Cell Mechanics Studied Using Atomic Force Microscopy

A Dissertation
presented to
the Faculty of the Graduate School

University of Missouri-Columbia

In Partial Fulfillment
of the Requirements for the Degree
of Doctor of Philosophy

by
Mingzhai Sun
Dr. Gabor Forgacs, Dissertation Supervisor

May 2008



The undersigned, appointed by the Dean of the Graduate School, have ex-

amined the dissertation entitled:

Cell Mechanics Studied Using Atomic Force Microscopy

presented by Mingzhai Sun
a candidate for the degree of Doctor of Philosophy

and hereby certify that in their opinion it is worthy of acceptance.

Dr. Gabor Forgacs

Dr. Shi-jie Chen

Dr. Christopher Hardin

Dr. Ioan Kosztin

Dr. Gerald Meininger



To my parents:
Aici Wang and Quanying Sun
and my wife:

Yanli Wang



ACKNOWLEDGMENTS

I want to express my deep admiration and profound gratitude to my supervi-
sor Dr. Gabor Forgacs, who provided me the opportunity and all the conditions
to explore an exciting research field. I am always amazed by his deep insight
of the research. It is so enjoyable to have discussions with him. During the
six years, he has been an excellent mentor, giving me the courage and guidance
at the right time. He is also a good friend with whom I can share my joys and
depressions. I appreciate the way and skills he guides us in the research. “Giving
a man a fish, he will have a single meal, teaching him how to fish, he will eat
all his life.” Dr. Forgacs always tries to teach us how to fish. He offers me every
possible opportunity to practice my presentation and writing skills, which are so
important for a person who aims to stay in academia. An important reward for
such effort was my predoctoral fellowship from the American Heart Association
(AHA) in 2007.

I want to thank Dr. Michel Grandbois, who was my previous supervisor and
later great collaborator. He recruited me from China and taught me the AFM
technique. I also want to thank Dr. Wonchul Shin who picked me up in St. Louis
airport after my 24 hours trip. Thanks to Dr. John Graham who provided me
great help in learning the AFM technique.

Special thanks to my wonderful collaborator Dr. Irena Levitan from the Uni-
versity of Illinois at Chicago. I appreciate her help and invaluable input to my
AHA proposal and the cholesterol research project.

I feel so fortunate to be surrounded by the nice people in our group. I would
like to show my appreciation to the former and present members, with whom
I had the pleasure to work with: Dr. Francoise Marga, Dr. Adrian Neagu, Dr.
Karoly Jakab, Dr. Basarab Hosu, Dr. Brooke Damon, Dr. Zhongkui Hong, Marius
Sticulescu and Cyrille Norotte.

i



Thanks to my wife, Yanli Wang, who helped me in a hundred ways. It would
have been impossible for me to concentrate on my research without her taking
care of the whole family. I am also thankful to her parents who help me looking
after my lovely son Weihong Sun.

I own a great debt to my parents Aici Wang and Quanying Sun, for their
help, love and support. I hope I make them proud.

il



Contents

ACKNOWLEDGEMENTS
LIST OF TABLES

LIST OF FIGURES
CHAPTER

1 Introduction and Background
1.1 The organization of the thesis . . . . . . .. .. ... ... ... ..
1.2 The AFM . . . . . .

2 Employed Methods and Techniques

2.1 Cell culture and treatment . . . . . . . . . ... ... ... ...

2.2 Force spectroscopy measurements . . . . . . . . ... ... ...

2.3 Visualization of membrane nanotubes with quantum dot-labeled
cells . . .

2.4 Confocal Fluorescence Recovery After Photobleaching (FRAP) . .

2.5 Visualization of the actin cytoskeleton and cell morphology

2.6 Determination of membrane surface viscosity . . . . . . . .. ...

2.7 Bond force computation . . . ... ... ... L.

2.8 Statistical analysis . . . . . .. ... oo

v

ii

vi

vil

11
11
13



3 Membrane tethers extracted by AFM

3.1
3.2
3.3

Cell membrane structure . . . . . . . ... ...
Membrane tethers . . . . . . .. ..o
Tether extraction by AFM . . . . . ... ... .. ...
3.3.1 Multiple tether formation and rupture . . . ... ... ..
3.3.2 Visualization of membrane tethers with quantum dots
3.3.3 The tether force . . . . . . ... ... ...
3.3.4 The tether force is independent on the chemical nature of
the cantilever surface . . . . . . . .. ... ... L.
3.3.5  Role of membrane-associated macromolecules . . . . . ..

3.3.6 Discussion . . . . . . ..o

4 Cholesterol effects on endothelial cell mechanical properties

4.1
4.2
4.3

4.4

Background . . .. ... oo
“Cell control by membrane-cytoskeleton interaction” [92] . . . . .
Cholesterol effects on cell membrane-cytoskeleton interaction . . .
431 Results. . . . . ...
4.3.2 Discussion . . . . . . ...
The molecular mechanism of cholesterol induced cell stiffening . .
4.4.1 Neomycin treatment mimics cholesterol depletion effects

4.4.2  Expression of Pleckstrin Homology (PH)-GFP . . . . . ..

5 Theories of membrane tether formation

5.1
0.2
2.3

The linear theory . . . . . . . . ... ... ... ..
The non-linear theory . . . . . . . . ... ... ... ...

Testing the theories . . . . . . . . . ... ... ..

6 Summary

Bibliography

19
19
20
24
26

29

31
32
35

42
42
46
A7
48
o8
67
67
68

71
71
73
74

75

7



VITA

vi

94



List of Tables

Table page

3.1  Summary of all tether force measurements performed in the study.

Values for the forces are given in pN. . . . . . .. .. .. ... .. 31

4.1 Threshold pulling force (Fp) and the effective surface viscosity (nerr). 51
4.2  Tether variability. . . . .. .. ... oo Hh)

vil



List of Figures

Figure

1.1

1.2

1.3

Schematics of the AFM. The photodiode and laser generator form
the optical detection system; the piezo controls the movement of
the sample and the cantilever is the force transducer. . . . . . . .
Calibration of AFM cantilevers. A. Linear fit to the voltage-
extension curve to obtain the slope. B. Lorentzian fit to the power
spectrum. The area under the spectrum is calculated. . . . . ..
Force-extension curve. (A) The cantilever is far from the cell and
there is no interaction between it and the cell. (B). The cantilever
approaches the cell either by lowering it or moving up the sample
holder to form contact. (C). Further approach leads to bigger can-
tilever and cell deformation. (D). The cantilever starts to separate
from the cell. The attraction force (specific and non-specific) de-
forms the cantilever in the opposite direction. (E). The cantilever
gets back to the original location as in (A). The cantilever is far
from the cell. The middle panel shows the force-extension curve
corresponding to the described cycle. The gap between part A
and E, part A and the x-axis are shown only for clarity. In reality
they coincide (both sections correspond to the movement of the

free cantilever). (Modification based on the figure in [53]).

viil

page



1.4

1.5

3.1

3.2

3.3

3.4

The home-built AFM. A: AFM with controller, monitor and the
inverted microscope. B: Magnified view of the AFM on the stage
of an inverted microscope. . . . . . . ...
The graphic user interface of the force spectroscope control soft-

WalC. . . . . L oo o e e e e e e e e e e e e e e e e e e e

Membrane structure. Cell membrane is mainly made up of phos-
pholipids and membrane proteins. The phospholipids form the
membrane bilayer. Outside of the lipid bilayer, there is a “cell
coat” called glycocalyx. It is mainly composed of polysaccharide
chains. Underneath of the bilayer is the cytoskeleton. Modifica-
tion based on http://sun.menloschool.org/~birchler /cells/plants/
cell membrane/cellmembrane.jpg. . . . . . . ... ... ...
Scanning electron microscope image of membrane tethers from HB
cells [46]. A: lower magnification. B: high magnification. Scale
bars: lym in A; 500 nmin B. . . . .. .00 oL
A: The optical image showing positioning of the cantilever on the
cell surface. B: A typical experimental force curve. The blue curve
corresponds to the approaching of the cantilver to the cell surface;
the red one corresponds to the retraction of the cantilever from the
cell surface. On the retraction curve, multiple step-like structures
are clearly resolvable. The inset is the magnified version of the
step-like structures. . . . ... ... Lo
Tethers pulled by horizontal movement of the cantilever are ob-
served by labeling the cell membrane with fluorescent quantum
dots. The arrows indicate the tethers, which move freely as they

follow the movement of the cantilever [98]. . . . . .. .. ... ..

X

21



3.5

3.6

3.7

3.8

Typical retraction-force curves as function of cantilever extension
for three cell lines. Numbers on the graphs denote the values
of the individual force steps between consecutive plateaus. Note
the very similar force drops in the quasi-constant force elongation
regime. The fact that zero force is not reached at the end of the
retractions, indicates that tethers are still attached. Inset shows
timescale for a typical force drop [98]. . . . . ... ... ...

Single-tether force distributions for untreated and treated cells.

Note the narrowing of these distribuations upon LATA or hyaluronidase

treatment. Results shown are for 1 pM LATA and 500 IU/ml
hyaluronidase concentrations [98]. . . . . .. . ... ... ...
The tether force F' decreases as the concentration of latrunculin
A increases untill it reaches 0.2 pM. . . . . . ...
A force profile for an untreated endothelial cell is presented to il-
lustrate the method of measuring the size of the membrane reser-
voir. The schematics on the top illustrate the state of the experi-
ment at point A, B, and C along the retraction curve. A, B, and
C correspond, respectively, to points with three tethers attached
(L=3x2.6=7.8 pm, two tethers attached (L=2x3.6=7.2um), and
one tether attached (L=7.2um). Here L stands for the total length
of all simultaneously pulled tethers [98] . . . .. ... ... ...



4.1

4.2

4.3

Foam cell formation in the intima. LDL passes through the en-
dothelium to the intima, where it undergoes glycation and oxi-
dation. The modified LDL induces cell inflammation response,
which enhances the expression of certain adhesion molecules in
the endothelial cells. As a consequence, more and more mono-
cytes adhere to the endothelium and transmigrate to the intima,
where they internalize the modified LDL and ultimately become
foam cells. Figure form [67]. . . .. ... .. ... ... .....
A: A typical force vs extension curve. The dotted line corresponds
to the approach curve and the solid line is the retraction curve.
On the retraction curve, several step-like structures are clearly
discernible, which correspond to the sequential detachment of in-
dividual tethers from the cantilever. The shown retraction curve
corresponds to an experiment performed with a control cell at 3
pm/s. B: Histogram constructed from the data (size of the steps)
collected in the control experiments at 3 pum/s. The solid line is
the Gaussian fit to the histogram, which gives the mean value of
the tether force, 33 pN. . . . . . . ... ... L.
A and C: Tether force vs tether growth velocity at room tem-
perature (A) and 37°C (C). The solid lines are linear fits to the
corresponding data sets (control, e; depletion B; enrichment, ¢).
Inset in A, cholesterol level measured by GLC. ctrl, control; dpl,
cholesterol depleted; enrch, cholesterol enriched. The values of
slopes (~ 7nesr) and intercepts (Fp) are listed in Table 4.1. B and
D: Bar graphs for Fj at room temperature (B) and 37°C (D). Er-
ror bars in A and C represent S.E. obtained from the experimental
data points. Errors in the bar graphs represent the error of the

linear fit to the data. All six R? values were larger than 0.97. . . .

X1

20



4.4

4.5

4.6

A: Tether force vs tether growth velocity after latrunculin A treat-
ment (), control; O, cholesterol depleted; A, cholesterol en-
riched). Values of the intercepts and slopes are listed in Ta-
ble 4.1. Error bars represent S.E. (note that the error bars over-
lap). B: Confocal images of the actin cytoskeleton for control (a,
d), cholesterol-depleted (b, e), cholesterol enriched (c, f) BAECs,
without (top row) or with (bottom row) latrunculin A treatment.
Bar, 10 pm. . . . ...
DIC images of cells with different cholesterol content. Cholesterol-
depleted (A, D), control (B, E), cholesterol-enriched (C, F) BAECs,
without (top row) or with (bottom row) latrunculin A treatment.
Latrunculin A treated cells show a similar spherical morphology
independently of cholesterol content. Bar, 10 gm. . . . . . . . ..
A: A typical recovery curve in a control FRAP experiment. The
fluorescence intensity is normalized to the average fluorescence
intensity before photobleaching. B: Diffusion coefficients in the
various treatment cases (normalized to the value for the control).
ctrl, control; dpl, cholesterol depleted; enrch, cholesterol enriched;

lata, latrunculin A treated. . . . . . . . . ... ...

xii



4.7

4.8

4.9

4.10

4.11

4.12

5.1

A: Tether length vs time, calculated using Eq. 2.1 on page 18
(see Employed Methods and Techniques). The tether grows much
faster after cholesterol enrichment (dotted line) compared with the
control (solid line) and cholesterol depleted (dashed line) cases.
The curves for control and cholesterol depletion are similar. B:
The estimated force acting on a bond between an endothelial
tether and a leukocyte. After cholesterol enrichment (dotted curve),
initially, the bond force decreases much faster than in the control
(solid curve) and cholesterol depleted (dashed curve) cases. The
curves for the control and cholesterol depletion are again similar.
The estimated membrane-cytoskeleton adhesion force, Fq4, cal-
culated using Eq. 4.1 on page 61. Values of F,; for cholesterol
depleted (dpl) and cholesterol enriched (enrch) cells are both sig-
nificantly (P < 0.05) different from the control (ctrl). . . . . . ..
A schematic showing that PIP2 is the linker between the mem-
brane and cytoskeleton. In reality, how PIP2 interacts with cy-
toskeleton (directly or indirectly) is not clear. . . . . . ... . ..
Sequestration of PIP2 using neomycin mimics cholesterol deple-
tion effects on EC mechanics. . . . . . ... ... ... ...
Sequestration of PIP2 with the gene transfection. After the cells
express the protein, the PH-domain specifically binds the PIP2 so
that PIP2 cannot link to the cytoskeleton. . . . . . . ... .. ..
The experiments on the transfected cells. A: the phase contrast
image of the cell with the cantilever atop. B: The same cells under
the fluorescence microscope. In the tether measurement, only the

green cells are considered. . . . . . ... ...

A: The linear fit using formula 5.1. B: The nonlinear fit using
Eq. 5.5. Notice that the axes of B is different from that of A. . . .

xiil

59

74



Chapter 1

Introduction and Background

In this chapter, I will first present the organization of the dissertation and then
briefly review the development of the Atomic Force Microscopy (AFM) and its

applications in the life sciences.

1.1 The organization of the thesis

The first chapter provides a simple review of the AFM, which is the main tool
used in this study. The second chapter collects all the employed methods and
techniques. Chapter three is a systematic study of membrane tethers with the
AFM technique. Chapter four focuses on the cholesterol effects on endothelial
cell mechanics using the methodology developed in chapter three. In the last
chapter, the two classes of theories on tether formation are compared with the

experiments.



1.2 The AFM

In 1986, Binnig et al. [6] invented the AFM based on the Scanning Tunneling
Microscope (STM). Compared with STM, AFM has much less restrictions on
sample preparation, which greatly extends its applicability. For example, STM
can only be used on conductive samples, while normally there is no need for
surface modification on the AFM samples.

The AFM consists of three major components (Fig. 1.1): a force transducer,
an optical detection system [1,34] and the piezoelectric elements. The force
transducer is a cantilever (Fig. 1.1), which acts as a soft spring. The delicate
movement of the cantilever is recorded by the optical detection system, which
includes a laser generator, and a two- or four-sector photodiode. In essence the
laser beam is focused on the cantilever and the reflected beam is recorded by the
photodiode. Changes in the voltage on different sectors of the photodiode are
used to determine the force exerted on the cantilever. To keep the force constant,
there is a feedback loop, which controls the piezoelectric element to modulate
either the sample or the cantilever position.

As the force transducer, the cantilever plays a critical role in the AFM mea-
surement. It determines not only the measurable force range but also the noise to
signal ratio. On one hand, one wants to maximize the deflection of the cantilever
to detect very small forces. This requires the cantilever to be as soft as possible.

On the other hand, according to the energy partition theorem, the vibrational

kT

>~ , where kp is

amplitude (x) of the cantilever can be estimated by = =

the Boltzmann constant, and 7' is the absolute temperature. It is obvious that
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Figure 1.1: Schematics of the AFM. The photodiode and laser generator form
the optical detection system; the piezo controls the movement of the sample and
the cantilever is the force transducer.

the smaller the spring constant (k), the bigger the thermal vibrational amplitude
(). In addition, to reduce the sensitivity of the cantilever to the external vibra-
tion, the resonance frequency of the cantilever should be far from the frequency
of the external vibration source, such as the vibration of the building, which is
around 100 Hz. The cantilever’s resonance frequency (fp ) can be estimated by
fo= %\/mzo where my is the mass of the cantilever. This obviously puts another

limit on the spring constant of the cantilever. Cantilevers used in this study have



spring constant 0.01 N/m , and the softest cantilever currently available has the
spring constant 0.006 N/m.

To get accurate force measurement, the spring constant of a cantilever should
be calibrated before experiments. There are multiple methods for cantilever
calibration, such as reference spring [99], added mass [84] and thermal fluctuation
[47]. Due to its simplicity, thermal fluctuation method has been very widely used.
Two steps are needed in this method. First, the cantilever touches a hard surface
(usually a cover glass or a mica) to get the voltage-extention curve, and then a
linear fit is done to get the slope (V/m) (Fig. 1.2 A). Second, a power spectrum of
the cantilever is recorded in the experimental environment (buffer or cell culture
medium) and the area of the power spectrum is calculated (Fig. 1.2 B). The

spring constant of the corresponding cantilever is given by [47,71,84]

slope?

k= 0.8kpT
rea

where kp and T are the Boltzmann constant and temperature respectively. This
procedure is usually complicated by measurement noise. High pass filter was
integrated in the hardware to filter out the low frequency noise (especially the
60 Hz electronic noise). Software filter is also frequently used to post-process
the collected data [39]. In all the presented experiments, thermal fluctuation
method was used to calibrate the cantilevers. It yielded spring constant values
in the range [7, 13] pN/nm, in agreement with the manufacture value of 10
pN/nm.

In recent years, AFM has gained great popularity in the biological sciences.
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Figure 1.2: Calibration of AFM cantilevers. A. Linear fit to the voltage-extension
curve to obtain the slope. B. Lorentzian fit to the power spectrum. The area
under the spectrum is calculated.

Compared with conventional imaging methods, AFM provides not only sample
morphology, but also can mechanically stress the samples and generate quanti-
tative response. For example, AFM provides biologists a great opportunity to
investigate the response of cells to external mechanical stimulations.

To get topographical information on a sample, one can use two AFM oper-
ating modes: contact mode and tapping mode [53]. In the contact mode, the
cantilever is brought into continuous contact with the sample. To avoid moving
the sample, the sample may be trapped in pores of filters, or strongly attached
to the substrate. In the tapping mode, the cantilever intermittently contacts the
sample, which reduces the frictional force and contact time and allows to min-
imize the deformation of the biological sample. This mode is suitable to image
fragile or loosely attached samples. Many cell types were imaged using AFM by

either contact mode or tapping mode.



Besides the morphology, AFM measurement also provides information on the
mechanical properties of the sample. Fig. 1.3 shows how to use AFM to measure
cell mechanical properties. At first (Fig. 1.3 A) the cantilever is far away from
the cell, then it approaches the cell either by moving up the sample holder or by
lowering the cantilever to form a contact (Fig. 1.3 B, C). Next, the cantilever
is separated from the cell (Fig. 1.3 D). During this process, the deflection of
the cantilever and the movement of the piezo are recorded to form the force-
extension curve as shown in Fig. 1.3 (see the plot in the middle). By analyzing
the indentation curve based on the Hertz or Sneddon model [72,94], the elastic
modulus of the cell can be extracted.

As another noticeable application, recently AFM has been used to measure
cell-substrate or cell-cell interactions. For cell-substrate adhesion, usually a cell
is attached directly to the cantilever (or through a bead which attaches to the
cantilever) and then approached to a chemically treated substrate. If the sub-
strate is covered by other cells or even a cell layer, then cell-cell interactions can
be measured. This approach can measure adhesion at the molecular level [109].

When it was invented, AFM was mainly used in the material sciences and
was difficult to measure samples in the liquid environment, which is usually re-
quired for the biological samples. Now, with the modern AFMs, samples can
be in medium with the ambient temperature well controlled. This is critical for
experiments needed to be done under physiological conditions. Another develop-
ment of AFM is to combine AFM technique with other optics (e.g. total internal
reflection fluorescence microscope (TIRF), fluorescent resonance energy transfer

(FRET)). By combining the AFM with fluorescence microscopy, one can mea-
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Figure 1.3: Force-extension curve. (A) The cantilever is far from the cell and
there is no interaction between it and the cell. (B). The cantilever approaches
the cell either by lowering it or moving up the sample holder to form contact.
(C). Further approach leads to bigger cantilever and cell deformation. (D). The
cantilever starts to separate from the cell. The attraction force (specific and non-
specific) deforms the cantilever in the opposite direction. (E). The cantilever gets
back to the original location as in (A). The cantilever is far from the cell. The
middle panel shows the force-extension curve corresponding to the described
cycle. The gap between part A and E, part A and the x-axis are shown only for
clarity. In reality they coincide (both sections correspond to the movement of
the free cantilever). (Modification based on the figure in [53]).



sure cell mechanics while simultaneously monitoring the fluorescence to check
cell response. This provides a unique way to investigate cell mechanical signal-
ing pathways. For example, reference [100] shows that applying a force to the
apical surface of vascular smooth muscle cells induces cytoskeletal response and
results in the change of the focal contact reorganization in the basal sides of the
cells [100]. In the present study, we combine the AFM with an epifluorescence
microscope. This enables us to select cells that are genetically transfected to

express the green fluorescence protein (GFP).

The Home-built Force Spectroscope

The instrument used in the study is a home-built, AFM based force spectroscope.
It is specifically designed for force measurement. It resides on the stage of an
inverted microscope, housed in a customer-built chamber that allows modulating
and controlling the temperature (Fig. 1.4 A, B). The piezo’s traveling range is
about 30 pm, which is needed for the measurement of cell membrane tethers

(explained in the next chapter) with the micrometer length scale.



Figure 1.4: The home-built AFM. A: AFM with controller, monitor and the
inverted microscope. B: Magnified view of the AFM on the stage of an inverted
microscope.

The force spectroscope is controlled with the custom-written software using
Igor Pro and the NIDAQ Tools MX package. It contains three main modules:
power spectrum acquisition, hard surface calibration, measurement control and

the analysis module (Fig. 1.5).
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Chapter 2

Employed Methods and

Techniques

2.1 Cell culture and treatment

Common cell culture condition

Cells are cultured in DMEM (Invitrogen, Carlsbad, CA) containing 10% fetal
bovine serum (FBS, Sigma-Aldrich, St. Louis), 10 ug/ml penicillin, streptomycin
and kanamycin sulphate (Invitrogen Corp., Carlsbad, CA). Cells were maintained

in a humidified incubator at 37°C with 5% CO,.

Specific conditions for different cell lines

Bovine aortic endothelial cells (BAECs; Cambrex East Rutherford, NJ) between

passages 12 and 20 were used in the study. Cells were split every 3-4 days. The

11



human brain tumor cell line (HB) [41] was cultured with 5 pg/ml fungizone. The
human endothelial cells EA hy926 were a generous gift of Dr. C-J S. Edgell [27],
and were maintained in HAM’S F-12 supplemented with 20% fetal bovine serum

(Sigma-Aldrich).

Latrunculin A and hyaluronidase treatment

In cytoskeletal disruption experiments, the cells were in regular medium sup-
plemented with latrunculin A (Sigma), a specific actin polymerization inhibitor
[18,106] at various concentrations (0.1, 0.2, 0.5, and 1.0 M) for 30 min be-
fore the measurement. The importance of the glycocalyx in the fomation of
membrane nanotubes was studied through one of its major components, the gly-
cosaminoglycan hyaluronan [107]. The removal of hyaluronan from the surface
of substrate-attached cells was achieved by a 30-min incubation in the presence
of hyaluronidase (500 IU/ml) (Sigma-Aldrich) in serum- and polysaccharide-free

medium.

Cellular cholesterol modulation

BAECs were enriched with or depleted of cholesterol by incubating them with
methyl-(G-cyclodextrin (MSCD) saturated in cholesterol or using empty MSCD
(not complexed with cholesterol), as described in previous studies [57]. Free
cholesterol mass analysis was done by gas-liquid chromatography (GLC) (as de-
scribed in e.g., Levitan et al., [57]). Cell protein content was determined on the

lipid-extracted monolayer using a modification of the method of Lowry et al. [61].

12



All mass values were normalized on the basis of cell protein.

2.2 Force spectroscopy measurements

Sample preparation

Typically, around 5x10% cells were plated on bare or different substance coated
glass coverslips (Pierce Biotechnology, Rockford, IL), placed in 35-mm plastic
petri dishes (Techno Plastic Products, Trasadingen, Switzerland), and cultured

at 37°C in a 5% CO, incubator for 24 h before AFM measurement.

Cantilever and substrate modification

For surface modification assays, cantilevers (Veeco, Santa Barbara, CA) and glass
coverslips (Pierce Biotechnology) were put in 0.1 mg/ml Poly-L-Lysine solution
(Sigma) for 15 min, then rinsed with Milli-Q water (Millipore, Billerica, MA) and
air-dried. The effect of a collagen-coated surface was evaluated by incubation of
cantilevers in a type I collagen solution (1 mg/ml; Sigma) at 4°C for 60 min, and

subsequent rinsing with Milli-Q water and air-drying in a laminar flow hood.

Tether force measurement

Our in-house-built force measurement device, based on the design and operation
of an AFM, was attached to the stage of an inverted optical microscope (Olympus
IX70, Olympus America, Melville, NY). This arrangement allowed for precise

positioning of the cantilever on the area of interest along the cell membrane.

13



Soft silicon nitride cantilevers (Veeco, Santa Barbara, CA) were cleaned in 70%
ethanol, rinsed in Milli-Q water, and then sterilized with UV light for 15 min.
Each cantilever was calibrated before a given experiment using thermal noise
amplitude analysis [10,11,47]. The measured spring constants were between 7
and 13 mN/m, in agreement with the nominal spring constant of 10 mN/m.

A 60-mm Petri dish containing cells in CO, independent medium at room
temperature, supplemented with 10 ug/ml penicillin, streptomycin, and kanamycin
sulphate, was placed under the AFM. A typical experiment was performed as
follows: the cantilever was moved toward the surface until contact with the cell
membrane (observed from the deflection of the cantilever) was established. Con-
tact was maintained for 2 — 30 s, and then the cantilever was retracted from
the cell surface. Loading rates were varied according to different experiments (a
range from 1 pum/s to 40 pm/s). Force elongation profiles were recorded using a
number of cells from each cell type, with each cell subjected to multiple retrac-
tion experiments. Several hundred discrete events were used for data analysis.

Data analysis was carried out with Igor 4.09 (WaveMetrics, Inc. Lake Oswego,

OR).

2.3 Visualization of membrane nanotubes with
quantum dot-labeled cells

Endothelial cells (EA hy926) were washed three times in phosphate-buffered

saline (Fisher Scientific, Pittsburgh, PA) to remove culture medium followed by

14



incubation with sulfo-NHS-biotin (Sigma, St. Louis, MO) at a concentration of
100 pg/ml for 15 min at room temperature. Subsequently, cells were washed
four times in HAM’S F-12 cell culture medium (Wisent, St. Bruno, Canada)
and incubated with streptavidin-conjugated Q-dots (Quantum Dot, Hayward,
CA) with a fluorescence maximum at 605 nm. Finally, cells were rinsed an
additional three times to remove unbound Q-dots and micrographs were obtained
with an inverted epifluorescence microscope (Axiovert 200, Zeiss, Thornwood,
NY) on which the force spectrometer was mounted. Images were taken (40x
objective) with an ME2 CCD camera (Finger Lakes Instrumentation, Lima, NY)
at a resolution of 768 x 512 pixels. Membrane tethers were formed by contacting
an individual cell with the AFM cantilever, followed by a simultaneous vertical

and lateral retraction allowing individual tether visualization.

2.4 Confocal Fluorescence Recovery After Pho-
tobleaching (FRAP)

For DilCy; labeling cells were incubated with 0.5 pug/ml of DilCy5 (stock 5 mg/ml
in DMSO) in DMEM without FBS for 20 minutes. Confocal FRAP was per-
formed as described by Kenworthy et al. [50]. Briefly, a Zeiss LSM 510 Meta
NLO 2-photon confocal (Carl Zeiss, Thornwood, NY) was used with a 63x 1.4
NA Zeiss Plan Apochromat oil immersion objective, at a digital zoom of 2, a
scan speed of 10, and the pin-hole set at 1 Airy units. Prebleach and postbleach

images were acquired using low laser intensity. Photobleaching was performed
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using 10 scans with the 800 nm laser line at 10 % transmission in a rectangu-
lar region of interest, 4 um wide. All FRAP measurements were carried out in
COg independent medium at room temperature. In case of cytoskeleton disrup-
tion experiments, prior to measurement, cells were treated for 10 minutes with
latrunculin A, as described above.The effective diffusion coefficients were deter-
mined from the postbleached image series using a program that compares the

experimental and simulated recoveries into the bleached region [93].

2.5 Visualization of the actin cytoskeleton and
cell morphology

To visualize the microfilament network, F-actin staining was performed using
standard procedure. Cells were fixed in 4% paraformaldehyde (PFA) for 10 min,
permeabilized with 0.1% Triton-X100 for 5 min, incubated with PBS (2% FBS)
for 15 min, and subsequently with 0.1 M Rhodamine-Phalloidin (Sigma, St.
Louis, MO) for 20 min. After each step, samples were rinsed three times in PBS.
Images were acquired using a BioRad Radiance 2000 (Carl Zeiss Microimaging
Inc. Thornwood, NY) confocal system. Cell morphology as function of choles-
terol treatment was visualized with Differential Interference Contrast (DIC) mi-
croscopy. Images were acquired using the DIC imaging module on the Zeiss LSM
510 Meta NLO 2-photon confocal (Carl Zeiss, Thornwood, NY) with a 63x 1.4
NA Zeiss Plan Apochromat oil immersion objective. In order to minimize the

bias, blind experiments were performed. Control and cholesterol treated cells
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were cultured on the same cover glass (appropriately partitioned in two regions)
by one individual and subsequently imaged by another individual without the

knowledge of which region contained the treated and control cells.

2.6 Determination of membrane surface viscos-
ity
There are different theories for the analysis of the tether force (Fp) as a func-
tion of tether growth velocity (V;; in our case the AFM cantilever retraction
speed) including power law [8,29,42] and linear relationships [44]. In our ex-
perimental regime, the linear relationship worked well. In this case, as analyzed
by Hochmuth et al. [44], F = Fy + 2mn.s;V; . Here 1.y is the effective surface
viscosity and Fj is the threshold force for extracting a tether. Fj is given by
Iy =2n/2TB , where the apparent membrane tension 1" provides a direct mea-

sure of the membrane-cytoskeleton adhesion and B is the membrane bending

stiffness [92].

2.7 Bond force computation

Leukocytes circulating in the blood flow occasionally collide with the endothelial
wall, which may result in tether formation, from either the endothelial or leuko-
cyte membrane. The force, due to shear stresses in the blood flow, acting on the
adhesive bond between the tip of the tether and the apposing membrane (i.e.

selectin-PSGL-1 ligand), Fy, can considerably be reduced by the extension of the
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tether [89]. We investigated how cholesterol, through its effect on the mechani-
cal properties of endothelial tethers may influence Fy. Using the parameters (Fj
and 7.y ) from the tether pulling experiments, F}, can be calculated from the

following equation

dL
Fy(L) :FO+27T77eff$ (2.1)

where L(t) is the instantaneous tether length. We solved Eq. 2.1 numerically for
endothelial tethers, formed under various cholesterol conditions, using the model
of Shao et al. (Shao, 1998). These authors established the conditions of force and
torque balance for a neutrophil (along with an equation expressing the geometry
of the neutrophils attachment to the endothelium, assuming attachment through
a single tether). In the computation, the radius of the leukocyte and shear stress

due to blood flow were assumed to be 4.25 pm and 0.08 pN/ m2 respectively.

2.8 Statistical analysis

Analysis of covariance was used to compare the results of tether pulling exper-
iments under different conditions. For the FRAP data comparison, Students

t-test was used [108].
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Chapter 3

Membrane tethers extracted by

AFM

AFM has been used in the biological sciences for many years. One of its ap-
plications is to measure cell mechanical properties. The conventional method
for such purpose is to use the cantilever to indent the cell surface and study, for
example, the Young’s modulus of the cell. In this chapter, an alternative method

— membrane tether pulling — is presented to investigate cell mechanics.

3.1 Cell membrane structure

Cell membrane is one of the most important structures of a cell. It encloses a
cell and defines its boundary. The two most dominant components of the cell
membrane are the phospholipids and the membrane proteins. The phospholipids

form the membrane bilayer (Fig. 3.1), which provides the basic fluid structure of
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the membrane. The membrane proteins perform most of the functions, such as
selective permeability. Outside of the lipid bilayer is a macromolecular network
called glycocalyx (Fig. 3.1). It is mainly composed of polysacchrides (one of most
important components being hyaluronan). The glycocalyx protects the cell from
mechanical damage and other harmful chemical exposure. Recent experiments
also indicate that it may be involve in signal transduction, cell adhesion and
cell motility [52,55]. Underneath the bilayer is the cytoskeleton structure of
a cell (Fig. 3.1), which plays important role in cell shape, cell migration and
cell-cell communication. The cytoskeleton is made of three major components,
actin filaments, intermediate filaments and microtubules. In normal cells, the
cell membrane strongly connects to the cytoskeleton through transmembrane

proteins and some lipid molecules such as PIP2 [77].

3.2 Membrane tethers

Tethers are nanotubular structures emanating from the cell membrane. They
can be formed in vivo and in vitro by variety of force transducers, such as AFM
cantilever [98], micro-beads [23, 46, 88|, and even cells [5]. These cylindrical
nanotubular structures are mainly made of phospholipids. So far, there is no
experimental evidence showing cytoskeleton structures (especially F-actin) inside
these structure [77], at least for tethers extracted in vitro. Due to its small size
(only about 50 nm in diameters), nanotubes can hardly be seen with the optical
microscope. Using differential interference contrast microscope (DIC) [24] and

fluorescence microscope with either membrane dyes [59] or quantum dots [98],

20



Extracellular
Fluid

Carbohydrate

Glycoprotein

(=D Filaments of

Integral cytoskeleton

protein

Cytoplasm

Figure 3.1: Membrane structure. Cell membrane is mainly made up of phospho-
lipids and membrane proteins. The phospholipids form the membrane bilayer.
Outside of the lipid bilayer, there is a “cell coat” called glycocalyx. It is mainly
composed of polysaccharide chains. Underneath of the bilayer is the cytoskele-
ton. Modification based on http://sun.menloschool.org/~birchler/cells/plants/
cell_membrane/cellmembrane.jpg.
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tethers have been visualized. However, in all these cases, what have been seen
are most likely bundles of membrane tethers instead of a single tether. Recently,
Hosu and coworkers [46] used magnetic tweezers to extract membrane tethers,
then fixed the system with fixatives to visualize tethers with a scanning electron
microscope. This way individual tethers could be visualized. These acquired
SEM images also suggest that, at least in case of the magnetic tweezers, tethers
may be pulled from the pre-existing structures, more specifically microvillies.

These tethers are relatively homogeneous with diameters of 50 nm (Fig. 3.2).

Figure 3.2: Scanning electron microscope image of membrane tethers from HB
cells [46]. A: lower magnification. B: high magnification. Scale bars: 1ym in A;
500 nm in B.

Tethers exist in vivo and play important roles

Membrane tethers form in vivo and fulfill multiple biological roles. First, in
combination with adhesion molecules such as P or E-seletins, they form an “au-

tomatic braking system” [14] for cells in the blood flow to slow down and get
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arrested (i.e. attach to the blood vessel wall). Second, membrane tethers provide
inter- and intra- cellular signaling pathway.

During an inflammatory process, leukocytes (e.g. monocytes, neutrophils) in
the blood flow need to slow down from the blood flow, adhere to the endothe-
lium and finally transmigrate through the endothelium. The initial steps (i.e
slowing down and attachment to the endothelium) involve a variety of adhe-
sion molecules, such as selectins and immunoglobulin superfamily cell adhesion
molecules (CAMs). The dynamics of these adhesion molecules have been exten-
sively investigated. However, the involvement and importance of the membrane
tethers were recognized and experimentally proved much later. In 2002, Eric
Park and coworkers [68] performed a series of experiments showing the impor-
tant role of the membrane tethers in the neutrophil rolling process. They used a
cell-scaled microbead system to monitor motion of the neutrophils and PSGL-1
coated beads of similar size in a parallel plate flow chamber with P-selectin coat-
ing. The motion patterns of the beads and neutrophils turned out to be very
different. Beads manifested unstable, intermittent movement, with velocities
well predicted by hydrodynamic considerations. The pauses between successive
velocity spikes were very short. Under the same condition, neutrophils showed
more even motion with considerably smaller velocities and longer pauses between
velocity spikes than found in case of the beads. However, after the neutrophils are
fixed with glutaraldehyde (thus not able to sprout tethers), their motion resem-
bled that of the beads. This experiment demonstrated that membrane tethers
can stabilize neutrophils rolling, which was confirmed by further experiments

using a cell-cell assay [73,87]. Tether formation is not the unique mechanism in
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the inflammatory response. It is also relevant in cancer metastasis [64].
Another important biological function of membrane tethers is that they pro-
vide a pathway for intracellular and intercelllar communication [49,83,101]. Tt
was first shown by Rustom and coworkers [83] that membrane tethers can con-
nect cells and provide intercellular highways for signaling and mass transport.
A very recent article by Sowinski and coworkers demonstrated that HIV-1 may
transfer over long distances with high efficiency, utilizing membrane tethers con-
necting T cells [95]. Inside cells, tethers can also form among organelles and

participate in signaling and mass transport [101].

3.3 Tether extraction by AFM

Several experimental methods have been used to characterize the mechanical
properties of membrane tethers, such as optical tweezers [23, 25, 58] and mi-
cropipette aspiration assays [32,33,44,45,48,103]. In the optical tweezers exper-
iments, a micro-bead is held by the laser and a cell is approached to the bead to
form contact, then either the cell or the bead is moved away so that tethers can
be extracted. The force on the bead can be read out and a force vs. time curve
is plotted. A well defined plateau is observed in the curve. This can be under-
stood in terms of a membrane reservoir being gradually depleted upon pulling
on the bilayer [74]. In the micropipette experiments, a cell is held with a pipette
while a spherical bead is held with another. At the beginning, a well controlled
positive pressure is applied to push the bead to contact the cell held by the other

micropipette. Then, a negative aspiration pressure is imposed to pull the bead
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away. The displacement of the bead vs. time is recorded and plotted. From the
displacement vs. time curve, the speed of the bead is calculated. Information
on tethers can be drawn by comparing the speeds of the bead with and without
tethers.

The AFM provides another way to investigate membrane tethers. In the
AFM experiments, the cantilever approaches a cell to form a contact, remains
on the cell surface for a controlled time period and then retracts from the cell.

The force on the cantilever can be monitored by the photo-detector (Fig. 3.3).
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Figure 3.3: A: The optical image showing positioning of the cantilever on the
cell surface. B: A typical experimental force curve. The blue curve corresponds
to the approaching of the cantilver to the cell surface; the red one corresponds
to the retraction of the cantilever from the cell surface. On the retraction curve,
multiple step-like structures are clearly resolvable. The inset is the magnified
version of the step-like structures.

Compared with the micropipette technique, the AFM method has several
advantages. First, the speed to approach or retract from the cell can be controlled

much more accurately with a piezo. Second, tether forces as low as 10 pN can be
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achieved with considerably higher accuracy than with micropipettes. Though the
force resolution can be sub-peco newton with an optical tweezers, the maximum
force it can apply is very limited (usually lower than 100 pN). This limitation
of the optical tweezers makes it hard to simultaneously extract multiple tethers.
As shown in Fig. 3.3 B, with the AFM, forces in excess of 1 nN can be achieved,

far beyond the capability of the optical tweezers.

3.3.1 Multiple tether formation and rupture

Tether formation during cell movement and cellular adhesion is likely to involve
the simultaneous formation of multiple tethers. The tether pulling experiments
performed until now have primarily addressed the formation of single tethers.
One recent study explored dual tether extraction using the micropipette aspira-
tion technique. Here the tethers were observed not in force-elongation profiles,
but rather through the analysis of the dependence of the pulling force on the
growth velocities of the tethers [104]. Other recent work has demonstrated that
multiple membrane tethers can be formed in a minimal system composed of a
giant unilamellar vesicle, kinesin-coated beads, microtubules, and ATP as energy
source [51,56,82]. Beyond these examples, little is known about the behavior of
multiple, simultaneously existing tethers in real cells, and their coupling with the
overall membrane reservoir or their association with each other. Whether or not
multiple membrane tethers can be simultaneously extracted from the membranes
of living cells is still a matter of controversy.

In a recent theoretical article, Derenyi et al. [26] predicted that, in the ab-
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sence of pinning forces, multiple membrane tethers coalesce smoothly. This study
also points out that in real cells, membrane heterogeneities or coupling to the cy-
toskeleton may prevent tether fusion. However, there is no experimental evidence
for the prediction.

To extract multiple tethers, a large initial adhesion force has to be overcome
(Fig. 3.3 B). A force transducer with the ability to measure a broad range of forces
(such as those encountered in specific and nonspecific cellular adhesion events) is
needed. The AFM has the ability to apply a large range of forces (picoNewtons
to nanoNewtons) (Fig. 3.3 B). This provides the opportunity to simultaneously
monitor the formation of individual or multiple tethers and to bring new insight
into the behavior of multipally extracted tethers. In this study, we used the AFM
to extract multiple tethers, using a variety of cells with different morphology and
origin, including Chinese hamster ovary (CHO) cells, a malignant human brain
tumor cell line (HB), and endothelial cells.

In a typical AFM pulling experiment, the cantilever approaches the cell sur-
face and is in contact with it for about 10 seconds before it retracts. Fig. 3.3 B
shows a typical force-extension curve, with the blue approaching curve and red
retraction curve. On the retraction curve, there are multiple step-like structures,
which we identify with the detachment of individual tethers from the cantilever

for reasons that will be further discussed in the following.
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3.3.2 Visualization of membrane tethers with quantum

dots

Formation of membrane tethers between cells and untreated AFM cantilevers
was demonstrated by labeling the cell surface with fluorescent quantum dots and
probing the cell in a manner similar to that used in the force measurements.
Fig. 3.4 shows a membrane tether/tethers formed after contact of the AFM
cantilever with an endothelial cell. The two fluorescent images correspond to
two different positions of the cantilever and demonstrate the fluid nature of

membrane tethers.

Figure 3.4: Tethers pulled by horizontal movement of the cantilever are observed
by labeling the cell membrane with fluorescent quantum dots. The arrows in-
dicate the tethers, which move freely as they follow the movement of the can-
tilever [98].

This visual control provides confirmation that the features present in the

retraction profiles (Fig. 3.3 B) are the result of tether extraction from the cell
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membrane. However, fluorescence imaging did not permit resolving multiple

tethers, possibly due to their close proximity to each other and small diameter.

3.3.3 The tether force

The retraction profiles recorded with three different cell types exhibited an initial
high force region followed by distinct, multiple plateaus separated by force steps
(Fig. 3.5). The existence of the high force region indicates that, to initiate the
tether extraction process, a substantial effort is needed. The height of this region,
as well as the number of plateaus in a given retraction experiment, were found
to be sensitive to the duration of the initial contact between the cantilever and
the membrane, but the magnitude of the force steps between plateaus, AF', was
not.

In previous experiments, performed with optical traps, plateaus in force-
elongation profiles were associated with the pulling of individual membrane teth-
ers (“tether force” in what follows), composed of freely diffusing membrane com-
ponents, mainly phospholipids and membrane proteins [74]. The length of the
plateau was correlated with the extent of the membrane reservoir.

In most of our experiments, multiple plateaus were observed along the entire
extension, and within an individual force-extension profile. Since the discrete
force steps between consecutive plateaus were markedly comparable (Fig. 3.5),
we interpret them as the simultaneous elongation and sequential loss of multiple
membrane tethers formed between the cell and the cantilever. Consequently,

AF, the change in force between two consecutive plateaus, can be associated
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with the force needed to pull a single tether, which we define as the membrane

tether force F' (with values shown in Table 3.1 for various cell types and treatment

conditions).
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Figure 3.5: Typical retraction-force curves as function of cantilever extension
for three cell lines. Numbers on the graphs denote the values of the individual
force steps between consecutive plateaus. Note the very similar force drops in the
quasi-constant force elongation regime. The fact that zero force is not reached at
the end of the retractions, indicates that tethers are still attached. Inset shows
timescale for a typical force drop [98].
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Latrunculin A treatment Hyaluronidase
Control | 0.1 ugM [ 0.2 uM | 0.5 M | 1 pM | 500 TU/ml
Endothelial cells 29+10 | 2848 | 174++6 | 1546 | 1548 21+£10
HB cells 2949 | 22413 | 15+10 | 17£6 | 1548 19+7
CHO cells 28 +£10 | 214 1645 167 | 1445 19+6

Table 3.1: Summary of all tether force measurements performed in the study.
Values for the forces are given in pN.

3.3.4 The tether force is independent on the chemical na-

ture of the cantilever surface

Experiments in which the chemical nature of the cantilever surface was changed
were conducted to clarify that the tether force is independent of the nature of the
attachment. AFM tips coated with poly-L-lysine or collagen were used to extract
tethers from CHO cells and no significant differences were found in tether force
(26 = 7 pN and 29 + 7 pN, respectively; compare with 28 + 10 pN, for untreated
cantilever; see Table 3.1). These results are consistent with earlier observations
that tether growth, once underway, does not depend on the chemical nature of
the attachment of tethers to the force transducer [37].

Histograms of tether forces measured between distinct plateaus for untreated
CHO, HB, and endothelial cells are presented in Fig. 3.6 (upper row). In all
histograms, a Gaussian fit was used to identify the average force needed to pull
a single tether. At the pulling rate used (3 pm/s), the tether forces did not
show significant variation among CHO cells (28 + 10 pN), HB cells (29 + 9 pN),
and endothelial cells (29 + 10 pN). These results suggest that small differences
in membrane composition, surely present across the three strongly differing cell

lines, do not significantly affect the magnitude of the tether force. Differences in
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membrane composition could affect the initiation force. In addition, they pro-
vide further support for the ubiquitous character of tether formation resulting
from local external forces acting on cells, and suggest that multiple tether for-
mation may represent an important mechanism for cell attachment. The rather
broad distribution of the forces (AF) observed in our histograms results from
the heterogeneity in the properties of the membrane across the cell surface. This
heterogeneity could be, in part, the consequence of the varying association of the

cytoskeleton and the glycocalyx with the membrane.

3.3.5 Role of membrane-associated macromolecules

Treatment of cells with latrunculin A (LATA) is well known to disrupt the
actin cytoskeleton in a concentration-dependent manner and leads to significant
changes in overall morphology [18,81]. In particular, transmembrane proteins
(e.g., cadherins, integrins) lose their attachment to F-actin [19]. Thus, LATA
treatment results in the concentration-dependent decoupling of the actin cy-
toskeleton from the plasma membrane. As expected, the tether force drops in
an concentration dependent manner (Fig. 3.7). In our experiments, this effect is
evident from the rounding of the cells and is manifest in the 50% reduced mag-
nitude (for 1 uM LATA concentration) of the observed tether forces for all cell
types (Fig. 3.6, middle row). More interestingly, a noticeable narrowing of the
force distribution is observed in the histograms. The changes in width obtained
from the standard deviation of Gaussian fits were found to be 4, 2, and 10 pN for

endothelial, HB, and CHO cells, respectively. This narrowing could be a direct
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Figure 3.6: Single-tether force distributions for untreated and treated cells. Note
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Results shown are for 1 uM LATA and 500 IU/ml hyaluronidase concentrations

[98].

33



consequence of the LATA-induced homogenization of membrane properties over
the surface of the cell. LATA treatment reached its maximal effect at 0.2 pM
(see Table 3.1) — a value in good agreement with the previously reported in vitro

F-actin/LATA equilibrium dissociation constant, Kd = 0.2 uM.
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Figure 3.7: The tether force F' decreases as the concentration of latrunculin A
increases untill it reaches 0.2 pM.

The glycocalyx backbone hyaluronan of CHO, HB, and endothelial cells was
disrupted by treatment with hyaluronidase. Hyaluronidase cleaves hyaluronan
into disaccharides, which, in the present context, is equivalent to digesting part
of the glycocalyx [107]. The tether force measured after hyaluronidase treat-
ment was 30% lower than for untreated cells (Fig. 3.6, bottom row and Ta-
ble 3.1). As with the experiments using LATA, one again observes a narrowing
in the force distribution (at least for the HB and CHO cells, with the respective

changes in width of 4 and 8 pN; for the endothelial cells, the width remained
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unchanged), suggesting that the glycocalyx also contributes to the heterogeneity
of plasma membrane properties. Overall, these findings show the importance of
the macromolecular networks on both the intra- and extracellular sides of the

cell membrane in the biomechanical integrity of the cell.

3.3.6 Discussion

Formation of a tether requires large changes in membrane curvature. The associ-
ated energy cost depends on the biomechanical properties (i.e., bending rigidity,
effective surface tension [60, 65]) of the bilayer, as well as its association with
the cytoskeleton and glycocalyx. AFM provides an alternative means to directly
probe these properties through multiple tether extraction and pulling studies.
Among the three cell lines used in our experiments, at the applied pulling rate,
no major variation in single tether forces was found, implying that specific lo-
cal cell membrane characteristics in these three cell types do not influence the
growth of tethers. This finding also suggests that multiple tether formation is a
ubiquitous phenomenon that can be initiated by nonspecific binding between a
cell and its environment (e.g., other cells), and it is primarily a property of the
plasma membrane itself that may be utilized in vastly differing circumstances.
Our measured values of tether forces are in good agreement with previously
published data ranging from 10 to 60 pN for a variety of immobilized cells. Tether
forces similar to those reported here have been measured at comparable pulling
rates for fibroblasts [74], melanoma cell lines [24], neuronal growth cone mem-

branes [23], and red blood cells [88]. In contrast to previous studies using optical
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traps and micropipette aspiration that have the ability to extract individual teth-
ers, with the AFM cantilever we simultaneously extracted multiple tethers, but
retained the sensitivity to detect the loss of individual tethers as the membrane
reservoir was gradually depleted. Initiation of multiple tether extraction requires
overcoming a large initial potential barrier visible in the force profiles in Fig. 3.5.
The force required to overcome the initial adhesion is typically larger than the
maximum force that can be attained using optical traps or micropipette aspi-
ration. One must therefore be careful how much surface area contacts the cell
when using these techniques to ensure that the number of tethers extracted does
not exceed the limiting forces. Attainment of the forces necessary to initiate

extraction of multiple tethers is possible with the AFM.

The step-like structures result from the detachment of the membrane

tethers from the cantilever

The observation of discrete force steps in our experiments raises the question
of the origin of these rupture-like events. First, tethers could snap along their
length. However, this would require overcoming close-to-lytic membrane ten-
sions and, correspondingly, as experiments [25] and theory [30] indicate, forces
of 100 pN, considerably higher than our measured values. Second, it has been
suggested that heterogeneities within the membrane could locally decrease its
tension and lead to tether fission [2]. This effect is expected to be cell-type-
dependent and thus not likely to act in our experiments, in which no significant
differences in tether force were observed. Third, theory suggests that multiple

tethers extracted locally from the membrane reservoir in synthetic vesicles could
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fuse, but that pinning forces may prevent fusion [26]. The glycocalyx and the
cytoskeleton, absent in synthetic vesicles, provide ample possibilities for local
pinning, thus fusion of tethers in living cells is highly regulated by these struc-
tures. Since in our experiments at least one of these macromolecular networks is
always intact, the probability for fusion should be quite low. Experimental con-
firmation of tether fusion in synthetic vesicles has recently been provided [20].
These experiments showed that as fusion proceeds, a sudden change, similar to
the discontinuities in Fig. 3.5, occurs in the components of the pulling force. The
components parallel and perpendicular to the axis of the fused tethers respec-
tively decrease and increase abruptly, while the overall force remains constant
(for a given membrane tension). Interestingly, these results also strongly suggest
that, in our experiments, tethers do not fuse. Fusion of tethers takes time. In
the experiments of Cuvelier et al. [20], under static conditions (no pulling force
exerted) the velocity of fusion was found to be 80 pm/s, and thus the time
for two tethers to fuse along a 12-um section to be 150 ms. Fusion in living
cells, if it takes place, should be considerably slower due to heterogeneities in the
membrane. However, as results in Fig. 3.5 show, force-steps occur much faster
at comparable tether length. In fact, with the time-resolution of our device (<10
ms), we can estimate the time of a force-step to be an order-of-magnitude less
than the time needed for fusion. Finally, tethers can detach from the cantilever.
Considering that we do not reach the force necessary for tether rupture, and
our force-steps occur on a timescale inconsistent with the fusion of tethers, we
can assume that the force-steps result from detachment of the tethers from the

cantilever.
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Simultaneously extracted tethers share the membrane reservoir

As we pull groups of tethers with the AFM cantilever, they typically break off
one by one. The extended membrane is then reincorporated into the membrane
reservoir and the process continues until all of the tethers are released. The
rigidity of the plasma membrane, conferred through the properties of its intrin-
sic components and peripherally associated macromolecules, defines the limits of
the reservoir available to form tethers. This aspect is best illustrated by the mea-
surement of the extent of the membrane reservoir as shown in Fig. 3.8. When
measured within an individual force elongation profile, the size of the mem-
brane reservoir probed was found to be approximately constant for each rupture
event between consecutive plateaus. This result suggests that, when probed lo-
cally with an AFM tip, multiple simultaneously extracted membrane tethers are
equally coupled to the membrane reservoir of the cell.

Previous studies demonstrated that tether properties depend on both actin
microfilaments and microtubules, major components of the cytoskeleton [74].
Our results support these earlier findings. Indeed, we observed an 50% decrease
in tether force after the inhibition of actin polymerization, indicating that cy-
toskeletal integrity is crucial in the regulation of the membrane’s biomechanical
characteristics. In contrast to the rather well-established function of the intra-
cellular cortical cytoskeleton in the biomechanical role of the cell membrane,
relatively little is known about the role of the proteoglycan complexes covering
the extracellular surface of the phospholipid bilayer. Our finding of a 30% de-

crease in single tether force due to the disruption of the glycocalyx highlights
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Figure 3.8: A force profile for an untreated endothelial cell is presented to illus-
trate the method of measuring the size of the membrane reservoir. The schemat-
ics on the top illustrate the state of the experiment at point A, B, and C along
the retraction curve. A, B, and C correspond, respectively, to points with three
tethers attached (L=3x2.6=7.8 um, two tethers attached (L=2x3.6=7.2um), and
one tether attached (L=7.2um). Here L stands for the total length of all simul-
taneously pulled tethers [98]
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the importance of glycosaminoglycans on the mechanical properties of the lipid
bilayer. Hence the hyaluronan backbone of the glycocalyx has a distinct effect
on the mechanical properties of the plasma membrane in intact cells [107].

In summary, multiple tethers are manifest in AFM pulling experiments as
plateaus separated by well-defined steps in the force profile. In this study, we
evaluated the force required to pull individual tethers directly from the measure-
ment of these force steps. Therefore, each force histogram presented in Fig. 3.6
represents an ensemble of measurements performed at many different positions
on many cells. It is expected that, over the entire cell surface, heterogeneity
exists in the coupling between the glycocalyx, cytoskeleton, and the membrane.
Although the change in the peak values in the histograms after the two treat-
ments is a specific measure of the coupling between the membrane and its pe-
ripheral macromolecular networks, the heterogeneity of the coupling is manifest
through the broad distribution in the histograms for the nontreated cells. The
marked narrowing of the histograms in LATA- and hyaluronidase-treated cells
illustrates the reduction of this heterogeneity achieved through disruption of the
cytoskeleton and glycocalyx.

Based on these findings, we propose that any cellular process that signifi-
cantly affects the molecular networks interacting with the phospholipid bilayer
influences its effective mechanical properties, and that this effect can be mea-
sured using atomic force microscopy. Furthermore, our results indicate that
living cells can maintain multiple tethers. Local compositional modifications
in the plasma membrane, as well as its association with the cytoskeleton and

glycocalyx, through heterogeneities, can prevent the fusion of these coexisting
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nanotubes and thus control their number. This may provide living cells with an

additional mechanism to regulate their adhesive properties.
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Chapter 4

Cholesterol effects on endothelial

cell mechanical properties

In the previous chapter, we have developed a method to investigate cell mechanics
by extracting multiple membrane tethers with the AFM. In this chapter, we apply
this method to study the effect of cholesterol on endothelial cell (EC) mechanical
properties. We will also discuss how change in EC mechanics are correlated with

the development of atherosclerosis.

4.1 Background

Endothelial cell (EC) dysfunction is a strong predictor of cardiovascular disease
(CVD) [38,43,86] since it develops in its early stages. A major risk factor for
EC dysfunction is hypercholesterolemia, which is characterized by an increase in

the levels of low- and very low- density lipoproteins (LDL and VLDL) and, in
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particular, the oxidized form of LDL (oxLDL), as well as a decrease in the level
of high-density lipoproteins (HDL). Hypercholesterolemia causes the formation
and accumulation of plaque deposits in the arteries, which results in atheroscle-
rosis. Recruitment of monocytes and leucocytes from the blood to the intima of
the vessel wall is a primordial event in atherogenesis. This recruitment has been
shown to relate with cell inflammation response. Under the hypercholesterolemic
condition, the native LDL passes through the endothelium and accumulates in
the arterial intima, where it undergoes oxidation and glycation. The oxidized
LDL (and its components) can induce transcriptional activation of genes for sev-
eral adhesion molecules (mainly VCAM-1 and ICAM-1) in the endothelial cells
(called endothelial activation). Expression of the adhesion proteins will enhance
the attachment of monocytes to the endothelium. Once strongly adherent to
the endothelial cell, the monocytes transmigrate through the endothelial cell
junctions (diapedesis) to the intima where they extensively internalize the mod-
ified LDL via scavenger receptors (CD36 and SR-A) and ultimately turn into
foam cells. Foam cells secrete many kinds of pro-inflammatory cytokines, which
amplify the local inflammatory response, further activate the endothelial cells,
promote the transmigration of monocytes, and enhance transportation of LDL to
the intima [67]. This progression continues as long as the hypercholesterolemetic
condition remains (Fig. 4.1).

However, atherosclerotic lesions do not uniformly distribute in the blood ves-
sel, they tend to form at brach points of arteries, which experience disturbed
rather than laminar flow. This is due to the atheroprotective genes that are

shear-stress sensitive. For example, nitric oxide arising from endothelial nitric
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Figure 4.1: Foam cell formation in the intima. LDL passes through the endothe-
lium to the intima, where it undergoes glycation and oxidation. The modified
LDL induces cell inflammation response, which enhances the expression of certain
adhesion molecules in the endothelial cells. As a consequence, more and more
monocytes adhere to the endothelium and transmigrate to the intima, where
they internalize the modified LDL and ultimately become foam cells. Figure
form [67].
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oxide synthase, a shear-stress sensitive gene, can inhibit VCAM gene expression,
thus protect the vessel from lesion formation [16]. Thus, endothelial cells act as
mechanical sensors that respond to external mechanical stimulati (shear stress)
which in turn regulate cell behavior (gene expression). Extensive research has
been done on shear-stress transduction and signalling by endothelial cells ( for
reviews, refer to [79]). However, less focus has been placed on the endothelial
cell mechanical properties, especially the EC physical properties under hypoc-
holesterolemic conditions.

Numerous experiments have demonstrated that cell mechanics plays an im-
portant role in regulating multiple cellular functions such as cell migration, pro-
liferation, and cell differentiation [15,35,92]. As one specific example, it has been
shown that under the same shear stress, increase of membrane fluidity by ben-
zyl alcohol exhibited 3- to 5-fold enhancement of basal GTPase activity, while
increase of membrane rigidity by adding cholesterol to the liposome decreased
shear stress-induced activation of G proteins [40].

In this study, using the method developed in the previous chapter, I focus
on endothelial cell mechanical properties under hypercholesterolemic conditions
and correlate the change of cell mechanical properties with the development of

atherosclerosis.
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4.2 “Cell control by membrane-cytoskeleton in-

teraction” [92]

Many cell functions are mechanically sensitive. For example, the rate of endo-
cytosis is inversely related to the effective cell surface tension, because when the
endocytic vesicles form, they need to overcome the load from the membrane.
The higher the membrane tension is, the more difficult it is to form such vesicles
and the lower is the endocytosis rate [22,92]. Similar mechanism exists when
cells form the lamellipodia at the leading edge [75,92].

In animal cells, the origin of the membrane tension is mainly the adhesion of
membrane to the cytoskeleton. Unlike the liposomes, which have no cytoskeleton,
the membranes of animal cells strongly attach to the underlying cytoskeleton.
When the cells need to protrude or form the endocytic vesicles, they need to
break the linkages between the membrane and cytoskeleton. Thus membrane-
cytoskeleton interaction becomes the core factor in affecting cell functions.

Cell membrane-cytoskeleton interaction can be quantified by membrane tether
extraction. When membrane tethers form, the lipid bilayer needs to be separated
from the underlying cytoskeleton and flow to the tethers. The force needed to
extract tethers (tether force) is greatly affected by the membrane-cytoskeleton in-
teraction. Under the same condition, if the cytoskeleton is dismantled, the tether
force decreases. The difference of the tether force before and after cytoskeleton
disruption reflects the strength of the interaction between the membrane and the
cytoskeleton. We will use this rationale to investigate cholesterol effects on EC

membrane-cytoskeleton interaction, and study the effects on cell functions.
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4.3 Cholesterol effects on cell membrane-cytoskeleton
interaction

The level of membrane cholesterol is an important factor in determining the
physical properties of the lipid bilayer, such as its fluidity [9,17,105] and elastic
modulus [31,66]. Specifically, in case of artificial vesicles, the addition of choles-
terol increases membrane stiffness [66]. In contrast to model membranes, Byfield
et al. [12] showed that cholesterol depletion of bovine aortic endothelial cells
significantly decreased cell deformability, as assessed by measuring the length of
deformed membrane aspirated into a glass micropipette. Latrunculin-induced
disassembly of the F-actin network abrogated the stiffening effect. However, mi-
cropipette aspiration does not allow determining whether the stiffening effect of
cholesterol depletion is due to the reorganization of the cytoskeleton, the modi-
fications in membrane-cytoskeleton interaction or both.

A study by Kwik and coworkers [54] showed that membrane cholesterol de-
pletion decreased the lateral protein mobility in skin fibroblasts and this effect
resulted from changes in the underlying actin network’s architecture, again im-
plicating the cytoskeleton. These observations clearly illustrate that cholesterol
manipulation affects cells more globally than just through their membranes [54].

In the present study we used AFM-based force spectroscopy to quantitatively
investigate the effect of cholesterol on membrane-cytoskeleton adhesion. In the
AFM technique one measures the force needed to pull a tether at a constant
velocity (i.e. tether force) and then analyzes the dependence of the tether force

on the pulling velocity [8,29,42,44]. Using this method, we quantified membrane-
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cytoskeleton interactions in bovine aortic endothelial cells and determined the
effective surface viscosities of the cell membrane at different levels of cholesterol
content. In addition, fluorescence recovery after photobleaching (FRAP) [4,28,
78] was used to measure the lateral diffusion of a lipid analog DilC;, in the
membrane.

Fig. 4.2 A represents an experimental tether extraction curve and Fig. 4.2 B
shows the corresponding analysis of the tether force (explained in the previous

chapter).

4.3.1 Results

Cholesterol depletion/enrichment significantly increases/decreases the

threshold tether force

The mean tether force at each specific pulling speed was determined by the
Gaussian fit to the resultant histogram (Fig. 4.2 B), which represents at least
15 cells and 500 step events (Fig. 4.2 A). Cell cholesterol level after choles-
terol modulation was verified (Fig. 4.3 inset) as previously described [57]. The
threshold tether force, and the effective surface viscosity of the membrane, were
determined from the linear fit (Fig. 4.3 A) to the data. We found that choles-
terol depletion greatly increased Fy (P< 0.01), whereas cholesterol enrichment
decreased it (P<0.05) (Fig.4.3 B and Table 4.1). Furthermore, cholesterol en-
richment significantly (P<0.01) decreased the surface viscosity (Fig.4.3 A and
Table 4.1), whereas cholesterol depletion did not change this quantity (P>0.05)
(Fig.4.3 A and Table 4.1).
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Figure 4.2: A: A typical force vs extension curve. The dotted line corresponds to
the approach curve and the solid line is the retraction curve. On the retraction
curve, several step-like structures are clearly discernible, which correspond to
the sequential detachment of individual tethers from the cantilever. The shown
retraction curve corresponds to an experiment performed with a control cell at
3 um/s. B: Histogram constructed from the data (size of the steps) collected
in the control experiments at 3 pm/s. The solid line is the Gaussian fit to the
histogram, which gives the mean value of the tether force, 33 pN.
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Figure 4.3: A and C: Tether force vs tether growth velocity at room temperature
(A) and 37°C (C). The solid lines are linear fits to the corresponding data sets
(control, e; depletion M; enrichment, ¢). Inset in A, cholesterol level measured
by GLC. ctrl, control; dpl, cholesterol depleted; enrch, cholesterol enriched. The
values of slopes (~ n.sf) and intercepts (Fp) are listed in Table 4.1. B and D:
Bar graphs for Fjy at room temperature (B) and 37°C (D). Error bars in A and
C represent S.E. obtained from the experimental data points. Errors in the bar

graphs represent the error of the linear fit to the data. All six R? values were
larger than 0.97.
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Disruption of F-actin abrogates the effect of cholesterol on the tether

force

The tether force strongly depends on the integrity of F-actin [23,24,98]. To test
the F-actin component of the tether force, cells were exposed to 1 M latrunculin
A, an F-actin depolymerizing agent [96]. As expected, fewer actin fibers were
observed in latrunculin treated cells (Fig.4.4 B panels d-f). Although there was
no latrunculin in the CO5 independent medium (in which the experiments were
carried out), we did not observe cell recovery in either morphology or tether force,
indicating that the drug remained in the cells for the entire duration of the mea-
surements (1-1.5 hours). Disruption of F-actin resulted in a significant decrease
in the values of Iy and 7.¢s for both the control and cholesterol depleted cells
(Fig.4.4 A and Table 4.1). However, latrunculin did not significantly affect these
quantities in cholesterol enriched cells. In addition, after latrunculin treatment
we found no statistical difference in and among control, cholesterol depleted and

enriched cells (P > 0.05; Fig.4.4 A and Table 4.1).

Cellular cholesterol content affects cell morphology

DIC microscopy was used to study the effect of differential cholesterol treatment
on cell morphology. Blind experiments (see Employed Methods and Techniques)
were performed to minimize bias in the interpretation of the images. Cholesterol
depleted cells appeared smaller and thicker (Fig.4.5 A) than control cells (Fig.4.5
B), while cholesterol enriched cells could be resolved by their increased blebbing
(Fig.4.5 C).
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Figure 4.4: A: Tether force vs tether growth velocity after latrunculin A treat-
ment (), control; O, cholesterol depleted; A, cholesterol enriched). Values of
the intercepts and slopes are listed in Table 4.1. Error bars represent S.E. (note
that the error bars overlap). B: Confocal images of the actin cytoskeleton for
control (a, d), cholesterol-depleted (b, e), cholesterol enriched (c, f) BAECs,
without (top row) or with (bottom row) latrunculin A treatment. Bar, 10 pm.



Figure 4.5: DIC images of cells with different cholesterol content. Cholesterol-
depleted (A, D), control (B, E), cholesterol-enriched (C, F) BAECs, without (top
row) or with (bottom row) latrunculin A treatment. Latrunculin A treated cells
show a similar spherical morphology independently of cholesterol content. Bar,
10 pm.
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Cellular cholesterol content affects variability in tethers

If the plasma membrane were not connected to the cytoskeleton (the case of
artificial lipid vesicles), no differences between tethers would be expected. Thus,
variability in tethers could also provide information on membrane-cytoskeleton
association. Therefore, we performed a systematic study on the width of the his-
tograms, constructed from the step-like events shown in Fig. 4.2, in all treatment
cases. As results in Table 4.2 show, cholesterol depletion significantly increased
variability, whereas cholesterol enrichment had a much smaller effect. Latrun-
culin A treatment renders cells considerably more homogeneous in all three cases
(control, depletion and enrichment). These findings are consistent with the re-
sults presented earlier. Cholesterol depletion enhances membrane-cytoskeleton
interaction and thus makes tethers less homogeneous. Upon latrunculin A treat-
ment, this enhanced membrane-cytoskeleton interaction is abrogated and, as a

consequence, tethers become more homogeneous.

Stotal
Control 7.1
Control+Lat A 6.4
Cholesterol depleted 22.9
Cholesterol depleted + Lat A 10.2
Cholesterol enriched 8.7

Cholesterol enriched + Lat A 7.5

Table 4.2: Tether variability.
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Cholesterol depletion suppresses lateral diffusion in the membrane

Following cholesterol depletion or enrichment, cells were labeled with DilCy,
for the FRAP measurements, as described in the Employed Methods and Tech-
niques. Recovery curves after photobleaching (Fig. 4.6 A) were analyzed using
the software described in [93]. Cholesterol depletion resulted in the decrease of
DilCy, lateral mobility (P<0.01; Fig. 4.6 B), while cholesterol enrichment had
no statistically significant effect (Fig. 4.6 B). We also studied how changes in the
actin cytoskeleton affect the diffusion coefficient of DilCy,. Cells were treated
with 1 uM latrunculin A after cholesterol depletion or enrichment as described
in the Employed Methods and Techniques. Disruption of F-actin had little to no
effect on DilC;, mobility for either control and cholesterol enriched cells (Fig. 4.6
B). However, latrunculin treatment of cholesterol depleted cells resulted in sig-
nificant increase in the diffusion coefficient (Fig. 4.6 B). Furthermore, similarly
to the threshold tether force and effective surface viscosity (see above), after la-
trunculin treatment we found no statistical difference in the value of the diffusion

constant among control, cholesterol depleted and enriched cells.

Cholesterol enrichment reduces bond force

Earlier work has confirmed that tether formation can reduce the force exerted on
the specific bonds (the bond force, F},) between endothelial cells of the vascular
wall and leukocytes, and thus result in increased chance of adherence between
the two cell types [37,73,87,89]. To clarify how this finding may be affected

by differential cholesterol conditions, we determined the time dependence of L
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Figure 4.6: A: A typical recovery curve in a control FRAP experiment. The
fluorescence intensity is normalized to the average fluorescence intensity before
photobleaching. B: Diffusion coefficients in the various treatment cases (normal-
ized to the value for the control). ctrl, control; dpl, cholesterol depleted; enrch,
cholesterol enriched; lata, latrunculin A treated.
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(tether length) and Fy for tethers connecting a leukocyte to an endothelial cell
(see Employed Methods and Techniques). We found that after cholesterol en-
richment, L and F}, respectively increase (Fig. 4.7 A) and decrease (Fig. 4.7 B)
much faster than in the case of control and cholesterol-depleted cells. This result
is consistent with the finding that cholesterol enrichment leads to decreased ef-
fective surface viscosity (Fig. 4.3 A,C). Interestingly, cholesterol depletion had no
strong effect on either L or Fj. Increased tether length and reduced bond force
both favor the slowing down of circulating leukocytes and, as a consequence,
the possible accumulation of cells in the vicinity of the endothelium. Thus, in-
crease in the endothelial cell membrane cholesterol level may be an initial step

in atherosclerotic plaque formation.

4.3.2 Discussion

Formation of membrane tethers requires significant changes in membrane cur-
vature. The associated energy cost depends on the biomechanical properties of
the bilayer, as well as its association with the cytoskeleton [23,92]. Studies on
membrane tether extraction in general can help to understand the association
between the membrane and the cytoskeleton, a factor particularly relevant to
the processes of secretion and signaling [92]. By pulling membrane tethers using
AFM, we found that cholesterol has significant effect on membrane-cytoskeleton
adhesion. Specifically, we showed that cholesterol depletion enhances interac-
tion between the membrane and the cytoskeleton and by this makes it harder

to pull membrane tethers; cholesterol enrichment on the other hand weakens
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Figure 4.7: A: Tether length vs time, calculated using Eq. 2.1 on page 18 (see Em-
ployed Methods and Techniques). The tether grows much faster after cholesterol
enrichment (dotted line) compared with the control (solid line) and cholesterol
depleted (dashed line) cases. The curves for control and cholesterol depletion are
similar. B: The estimated force acting on a bond between an endothelial tether
and a leukocyte. After cholesterol enrichment (dotted curve), initially, the bond
force decreases much faster than in the control (solid curve) and cholesterol de-
pleted (dashed curve) cases. The curves for the control and cholesterol depletion
are again similar.
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the adhesion. Furthermore, our observations indicate that the increase in stiff-
ness, following cholesterol depletion, originates primarily from the strengthened
membrane-cytoskeleton adhesion and not from changes in the membrane itself.
We also showed that, unexpectedly, cholesterol enrichment decreases the effective
surface viscosity of the membrane as estimated from the tether force vs. tether
growth velocity, whereas cholesterol depletion has no effect. Finally, we showed
that cholesterol depletion but not cholesterol enrichment affects the lateral dif-
fusion of the lipids in the membrane by FRAP. Taken together, these findings
show that changes in the level of membrane cholesterol have profound effects on
membrane-cytoskeleton interaction but specific mechanisms underlying the dif-
ferent effects are not fully understood yet. Our general conclusion is that change
in membrane-cytoskeleton adhesion is a key factor in determining biomechanical
properties of the cell envelope in aortic endothelial cells.

Earlier studies on lipid vesicles have shown that elevation of membrane choles-
terol increases the stiffness of artificial lipid bilayers, as assessed by microaspira-
tion analysis [66]. However, using the same experimental approach, Byfield et al.
have shown that the stiffness of the cellular envelope of aortic endothelial cells is
increased when cellular cholesterol level decreases while no change in stiffness was
observed when the cells were enriched with cholesterol. They suggested, there-
fore, that cholesterol depletion may increase cellular stiffness by strengthening
membrane-cytoskeleton interactions. Our current results strongly support this
hypothesis by showing that after cholesterol depletion, considerably larger force
is needed to pull membrane tethers. We also found that after F-actin disrup-

tion, the threshold tether force of the cholesterol depleted cells and control cells
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became statistically indistinguishable. These results are consistent with those
of Byfield et al. [12] showing that disruption of F-actin abrogates the stiffening
effect induced by cholesterol depletion. These studies illustrate that cholesterol
depletion affects the cell through the cytoskeleton network rather than locally
along its membrane.

The contribution to the tether force by membrane-cytoskeleton adhesion, Fq,

can be estimated as follows:

Fo = Fy — Fl@ (4.1)

where Fy and F{@ are the threshold tether force before and after latrunculin
treatment, respectively. Since latrunculin treatment leads to the disruption of the
F-actin network (Fig. 4.4 B, panel d-f), F4 is directly related to the strength of
the membrane-cytoskeleton interaction. The values of for control, depleted, and
enriched cells are 10, 20, and 2 pN respectively (Fig. 4.8). The high value for the
cholesterol depleted cell suggests strong interaction between the membrane and
cytoskeleton, whereas the lower value for the cholesterol enriched cells indicates
weak membrane-cytoskeleton interaction. Membrane-cytoskeleton interaction is
essential for the membrane to conform to the cytoskeleton. Blebs will form
when the membrane detaches from the cytoskeleton [91]. This suggests that
the weakened membrane-cytoskeleton adhesion after cholesterol enrichment may
result in the formation of blebs. Our studies using DIC imaging, as shown in
Fig. 4.5 C, indeed show this to be the case.

It is important to note, however, that cholesterol enrichment did not have
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any significant effect on endothelial stiffening estimated by microaspiration [12]
in contrast with our findings. This discrepancy between results obtained with the
two different methods suggests that microaspiration measurements involve both
the membrane and the cytoskeleton (both being aspirated into the micropipette),
whereas tether pulling with AFM mainly probes the adhesive contact between
the membrane and the cytoskeleton.

Another important finding of this study is that cholesterol enrichment results
in a significant decrease of the effective surface viscosity whereas cholesterol de-
pletion has no effect. The effective membrane surface viscosity is determined by
multiple factors, such as membrane properties, inter-bilayer slip, and the slip be-
tween the membrane and cytoskeleton [44]. Among these three contributions, the
most significant is the slip between the membrane and cytoskeleton, as shown by
Marcus [62], where latrunculin A treatment of neutrophils was found to decrease
the effective surface viscosity from 1.1 pN-s/um to close to zero. Our experi-
ments support this finding: after 1 uM latrunculin A treatment, the effective
surface viscosity decreases from 0.5 to about 0.1 pN-s/um for the control and
cholesterol depleted cells. This decrease in surface viscosity is most probably due
to the loss of bonds linking the membrane to the cytoskeleton [62]. Therefore, a
decrease in membrane viscosity in cholesterol-enriched cells is consistent with the
decrease in membrane-cytoskeleton adhesion under these conditions. The fact
that no further decrease in the effective membrane viscosity is observed upon
latrunculin treatment in cholesterol enriched cells (Table 4.1, page 51), suggests
that enrichment itself already significantly decreased the membrane-cytoskeleton

interaction and therefore additional latrunculin treatment is largely ineffective.
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Interestingly, in cholesterol-depleted cells the increase in Fj is not accompanied
with the increase in membrane viscosity. One possible explanation for this ef-
fect is that the increase in the slip between the cytoskeleton and the inner layer
of the membrane that arises from an increase in membrane-cytoskeleton adhe-
sion is compensated by the opposite effect on one of the other components that
contribute to the membrane viscosity.

Another approach to address the role of membrane cholesterol in determin-
ing membrane fluidity is measuring the lateral diffusion of lipid molecules using
FRAP, a conventional method to measure membrane lateral diffusion constants.
Our study shows that after cholesterol depletion, the lateral diffusion of DilCy,
decreased by about 30%, whereas cholesterol enrichment had no significant effect
(Fig. 4.6 B). These observations are consistent with the earlier studies of Kwik
et al. [54] and Kenworthy et al. [50] showing that cholesterol depletion increases
the immobile fraction of HLA I proteins and decreases the diffusion coefficients
of both raft and non-raft proteins. Vrljic et al. [102] also showed that the dif-
fusion coefficients of DilCys, native and GPI-lined I-Ek decreased significantly
when cholesterol was depleted from Chinese Hamster Ovary cells. Cholesterol
enrichment was shown to have no effect on the lateral diffusion coefficients of
either membrane proteins or membrane lipids [50,102]. Also, consistent with the
earlier studies, disrupting F-actin abrogated the difference in the diffusion coef-
ficients between cholesterol depleted and control cells (Fig. 4.6 B). This implies
that the suppression of lateral diffusion of DilCi5 after cholesterol depletion is
also related to the cytoskeleton.

An intriguing question is why the impact of cholesterol on 7.s¢, as measured
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by AFM, is different from its impact on D, as measured by FRAP. On theoretical
grounds, it is expected that an increase in D implies a decrease in 7.¢; [85].
However, in our study, cholesterol enrichment significantly reduced n.s¢, but had
no appreciable effect on D. Conversely, cholesterol depletion had no effect on
Neff, but significantly decreased D. One possible explanation is that AFM and
FRAP measure distinct membrane properties. A more profound reason may be
that our FRAP study tests only the outer leaflet of the plasma membrane (where
the diffusion of DilCy, takes place), whereas AFM tests both (since tethers and
thus 7.y are sensitive to the interconnection between the two leaflets). Therefore,
the outcome of the FRAP experiments is affected less by membrane-cytoskeleton
adhesion. Indeed, results in Fig. 4.6 B show a slight increase in D for control
and enriched cells upon latrunculin A treatment. In cholesterol-depleted cells
enhanced membrane-cytoskeleton adhesion may affect the movement of a lipid
molecule even in the outer leaflet. Upon dismantling this adhesion, D becomes
the same as in the other two cases. (The reason why depletion does not affect
Ness was discussed earlier.)

Changes in membrane-cytoskeleton adhesion are expected to have major im-
pact on numerous cell functions, such as endocytosis, cell migration and mem-
brane resealing (reviewed in [92]). We therefore expect, that an increase in
membrane-cytoskeleton adhesion following cholesterol depletion makes it more
difficult to form endocytic vesicles, slows down the rate of endocytosis, prevents
the formation of membrane processes (such as lamellipodia protrusion), and af-
fects cell morphology. Consistent with this expectation, Subtil et al. [97] showed

that cholesterol depletion reduces the rate of internalization of transferrin recep-
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tors by preventing the coated pits to detach from the plasma membrane. The
authors proposed that cholesterol depletion changes the cells biomechanical prop-
erties. Conversely, cholesterol enrichment was shown to enhance endocytosis [90].
It is also important to note that while depleting cellular cholesterol with M3CD
is not physiological, it was shown that exposing endothelial cells to oxLLDL also
results in cholesterol depletion from endothelial caveolae [7]. Furthermore, the
effects of MACD-induced cholesterol depletion on endothelial biomechanics were
shown to be remarkably similar to the effects of exposing the cells to oxLDL [13].

Reduced membrane-cytoskeleton adhesion and decreased effective surface vis-
cosity may have important implications in the development of atherosclerosis.
Adhesion of circulating monocytes to the endothelium and thus reduction in
their rolling are important components in the atherogenic process [21, 36, 80].
Experiments and numerical simulations demonstrate that formation of mem-
brane tethers reduces the force exerted on specific bonds (i.e. selectin/PSGL-1)
and increases bond lifetime, which results in increased chance of adherence of
neutrophils to the endothelium [37,73,87,89]. Our calculation clearly shows
that after cholesterol enrichment the force exerted on the specific bond formed
between an endothelial tether and a leukocyte decreases much faster than in
the control or depleted cases (Fig. 4.7 B). As a consequence, bond lifetime will
increase, which facilitates and stabilizes the rolling process. This implies that
cholesterol enrichment may increase the probability of adherence of monocytes
to endothelium, an observation consistent with experimental findings [69,70]. In
conclusion, based on AFM tether pulling and FRAP measurements, we showed

that alterations in the level of membrane cholesterol lead to significant changes
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in membrane-cytoskeleton adhesion, which in turn may affect important cellular

and physiological processes.

4.4 The molecular mechanism of cholesterol in-
duced cell stiffening

From the above study, it is clear that cholesterol modulation affects EC membrane-
cytoskeleton interaction and consequently cell functions. However, the molecu-
lar mechanism for such change needs further study. Previous studies showed
that the lipid molecule, PIP2, is the dominant linker between the membrane
and the cytoskeleton (Fig. 4.9, a simple schematic of the interaction). Seques-
tration of PIP2 dramatically decreases membrane-cytoskeleton interaction, at
least for fibroblasts [76,77,92]. There is also evidence showing that cholesterol
modulation affects PIP2 concentration and/or distribution along the cell periph-
ery [54]. Thus, we focused on PIP2 and investigated the relationship of PIP2
concentration/distribution, cholesterol modulation and membrane-cytoskeleton

interaction.

4.4.1 Neomycin treatment mimics cholesterol depletion

effects

Neomycin, an antibiotic was shown to be able to sequester PIP2 [3,54]. The
tether force was measured after exposing the cells to 0.01 M neomycin sulfate

for 24 hours. Fig. 4.10 shows that after neomycin treatment, Fj increases as also
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Figure 4.9: A schematic showing that PIP2 is the linker between the membrane
and cytoskeleton. In reality, how PIP2 interacts with cytoskeleton (directly or
indirectly) is not clear.
found in the case of cholesterol depletion. This result contradicts the assumption
that PIP2 is the dominant linker because if that were the case one would expect
Fy to decrease.

However, one problem with the antibiotic is that the interaction is not very

specific. To overcome this problem, another method was used to sequester PIP2.

4.4.2 Expression of Pleckstrin Homology (PH)-GFP

Cells were transfected with a plasmid expressing a GFP-tagged PH domain from
phospholipase C-§. After cells express the protein, the PH domain specifically
binds PIP2 (Fig. 4.11).

In the experiments, we only extract tethers from the green cells, which
successfully express the GFP-tagged PH domain (Fig. 4.12). Compared with
neomycin treatment, this method is much more specific in sequestering PIP2.
The preliminary data shows that the transfected cells have higher Fj, though

not as high as the value for neomycin treated cells. In this aspect, it is consis-
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Figure 4.11: Sequestration of PIP2 with the gene transfection. After the cells
express the protein, the PH-domain specifically binds the PIP2 so that PIP2
cannot link to the cytoskeleton.
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tent with the neomycin treatment, meaning that PIP2 sequestration increases
Fy. However, more control experiments are needed to arrive at this conclusion

with confidence, especially because the transfection agents themselves seem to

have significant effects on the tether force.

Figure 4.12: The experiments on the transfected cells. A: the phase contrast im-
age of the cell with the cantilever atop. B: The same cells under the fluorescence
microscope. In the tether measurement, only the green cells are considered.

In summary, our preliminary data shows that cholesterol depletion induced
cell stiffening is correlated with PIP2 distribution or concentration in cells. How-
ever, the results seem to contradict the assumption that PIP2 is the dominant
linker between the membrane and cytoskeleton. A different mechanism may be

involved. However, at this point, further investigation are needed.
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Chapter 5

Theories of membrane tether

formation

There are different theories to explain membrane tether formation. Based on the
functional relationship of the tether force (F') and the tether pulling speed (v;),

they can be divided into two classes: the linear theory and the non-linear theory.

5.1 The linear theory

In 1996, Hochmuth and coworkers [44] developed a theory to describe membrane
tether formation. This theory has been widely and successfully used to describe
tether formation in many cell types though it was originally developed to describe

tether formation in neuronal growth cones. In this theory, the tether force is a
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linear function of the tether pulling speed

F = F0+27T776ff’0t (51)

where Fj is the minimum force to extract a tether and 7. is the effective surface
viscosity.

Fy is determined by the membrane bending rigidity (B) and the effective
membrane tension (7¢;s). Unlike lipid vesicles which have a well defined mem-

brane tension, for a real cell the effective membrane tension is defined as:

Teff :T+’Y (52)

where T is the membrane tension as in the lipid vesicles, and 7 is the energy of
adhesion between the membrane and cytoskeleton. Fyj is related to B and T,y
by:

FO = 27T\/QBT€ff (53)

In animal cells with strong membrane-cytoskeleton interaction, Fj is mainly de-
termined by the membrane-cytoskeleton adhesion () which is consistent with
the experimental observations that after cytoskeleton disruption, F{ decreases
significantly.

The effective membrane surface viscosity (n.ss) is affected by three factors:
the friction between the inner leaflet of the bilayer with the cytoskeletion, the
interaction between the two leaflets, and the viscosity of the membrane itself.

Normally, the disruption of the cytoskeleton also makes the effective surface
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viscosity smaller.

5.2 The non-linear theory

In 2005, Heinrich and coworkers [42] provided a phenomenological non-linear
model to describe tether formation in human neutrophils. In this model, the

tether force has a weak power-law dependence on the tether pulling speed,
F = 600)% (5.4)

The origin of this power law relationship is the shear-thinning in the nonlinear
Maxwell-like fluid. The authors claimed that such nonlinear relationship applies
to pulling speeds from 0.4 gum/s to 150 pm/s. When the speed was lower than 0.4
pm/s, in their experimental condition, there were very few tethers detected [42].

One shortcoming of this theory is that it cannot describe the tether’s behavior
at very low speed, thus in the vicinity of minimal force required to extract tethers
(i.e. Fp in the linear theory, as given by Eq. 5.1). Later, by assuming that the
tether radius changes during the pulling process, Brochard-Wyart et al derived

another nonlinear relationship of F(v):
F? — FF? = av, (5.5)

where « is a constant related to the membrane rigidity and membrane surface
viscosity. This theory does provide the minimum force to extract membrane

tethers (Fp).
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5.3 Testing the theories

To test the different theories, a systematic study was done using BAECs with
tether pulling speeds ranging from 1 pm/s to 40 pm/s. Due to technical difficul-
ties, the experiments with speeds higher than 40 pm/s are not reliable. Fig. 5.1
shows the experiment results together with the theoretical fits. The linear fit
using Eq. 5.1 gives better results than the nonlinear fit for our data. This is
why in our speed regime, we used the linear model for the interpretation of the

collected data, as presented in the previous chapters.

50+
~ 40+
-~ <
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A B

Figure 5.1: A: The linear fit using formula 5.1. B: The nonlinear fit using Eq. 5.5.
Notice that the axes of B is different from that of A.
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Chapter 6

Summary

We have developed a method to investigate cell mechanics using AFM by ex-
tracting membrane tethers. Using this method, we have systematically studied
tether formation in a variety of cell types and concluded that tether formation
is a ubiquitous phenomenon. We found that multiple tether can readily form in
the investigated cells and these may play important role in the arrest of motile
cells. The force needed to extract a tether is affected by both the cytoskeleton
and the glacocalyx, the two macromolecular networks that sandwithc the cell
membrane.

As a special application of the method, we used it to study cholesterol effects
on EC mechanics. There is evidence showing that cholesterol affects the ability
of cells to change shape, a factor that plays an important role in the develop-
ment of atherosclerosis. By extracting membrane tethers from cells with dif-
ferent cholesterol content (control, cholesterol depleted or cholesterol enriched),

we were able to evaluate the effect of cholesterol on EC mechanics, especially
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on the membrane-cytoskeleton interaction, which is believed to control vital cell
functions.

Our results show that cholesterol depletion of BAECs results in significant in-
crease of membrane-cytoskeleton adhesion. As a consequence, cell motility and
rate of endocytosis both decrease. On the other hand, cholesterol enrichment
decreases the effective membrane surface viscosity, making the cells more liquid
like. Based on a hydrodynamic model, we showed that the decreased membrane
surface viscosity reduces the force exerted on the specific bonds between mono-
cytes and endothelial cells, and consequently increases bond lifetime. This is
consistent with the experimental observations that cholesterol enrichment favors
the recruitment of the monocytes to the endothelium.

To investigate the molecular bases of these findings, we focused on the regula-
tory phospholipid, phosphatidylinositol 4,5-biophosphate (PIP2). Sequestration
of PIP2 either by neomycin or by PH-PLC transfection mimics cholesterol de-
pletion effects. This indicates that the effects of cholesterol modulation on EC

mechanics may be through a complicated signal transduction process.
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