFR diffusivity

For the investigation of correlated movement of EGFR with caveolin on the cell
membrane, we analyze the data using pCF image cross correlation to observe for diffusion
mechanisms. pCF here shows the delay in time for a molecule to correlate at a distance of
500nm away from it and the anisotropic nature of this movement from that pixel known as the
eccentricity. A high amplitude in time delay shows that the molecule diffused away from the
pixel 500 nm away in a longer period of time (4x138nm). Similarly, we can also calculate the
eccentricity value 0 (isotropic) to 1 (linear movement) from the occurrences of positive
correlations in any given direction. The pCF analysis also shows the direction of movement and
the velocity of movement (which are not shown here). The time delay and eccentricity for
caveolin channel and the EGFR channel are calculated separately and finally a cross correlation
pCF is plotted to identify the cross-correlated movement of both molecules. A complete
histogram of time delay of from the image is also plotted together with the pCF images to show

the relative speed of motion of cav, EGFR and combined.
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Figure 18: pCF analysis showing time delay maps and eccentricity for a single cell

The time delay map of one pixel shows the time spent by the fluorescent molecule to
reach 4 pixels away from that pixel. Reading the sheer magnitude presented in the time delay
map, EGFR takes the longest time to reach 4 pixels far from it and caveolin takes shorter time
(This is also illustrated in the time delay histogram). The cross correlated time delay image
shows only the pixels which correlated and presented a time delay. These pixels showed a time
delay shorter than egfr and longer than caveolin, as we may expect from the average diffusion
from cav-egfr complex. The eccentricity map (0-1) shows that the caveolin movement has

relatively higher anisotropic nature while egfr and correlated cav-egfr shows relatively less

anisotropic diffusion inside the cell (quasi-uniform color scale).

32



CHAPTER 5: DISCUSSION

The IMSD analysis was used to analyze and characterize the different kinds of diffusion
profiles that are prevalent on the cell membrane with respect to EGFR. The approach defines
four types of diffusion patterns that exist. [27-18] Our aim was to determine if these diffusion
patterns are influenced by the stimulation of the cells with epidermal growth factor. From the
results of the IMSD analysis, we can see the predominant mechanism for diffusion is explained
by the transient confined model. We hypothesized that the receptor should diffuse in a
confined model as EGFR is known to localize around caveolin invaginations on and near the cell
membrane.[18] Our experiments, show that transient confined mode is the most prevalent
mode of diffusion before and after addition of EGF. The increase in the mode of confined
diffusion after the addition of EGF, strongly indicates that the receptors are highly localized
within the invaginations. Another theory for diffusion for EGFR clusters is that they will move
out of the caveolae. However our results indicate a strong localization instead. This localization
within the caveolae for EGFR is known to help against degradation and mutation of the

receptor and also enables intracellular EGFR signaling.

The Number and Brightness analysis was used to confirm the activation of the epidermal
growth factor receptors by mapping the dimer formation after adding EGF. Existing literature
points to formation of higher order oligomers, primarily dimers, as an indication of activation of
the EGFR, and beginning of signaling modules that are important to various cell functions. [6-7]
With our N&B approach we can confirm and validate this apparent activation of the receptor

upon addition of the cells in the imaging dish by epidermal growth factor (EGF). There is a

33



significant increase in dimeric population once the cells are stimulated by the EGF (~32% of the
population, overall). The predominant mechanism that has been shown as an activator is the

dimerization of the receptor, even though, higher order oligomers are known to exist.

PCF allows one to visualize pixel to pixel cross correlation, which is an arduous and
rigorous computational method compared iMSD. With pCF analysis presented in this thesis, we
are able to show that caveolin and EGFR cross correlated movement can be visualized.
Furthermore, we presented the time delay map which illustrated that the cross correlated
movement of egfr-cav takes longer time than egfr movement. Similarly, the eccentricity map
presented shows that the movement of cav is relatively anisotropic compared to cav-egfr
complex. We believe that this caveolin eccentricity maps shine new light into the unseen

barriers for membrane diffusion and organization.
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS

6.1 CONCLUSIONS

Our experiments were beneficial in two regards. Firstly, they helped solidify our
understanding of biological behaviors that is demonstrated by Epidermal Growth Factor
Receptor. Secondly, we had to prove that the techniques we use can characterize diffusion
profiles. We use these methods to reinforce our understanding of EGFR behavior in response to
EGF. We further characterize this behavior with parameters such as the diffusion profile
exhibited by the receptor. Diffusion profiles served as a parameter that needs understanding in
the existing biological framework of EGFR behavior. N&B approach has already been proven as
a valid method of analysis of clustering and aggregation of molecules. The aggregates that
formed upon the activation of the receptor were in accordance with what we already knew
biologically about the receptors after EGF stimulation. This further reinforces the validity of our

methods.

While many studies have tried to characterize the diffusion of the EGFR, the commonly
used technique is the single particle tracking method. In looking at protein interactions, this is a
limited approach, especially when studying rapid phenomena for large numbers. IMSD provides
the added benefit of analyzing the whole image to understand receptor activity at a cellular
level. IMSD was our predominant analytical tool in understanding the receptor activity as it
clearly characterized the predominant diffusion mechanisms which goes hand in hand with our
understanding of caveolin-EGFR interactions. The localization of the EGFR clusters around the
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invaginations are well studied and we believe the transient confinement and confinement
model that we observe here defines the activity as such, that it is possible that after activation
and clustering, the receptor localizes more in the caveolin invagination before starting the
signaling process indicating cytoplasmic transport. This is a known mechanism that our IMSD

approach verifies at the cell membrane level.

6.2 FUTURE DIRECTIONS

As described earlier, EGFR receptor activity is highly varied along different cell types. As
such, it would be important to characterize EGFR behavior upon activation with multiple cell
lines. With the IMSD approach, we hope to further find threads between different cell lines that
have previously not been discovered. We have other parameters that are of interest that might
help us in the future to understand the behavior of the receptor, such as cell shape and
temperature. Varying these parameters and repeating our study might be a worthwhile

attempt to yet again show the powerful technique of IMSD.

With IMSD technique, we enabled analyzing diffusion profiles across the cells in various
regions of interest. Ideally, we want to do a pixel resolution diffusion map for a more
comprehensive study. For this purpose, in the future, we would like to analyze our test data
with diffusion phasors. This method gives us a detailed diffusion map inside the cell by plotting
the diffusion profile with pixel resolution in fourier space. To date, this diffusion phasor has
been done with a scanning setup, nevertheless our future work would entail the first instance
of where this method is employed in conjunction with a camera based system. In this approach,

slow diffusion is characterized by larger phase angles and fast diffusion is represented by
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smaller phase angles. Thus this method will enable us to map out areas on the cell membrane
that exhibits different diffusion velocities and characterize the impact of EGFR activation with a

new parameters of interest.
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