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ABSTRACT

Cytoskeletal Mechanisms for the Response of Osteoblasts to Mechanical Loading

by

Wesley Michael Jackson

Bone remodeling is an elegant process regulated by a variety of cellular signals

that initiate from the mechanical environment of bone tissue. Many of these mechanical

signaling events are attenuated rapidly after the onset of loading and suggest that the cells

adapt to loads faster than the surrounding tissue. The overall goal of this thesis was to

investigate the mechanisms of mechanical adaptation in osteoblasts and apply those

mechanisms to the regulation of bone remodeling. The recruitment of two crosslinking

proteins, O-actinin and filamin, to the cytoskeleton was identified as a likely mechanism

of cellular adaptation to mechanical loading. A method of stabilizing the cytoskeletal

microstructure was developed to observe O-actinin and filamin interacting with the

cytoskeleton using immunofluorescence and western blots.

To determine the effect of loading on the cytoskeletal microstructure, human fetal

osteoblasts (hPOBs) were exposed to 2 Pa of fluid shear for two hours. Compared to

static controls, there was an increase in the amount of O-actinin (p < 0.002) and filamin

(p < 0.02) that was interacting with the cytoskeletons throughout the loaded cells, but no

significant difference in the amount of polymerized actin. To determine its effect on the

cellular mechanical properties, O-actinin was over-expressed 2-fold in the cytoskeletons

of hPOBs using a GFP fusion protein. The whole-cell mechanical behavior was then

measured using an atomic force microscope with a 25 pum indenter. As characterized by



a parallel spring recruitment model, the cells over-expressing O-actinin were 60% stiffer

than the cells expressing the endogenous amount of O-actinin (p<0.002).

These results suggest a potential mechanism to explain how cells alter their

mechanical behavior in response to mechanical loading. The amount of polymerized

actin did not change, but the cytoskeletal microstructure was reorganized to better resist

the loads by increasing the cytoskeletal association of O-actinin and filamin.

Furthermore, increasing O-actinin levels in the cytoskeleton was sufficient to increase the

whole-cell mechanical behavior. With this understanding of how osteoblast mechanical

properties adapt to their loading environment, it was possible to develop a model to show

how this behavior could regulate the tissue remodeling process.

—’7~</~~
UZ C

Tony M. Keaveny,
Dissertation Committee Chair
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1. INTRODUCTION

In the body, cells are exposed to complex mechanical environments as a result of forces

that are applied to the surrounding tissues. The structure and mechanical properties of

these tissues must be properly maintained to ensure that they function appropriately. By

integrating mechanical and biochemical signals, the cells are able to remodel the tissue as

necessary to meet the mechanical demands. Adaptive remodeling has been observed in a

variety of tissues, including bone, muscle, lung, skin, blood vessels, tendons and

ligaments [88, 244]. Although the cellular mechanisms used to modify the tissue have

been comprehensively studied [39, 122, 201, 269, 312], the biomechanical mechanisms

used by cells to regulate this process are not understood as well.

Elucidating the cellular basis for regulation of tissue remodeling may have many

important clinical applications. First, it could provide a better understanding of diseases,

such as osteoporosis and arthritis, which result from the improper maintenance of tissues.

Second, it may yield improved therapies to restore the correct remodeling processes for

individuals afflicted with these diseases. Finally, by understanding what regulates the

remodeling process, it may be possible to better design tissue engineering scaffolds that

exploit this process and facilitate the replacement of the scaffold with the appropriate

tissue.



1.1 Bone Remodeling

An elegant example of how cells are able to modify the mechanical properties of

the surrounding tissue can be found in bone. In healthy individuals, bone tissue is

continually being remodeled by removing existing tissue and replacing it with newly

formed bone. At any instant, approximately 20% of cortical bone and 10% of trabecular

surfaces are undergoing this remodeling process [63]. Constantly replacing the bone

tissue enables damaged regions of the bone to be repaired [79]. Furthermore, it provides

the opportunity for bone cells to adjust the mechanical properties of the bone so they are

appropriate for the loads that are applied to it [81, 83, 117]. During periods of inactivity,

such as prolonged bed rest [178, 286] or space travel [13, 156, 175], the forces

experienced by the bones of the lower extremities are reduced, and the bone cells respond

by removing more bone tissue than is replaced [143, 295]. As a result, the apparent

stiffness of these bones decreases. When the normal loads are restored, the bone cells

begin to remove less bone than they replace so the bone loss is recovered [144] and the

apparent stiffness of the bone increases [242]. The bone density also increases at

particular locations within the bone that experience higher magnitudes of loading due to

specific activities [194]. These examples demonstrate how the apparent mechanical

properties of bones adapt to the magnitude of the applied loads.

The cellular mechanisms used to modify the bone tissue are well understood. The

bone remodeling process requires four different types of bone cells (Figure 1.1) [199].

First, multinucleated cells called osteoclasts attach to the surface of the bone and secrete

acids from their basal surface to decalcify the tissue. They also secrete Matrix

Metaloproteases (MMPs) that digest the decalcified extracellular matrix. As the



Osteoclasts travel through the bone and remove tissue, smaller cells called osteoblasts

follow behind them producing extracellular matrix proteins, mostly collagen I, to form a

Substance called osteoid. The osteoblasts add calcium to the osteiod to mineralize the

tissue and form bone. Some of the osteoblasts are embedded in the new bone tissue and

differentiate into osteocytes. The osteocytes live in channels called lacunae that permeate

the mineralized tissue and form an interconnected network of cells that allow

communication between cells though the bone. Osteocytes may also be able to detect

microdamage in the bone tissue [114, 220). Finally, some of the osteoblasts become

quiescent bone lining cells that cover all the surfaces of the mineralized tissue.

Bone Osteoclasts

Osteoblasts add bone lining cells remove bone

--sº
|

Lºs Sº LºN-2.

N Osteocytes embedded in the bone

Figure 1.1: The four types of cells in bone tissue. Osteoblasts form osteoid (white) and add
calcium ions to form mineralized bone tissue. Some of the osteoblasts become embedded in the
bone tissue and differentiate into osteocytes, and some become quiescent bone lining cells.
Multinucleated osteoclasts attach to the bone and secrete acids and enzymes that digest and
remove the bone tissue. Diagram adapted from [199]

There is significant debate about how cells are able to determine the magnitude of

loads that are applied to the bone. When bones are loaded, there is an apparent strain on

the bone tissue that can transmit the force stimuli to the bone cells a variety of ways. The



most obvious way that bone cells could determine the bone is being loading is by

detecting the strain of the tissue that they are attached. Osteoblasts [218, 325, 327) and

osteocytes [32, 33, 233] have been shown to initiate intracellular and extracellular

signaling in response to stretching of their substrate in vitro. However, the magnitude of

the strain required to stimulate these cells was substantially larger than the strains the

bone cells would experience in vivo [17, 18, 327]. Furthermore, the tissue furthest away

from the neutral axis of loaded bones experience higher strain magnitudes than tissue

near the neutral axis, but the bone cells at both locations do not appear to remodel the

tissue differently [292]. For these reasons, it is unlikely that substrate strain is the only

mechanism used by bone cells to detect loading on the bone.

Bone is a porous tissue that contains a significant volume of interstitial fluid.

Loading the bone causes this fluid to perfuse through the tissue [162, 163] and the shear

stress generated by this fluid movement may be detected by the bone cells [118). The in

vivo magnitude of fluid shear stress is not precisely known, though it has been estimated

to be 0.8-6 Pa using Biot's porous media theory [310) and with computational fluid

dynamic models [8, 279]. The mechanosensors used by bone cells to detect the fluid

shear are also unknown [46], but a variety of cell types have been shown to initiate

cellular signals when exposed to fluid flow, including endothelial cells [54], fibroblasts

[302) and smooth muscle cells [38]. Osteoblasts have been shown to respond to steady

[31], pulsating [160,217] and oscillatory fluid shear [327]. Osteocytes also respond to

oscillatory [5, 293) and pulsating fluid shear [2, 159]. In addition, it has been

hypothesized that osteocytes detect the fluid movement through hydrodynamic drag on

the cellular processes that anchor them in the lacuna [328].



There is often an attempt to attribute the role of “force sensor” to one type of bone

cell. Many suggest that osteocytes may be the primary mechanosensors in bone. This

hypothesis is tempting because osteocytes appear ideally located in the tissue bone to

detect strains, and they generate higher levels of extracellular signaling molecules (i.e.,

PGE2 and PGI2) than osteoblasts in response to mechanical stimuli [2, 157, 161].

Caution should be taken before accepting this hypothesis as fact. Although the primary

role of osteocytes may be force sensing, they may not necessarily be the most important

force sensors. Both osteoblasts and osteocytes respond to fluid shear and substrate

stretch, and they are spatially separated in vivo. Osteoblasts detect mechanical stimuli at

the surface while osteocytes detect mechanical stimuli in the bulk of the tissue. It may be

necessary for the osteocytes to generate a higher concentration of signaling molecules to

transmit those signals to the surfaces of the bone tissue where they can be acted on by

osteoblasts and osteoclasts. Osteoblasts can act on their own mechanical stimuli and may

only transmit their extracellular signals to the adjacent cells. It has also been shown that

mechanical signals are communicated between osteoblasts and osteocytes through gap

junctions and stimulate specific functions. When exposed to fluid shear, osteoblasts send

signals to other osteoblasts to proliferate whereas osteocytes signal to osteoblasts to

generate mineralized tissue [59]. Therefore, it is likely that mechanical signals from both

cell types are integrated to ensure the most relevant remodeling response given a

particular mechanical environment and tissue architecture.

It is also not known how bone cells determine whether remodeling is needed

using the mechanical stimuli they receive when the bone is loaded. The habitual levels of



strain vary widely at different anatomical locations, so the stimuli experienced by bone

cells are not uniform throughout the body. (Table 1.1) [49]:

Compressive Strain (ue)
Tibia Skull

Walking 720 30

Jumping 200 49

Heading Ball 420 120

Table 1.1: Anatomical variations in compressive bone strain. The compressive bone strain that
can be observed in the tibia and the skull differs for a variety of activities. Table adapted from
[49].

During the same habitual activities, bone cells in the tiba and the skull are exposed to

different mechanical signals. The bone cells do not remodel the bone tissue at either

location, so the apparent mechanical properties of the bone do not change. The

determination of whether it is necessary to adapt the bone to new habitual loads is made

relative to the previous level of loads experienced at a particular location in the body. If

the magnitude of loads were reduced in the tibia so that it only experienced as much

habitual strain as is experienced in skull, the bone cells would adapt the tissue in the tibia

by removing bone tissue. However, the bone tissue in the skull is not resorbed at low

magnitudes of strain.

The sensitivity of the bone cells to mechanical loading of the surrounding tissue

appears to vary by anatomical site. However, it is not clear how the cells are aware of

their location in the body. A variety of hypotheses have been proposed to explain how

cells gather information about their anatomical location. One suggests that bone cells are

genetically programmed to maintain bone differently at every point in the body [56, 82].

Another proposes that the bone cells integrate the mechanical stimuli with a variety of

biochemical signals from hormones, growth factors and prostanoids that are present at a



particular location determine whether bone remodeling is necessary [7, 78, 125]. This

dissertation will explore an alternative hypothesis that the bone cells have the capacity to

“tune” themselves to their mechanical environment and modulate their sensitivity to the

magnitude of mechanical stimuli that are generated by the habitual loads.

1.2 Models of Bone Adaptation

The process of bone adaptation has been modeled to describe how the mechanical

properties of bone change according to the magnitude of habitual loads. Experimental

studies of bone adaptation have demonstrated that the process is error driven [177].

Therefore, it is reasonable to use principles from control theory to construct a feed-back

model to predict how the mechanical properties of bone will change under different

loads. Such a model would have the following general form:

0E
# = f(e-e) (eq 1.1)

According to this expression, the elastic modulus (E) of the bone would change at a rate

that depends on the difference between the current strain (e) and a set-point level of strain

(£) that is specific to the bone at a particular region. This type of model is generally

referred to as a mechanostat due to its similarity to the error-driven control of a

thermostat. The error between the current strain and the set-point strain determines

whether the elastic modulus of the bone will increase or decrease and the modulus may

be determined at any instant by integrating # over time:

E(t) = dºd, (eq 1.2)
Ot



This feed-back model may be represented graphically to show how the elastic modulus

may be determined over time given a specific loading history:

Bone Strain Error between Bone remodeling
depends on tissue bone strain and depends on the Apparent

Load on architecture set point Strain error modulus of
the bone bone

o(t) —- e = f(O) > e-co = e, H- # = f(e) Hº- E(t)

tiºn. remodeling alters the bone strain

Figure 1.2: A generalized feedback mechanism to describe bone adaptation. Bone strain (e) is
calculated form the load history (o(t)) and compared to the setpoint level of strain (ec) to
determine the bone remodeling rate (# . Integrating # over time yields the elastic modulus of
bone as a function of time.

1.2.1 The Mechanostat

The substantive difference between current models of bone adaptation is in the

determination of the set-point strains. The original mechanostat model contained two

threshold levels of minimum effective strain (MES, Figure 1.3) [81]. When the bone

strain is between these set-points (approximately 100-1500 pue), the mechanical properties

of the bone are held constant. The bone adapts by increasing its stiffness when peak bone

strains exceed the MES, and bone is resorbed when it is in disuse. The physiological

window of bone strain may be altered by diseases such as osteoporosis or “humeral

effects” (i.e., estrogen and parathyroid hormone). However, it is assumed that the MES

thresholds are the same for all load bearing bones in the body, regardless of anatomical

location.
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Figure 1.3: The Minimum Essential Strain (304) setpoints used in the Mechanostat model. MES,
is the remodeling threshold where bone cells begin to remove bone. MESm is the modeling
threshold where bone cells add new bone tissue to reduce the amount of bone strain.

The mechanostat model can describe some aspects of bone adaptation using

minimum effective strain thresholds. After a change in the magnitude of habitual

loading, the elastic modulus of the bone follows an exponential decay function as

predicted by the model [143, 147, 208, 295, 329]. The change in mechanical properties

of the bone is initially rapid but gradually tapers off. The effect is the same following

treatment with hormones such as estrogen [187, 319), parathyroid hormone [320, 321] or

Prostaglandin E2 [146, 148, 149]. However, there are limitations to the MES feedback

model. First, the same MES set-points are assumed to apply for all load bearing bones in

the body, but at some anatomic locations, the habitual strains are below the remodeling

threshold (MES). According to this model, these bones should be resorbed until they

experience strains that are inside the physiological window. Although the MES set

points provide empirical guides that are appropriate for many load-bearing bones, they

are inadequate to provide a universal mechanism for bone adaptation. Second,

experimental evidence indicates that the loading history of the bone affects how bones

will adapt to the current habitual loads [265). However, the fixed set-points predicted by

the MES thresholds cannot account for the loading history and predict that the elastic

modulus of the bone will reach the same value for a given habitual load regardless of the

previous loads. Finally, the model predicts that the bone will be completely resorbed



away when the habitual loads are removed entirely. This failure of the model is referred

to as the “disuse fallacy” [292].

1.2.2 Cellular Accommodation

The limitations of the MES thresholds can be overcome by using a set-point strain

that is not fixed to a single value. Instead, the strain set-point is determined by a

relaxation function that depends on the current magnitude of strain:

E*- f(e–e,(e,t)) (eq 1.3)

This model is described as the Principle of Cellular Accommodation because it suggests

that bone cells gradually become accommodated to the habitual load and attenuate the

bone adaptation process [292]. The mechanical properties of the bone still follow an

exponential decay function, but the adaptation process is driven by the change in the

habitual loads rather than the magnitude of the new loads. For example, given a step

change in loading, the relaxation function would be described by the following equation:

e,(e,t) = e, 4 (e.-e)(1-e ’) (eq 1.4)

£ is the magnitude of strain before the step change, £3 is the magnitude of strain after the

step change and t is the time constant of the relaxation function. The Disuse Fallacy of

the MES set-points is avoided by this model since the amount of bone resportion caused

by removing the loads depends on the magnitude of habitual strain prior to load removal

rather than the current amount of strain in the bone, which is zero. This model also

provides a more universal description for bone adaptation because it implies that the

strain set-point is determined by the bone cells and depends on the mechanical

environment to which those cells have become accustomed. Therefore, the principle of
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Cellular Accommodation can be applied to all bones, even bones that are not load bearing

since the bone cells in non-load bearing bones will become accommodated to the small

magnitudes of habitual strain.

The Cellular Accommodation model can also predict how the loading history of

bones will determine their final mechanical properties. Bones that were exposed to

different loading histories undergo radically different amounts of adaptive remodeling

[260, 265). (Figure 1.4) Bones that received a steadily increasing amount of load

experienced a smaller change in density compared to bones that received magnitudes of

load that were initially high and steadily decreased. The model predicts this behavior

since the adaptation of the bone is driven by the size of the step change. Each

incremental increase in load only initiates a small adaptive response to which the bone

cells can quickly become accommodated. If there is a large initial increase in loading,

the bone cells respond with much larger adaptive response and become quickly

accommodated to the smaller decreasing steps. It is assumed that the bone cells are

capable of detecting the difference in the amount of strain as a result of each step to

determine the how much of bone remodeling will occur.

11
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Figure 1.4: Bone adaptation depends on the loading history. When the bone is loaded with
steadily increasing loads (A), the amount of bone that is added (and correspondingly, the Elastic
Modulus) will not be as great as when the bone is loaded with steadily decreasing loads (B).
Chart adapted from (265).

The importance of bone cell behavior is highlighted by the Cellular

Accommodation model. By assuming that some mechanism exists to attenuate the bone

adaptation behavior, it is possible to predict the change in mechanical behavior using a

feed-back model. However, the model does not address how the cells become

accommodated to the habitual loads and retain a “memory” of their previous loading

history. This thesis will propose a possible cellular mechanism for accommodation using

the hypothesis that the stiffness of bone cells becomes “tuned” to the mechanical

environment and modulate their sensitivity to the habitual loads By investigating how

the cells alter their mechanical behavior, it may be possible to deduce the how the cells

retain information about their previous mechanical environment.
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1.3 Bone Cells

When cells are exposed to mechanical stimuli, biochemical signals are transduced

through the cells that determine how they will respond. This process is referred to as

mechanotransduction. The mechanotransduction pathways may initiate extracellular

signaling mechanisms that will inform other cells about the mechanical environment.

Intracellular signaling may also be initiated along pathways to the nucleus where

osteogenic genes can be expressed. All of the biochemical responses are integrated to

determine how the cells will remodel bone tissue and adapt the mechanical properties of

the bone to the habitual loads.

1.3.1 The short term effects of loading: Mechanotransduction

It is currently not known exactly what initiates mechanotransduction in response

to loading the whole bone. Cells may detect substrate strain by deformations that are

imposed on the cytoskeleton [142, 274] or the complex grouping of proteins called focal

adhesion contacts that connect the cytoskeleton to the extracellular matrix [92].

Deforming the cell may change the orientation of signaling proteins and allow an

interaction by bring them in contact with one another [274]. Proteins may also unfold

when they are strained and reveal a signaling domain that can initiate

mechanotransduction [48]. Either mechanism may be activated by the hydrodynamic

drag that is generated when fluid moves past extracellular proteins that are anchored to

the cytoskeleton [311, 328]. It is hypothesized that tissue level bone strain is amplified

by these extracellular projections [108]. There is also evidence to suggest that the

response of bone cells is enhanced by the fluid movement [226, 285].

13



There are a number of mechanisms cells may use to detect the fluid shear that is

generated by interstitial fluid when the bone is strained. Appling a shear stress to the

plasma membrane lowers its surface tension and increases the mobility of transmembrane

proteins [107], so they more likely are to encounter other proteins to interact with and

initiate a signaling event [118]. Mechanically sensitive ion channels may be able to

dilate when the membrane is under tension and allow ions to enter the cell and initiate

mechanotransduction [202]. Similarly, voltage sensitive ion channels may open in

response to streaming potentials caused by the movement of ions in the intestinal fluid

[118]. There may also be a specialized structure called the Primary Cilia that is part of

the microtubule cytoskeleton and extends out of the cell to detect fluid movement [197,

313]. Finally, the shear stress may be transferred through the cytoskeleton to the

integrins, focal adhesion contacts and extracellular matrix [252].

A number of classical signaling pathways have been observed after exposing bone

cells to mechanical stimuli in vitro. There have been some attempts to attribute the

signaling along each pathway to particular types of mechanical stimuli. These efforts

have been confounded by the crosstalk between these signaling pathways [150, 153, 204,

245] and because it is difficult to expose the cells to exclusively one type of mechanical

input [226]. However, bone cells are always exposed to multiple types of mechanical

loading in vivo [213, 283], and the aggregate response of bone cells in vitro is necessary

for a response that is relevant to in vivo loads [62, 285].

Intracellular calcium (Ca”) levels increase when osteoblasts and osteocytes are

loaded in shear (Figure 1.5) [126, 136]. Fluid shear may open mechanically sensitive ion

channels in the plasma membrane [202). Fluid shear may also activate G-protein coupled
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receptors that induce the release of calcium ions from organelles that sequester Ca”

inside the cells [105, 172]. Ca” is a ubiquitous second messenger in the cell that

regulates many cellular processes. Caº binds to calmodulin and forms a complex that

reacts with endothelial Nitrous Oxide synthase (eMOS) [19, 68], an enzyme constitutively

expressed by the cell, and activates it to produce NO (296). NO is a highly diffusible

intracellular signal that promotes osteoblast function and inhibits bone resorption by

osteoclasts through mechanisms that are currently unknown [35, 73,294]. eNOS may be

activated by Ca" by reacting with it directly [158, 330]. Ca” also binds to protein

kinase C [1], which becomes active and phosphorylates kinases in the MAPK pathway

[31, 76, 130, 331].

NO Osteogenisis UP
Shear Stress N A Bone resporption DOWN

Mechanosensitive
Ca2+ Channel
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Figure 1.5: Calcium sensitive signaling mechanisms. The concentration intracellular calcium
increases after exposure to mechanical loading. The rapid increase in Ca" phosphorylates
protein kinase C, activates the MAP kinase cascade, and initiates the production of Nitrous Oxide
(NO). Caº” may also be released from intracellular stores.

Mitogen-activated protein kinase (MAPK) pathways are also be activated by

deformations at the focal adhesion contacts [180, 227, 236, 266]. Focal adhesion kinase

(FAK) is a mechanically sensitive protein that localizes with a variety of other proteins in
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the focal adhesions (Figure, 1.6) [181,303]. When sufficient force is applied to the focal

adhesion, there is a rearrangement of the proteins in the complex such that the kinase

domain on FAK is exposed and autophosphorylation occurs [16]. Once FAK is

phosphorylated, signaling molecules are recruited to the focal adhesion contact and

mechanotransduction is initiated [249, 26.1, 267). Extracellular-signal regulated kinase

(ERK) is the primary terminal MAPK signaling protein in bone cells [112, 150, 233,

327). Phosphorylated ERK inters the nucleus where it initiates transcription and

activation of c-fos [31, 119), an important transcription factor of osteogenic genes [104,

151, 309]. ERK also phosphorylates Runx2 [76], a transcription factor that is necessary

for osteoblast to express osteogenic genes [167, 225].

Focal Adhesion Contact

! 2^ ProteinKinase C

MAP Kinase Cascade

1) c-fos transcription
ERK 2) phosphorylate c-fos

2) phosphorylate Runx2

Figure 1.6: Mechanical loads activate MAPK signaling cascades. Focal Adhesion Kinase (FAK)
is activated when the focal adhesions are loaded through integrins bound to the extracellular
matrix. FAK activates the MAP kinase cascade, as does Protein Kinase C, which is activated by
intracellular calcium.

Cyclic adenosine monophosphate [268] response element binding protein (CREB)

is another transcription factor that is activated in bone cells after exposure to mechanical
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stimulus (Figure 1.7) [221]. It can be phosphorylated by PKC following the rise in

intracellular Ca" [53, 230, 331] or by phosphorylated ERK in the nucleus [130, 216,

331]. Once activated, it initiates translation of cyclooxygenase-2 [230, 301], an enzyme

necessary for the production of Prostaglandin E2 (PGE2). PGE2 is another extracellular

signaling protein that activates the MAPK pathway to phosphorylate ERK [239]. It also

binds to a G-coupled protein receptor and activates adenylyl cyclase to produce cAMP

[33, 168]. A feed-forward regulation is initiated since increasing the concentration of

cAMP results in increasing the activity of CREB [67]. CREB also enhances the

transcription of c-fos [67,272].
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Figure 1.7: Feed-forward regulation of PGE2 extracellular signaling. CREB is phosphorylated by
Protein Kinase C, cAMP and the MAP kinase cascade. Activated CREB initiates the expression
of cyclooxgenase 2 (COX-2), which up-regulates the production of PGE2. PGE2 is an
extracellular signaling molecule that activates the MAP kinase cascade through PGE2 receptors
and adenyl cyclase through G protein receptors.
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The mechanotransduction responses to loading occur within seconds a few

seconds of the onset of loading and are attenuated within the first few hours (See Table

6.1). The increase in intracellular Ca” [1, 210) and cAMP [24] occurs almost

immediately, though the concentration of free calcium ions in the cell returns to baseline

levels within the first five minutes of loading [28, 327]. The concentration of

phosphorylated ERK [327, 332) and CREB (221) peaks within the few hours of loading

and occurs in the same time frame as the transcription of the c-fos gene [31, 325] and

activation of the Runx2 transcription factor [332]. This timeline suggests that the within

the first hour of loading, bone cells have transduced the mechanical signals to the nucleus

and initiated the expression of osteogenic genes. The cells begin to attenuate the

mechanical signals almost immediately after the onset of loading so mechanotransduction

is shut off at the same time that gene transcription begins to occur in the nucleus (Figure

1.8).
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Figure 1.8: Time course of cell signaling following the onset of loading. The initial intracellular
signaling by second messengers is rapidly attenuated. Up-regulation of osteogenic genes occurs
over several hours and begins to decline after about one day of loading. The synthesis of bone
protein occurs within a few days.
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The extracellular signaling response occurs within a similar timeline. The

synthesis of NO peaks within 15 minutes, and the tissue concentrations of NO returns to

baseline values within minutes after the load is removed [158, 232]. Translation of COX

2 mRNA occurs after the first few hours of loading [31, 221, 301) and corresponds with

an increase in PGE2 production [2, 217). Under feed-forward control, the synthesis of

COX-2 [221, 300) and PGE2 [217] continues to rise for hours after the onset of loading,

then declines to baseline levels within two days. As a result, the bone cells can rapidly

communicate osteogenic extracellular signals, which continue for more than a day after

the mechanotransduction pathways that initiated the signaling process have been shut off.

1.3.2 The long term effects of loading: Osteogenesis

Mechanotransduction takes place during the first few seconds after the onset

loading and only lasts for a few hours. However, the genes are activated as a result of the

mechanical signaling (i.e., c-fos and COX-2) result in changes in osteoblast behavior that

persist for days to weeks. Activated c-fos works cooperatively with Runx2 to recruit the

transcriptional machinery to genes that are necessary for the production of bone, such as

type I collagen (Col I), osteocalcin (OCN), osteopontin (OPN) [76, 167, 225]. Once both

c-fos and Runx2 are activated, mRNA for Col I and OPN are transcribed and continue to

be produced for 1-4 days after the onset of loading [110, 226, 327]. Mechanical loading

simulates the synthesis of c-fos, so its effects on gene expression should continue until

the concentration of active c-fos declines in the nucleus.
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transcription proteins

c-fos target osteogenic gene

Figure 1.9. C-fos is a transcription factor. Once phosphorylated, c-fos binds to target sequences
in the DNA that are adjacent to genes that will be expressed. The phosphorylated c-fos also
recruits the transcriptional proteins to the DNA to initiate transcription of the adjacent genes.
Figure adapted from [188].

Translation of the mRNA to protein usually takes several hours after the genes

have been transcribed [54], so it is likely that osteoblasts begins to secrete osteoid about a

day after exposure to mechanical loading [110]. Osteoblasts continue synthesizing the

osteogenic proteins until the mRNA degrades, and the concentration of mRNA for

osteogenic genes may take days to decline [185, 315]. Therefore, osteogenesis may

continue for several days after the onset of loading and the mechanotransduction events

that initiated the bone formation process. In vivo, short term loading of bone is sufficient

to generate an osteogenic response that persisted for days after the load was removed

[72].

1.4 Mechanical Adaptation of Bone Cells

In addition to the initiation of mechanotransduction, bone cells also respond

mechanically when they are exposed to new habitual loads from their environment. The

stiffness of several cell types have been observed to increase after exposure to
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mechanical loads, including endothelial cells, fibroblasts, chondrocytes and smooth

muscle cells (See Table 1.2). Cell stiffening in response to fluid shear can be observed as

early as 30 minutes after the onset of mechanical loading [98], and it persist as long as the

mechanical stimulus is applied [57, 256]. The increase of cell stiffness in endothelial

cells has been demonstrated to be dependent on the magnitude of fluid shear that was

applied [255] and suggests that the change in mechanical behavior may be an adaptive

response of the cell to its mechanical environment.

-
Mechanical Testing Dose

Cell Type Method of Loading Method Dependent? References

Endothelial Cells Fluid Shear Microppete Yes [255,258a)Aspiration

Endothelial Cells Fluid Shear AFM (258b)

Smooth Muscle Magnetic Twisting
Cells Substrate Stretch Cytometry [270a)

Smooth Muscle Shear loads Magnetic Twisting [57]
Cells at integrins Cytometry

Fibroblasts Tensile loads AFM (98)at integrins

Fibroblasts Fluid Shear Microparticle Tracking [179]Rheology

Chondrocytes Compression Observations of Cyclic [106a, 161a)Deformations

Osteoblasts Fluid Shear AFM Yes [132]

Table 1.2: Evidence of cell stiffening in response to mechanical loads. An increase in cell
stiffness has been observed in a variety of cell types using a variety of mechanical testing
methods. Two studies applied more than one magnitude of mechanical loads and observed a
dose dependent response.

Many of the observations that have been made in other cell types have also been

observed in MC3T3-El osteoblasts [132]. There was a 1.36-fold increase in cell stiffness

when they were exposed to 1 Pa of shear stress for 2 hours, whereas there was a 1.70-fold

increase in cell stiffness when the magnitude of shear stress was 2 Pa (Figure 1.10). The
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stiffness of the osteoblasts was dose-dependent, and appeared to increase linearly (R* >

0.999) with the magnitudes of fluid shear stress, which were within the range of stress

that the osteoblasts would experience in vivo [10, 293, 310]. Although the magnitude of

cellular reaction force was different for cells that were exposed to different amounts of

fluid shear, the shape of the force deformation curve was the same. This observation

suggests that the cells are resisting the load with a similar structural mechanism [43],

though it was modified to generate a different apparent stiffness depending on the

magnitude of the applied load. The change in mechanical behavior did not diminish for

at least 70 minutes after the removal of the habitual load [132].
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Figure 1.10: Mechanical adaptation of osteoblasts. (A) The whole-cell stiffness of MC3T3-E1
osteoblasts exposed to different magatucies of habitual fluid shear was significantly different after
two hours of loading. (B) The magnitude of the reaction force generated by the cells was different
at every 100 nm increment of deformation for each treatment group, but (C) the shape of the
force v. deformation curves was the same. Adapted from [132].
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The cytoskeleton is the primary loading element in the cell (See Section 2.1), but

the cytoskeletal mechanisms that alter the whole-cell mechanical behavior in response to

loading are not known. After exposure to 1 Pa of fluid shear for 1 hour, the local network

stiffness of the cytoskeleton increased 50% and did diminish for at least 90 minutes after

the fluid shear stress was removed [179]. These intracellular stiffness observations are

consistent with the change in whole-cell mechanical behavior in osteoblasts, and suggest

that whatever changes occur to in cytoskeleton in response to loading must not be rapidly

reversed.

Further evidence of mechanical adaptation was provided by a study in fibroblasts,

which showed that cytoskeletal stiffening can attenuate signaling along

mechanotransduction pathways (Figure 1.11) [98]. Magnetic beads coated with RGD

were added to a culture of 3T3 fibroblasts and focal adhesion contacts were allowed to

form at the location of the beads. A static tensile load normal to the surface of the cells

was imposed on the beads for 30 minutes by placing the cells in a magnetic field. After

removal of the load, the stiffness of the cell was measured using an AFM, and an 8-fold

increase in the stiffness was observed wherever a bead was attached to the cell (Figure

1.11B). There was also highly localized cytoskeletal rearrangement in regions of the

cells near a bead (Figure 1.11A). Finally, when the steady tensile load was imposed on

the cell, an intracellular Ca" response was initiated that was attenuated within 30 minutes

of the onset of loading. Cytoskeletal rearrangement and cytoskeletal stiffening at focal

adhesions is dependent on mechanotransduction along FAK/MAPK pathways [203].

These observations suggest that cells adapt to new habitual loads by rearranging their

cytoskeleton to increase cellular stiffness and minimize the cellular deformation. When
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the cellular deformations become small enough, the mechanical sensors on the cell will

become deactivated, thereby attenuating the signaling pathway.
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Figure 1.11: Evidence of mechanical adaptation in fibroblasts. RGD coated, magnetic
microspheres were attached to 3T3 fibroblasts and are indicated with arrowheads. (A) After 30
minutes of tensile loading on the microspheres, there appeared to be localized cytoskeletal
rearrangement in the region near the microspheres. (B) An AFM was used to measure the local
rigidity of the cell in the regions surrounding the beads. After tensile loading, there was
approximately an 8-fold increase to the local cytoskeletal stiffness [98). Scale bar represents 25
pm. Images used with permission from The Company of Biologists, Ltd.

The mechanotransduction pathways in osteoblasts are likely initiated by

deformations that occur over large regions of the cell body [206]. Osteoblasts must alter

their whole-cell stiffness to attenuate mechanotransduction signals by minimizing cellular

deformations and diminishing the activity of mechanical sensors. Even mechanisms to

detect strain using cellular processes and focal adhesions could be attenuated by

increasing the whole-cell stiffness because the activity of these sensors depends on the
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rigidity of the surrounding structures [142]. Furthermore, the cytoskeleton is an

integrated structure that can transmit forces through the cell to initiate mechanical signals

at different locations [274], and the interconnectivity may enhance the ability of

biochemical signals to reach the nucleus [71]. Therefore, cytoskeletal mechanisms of

mechanical adaptation will be investigated in this dissertation to elucidate how

osteoblasts alter their whole-cell mechanical behavior and attenuate mechanotransduction

signals.

The stiffness of osteoblasts will be measured using an Atomic Force Microscopy

technique that determines the whole-cell mechanical behavior [134]. By treating the cell

as an integrated unit, it will be possible to predict how osteoblasts attenuate the aggregate

of mechanical signals that occur when they are loaded. Local measurements of the

cytoskeletal network stiffness may be useful to study many aspects of cell behavior, such

as spreading, migration, filopodia protrusion and response to traction forces. Local

measurements may also be useful to measure some aspects of mechanotransduction; for

example, to measure the deformation of a single mechanical sensor. However, due to the

heterogeneity of mechanical properties in the cytoskeleton, whole-cell mechanical

behavior cannot be inferred from local measurements of cytoskeletal stiffness [115].

This dissertation will also provide further evidence that whole-cell mechanical

measurements can provide information about whole-cell deformity that might not be

deduced local mechanical properties.
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1.5 A New Proposal: The Cellular Mechanostat

The Cellular Accommodation Model of bone remodeling predicts that the

appropriate strain set-point for the bone tissue is determined by the bone cells, which are

adapted to the predominant mechanical environment. A hypothesis for the mechanism of

cellular accommodation may be proposed by combining the observations of

mechanotransduction and mechanical adaptation in bone cells. When osteoblasts are

exposed to mechanical loads, biochemical signals travel through the cell to initiate a

variety of processes in the cell, including cytoskeletal rearrangement and the up

regulation of osteogenic genes. As stated earlier, the cytoskeletal rearrangement

increases the stiffness of the cells and attenuates signaling along mechanotransduction

pathways. It is likely that by changing the cell stiffness, the signaling that leads to

osteogenic gene expression is also attenuated. Therefore, mechanical response of bone

cells could regulate the amount of bone that is formed when the bone cells are loaded and

modulate the magnitude of bone strain that is necessary to stimulate an increase in bone

IIla SS.

It is possible to construct a feedback model to demonstrate how the mechanical

behavior of bone cells might regulate the mechanical properties of bone (Figure 1.12).

Stress applied to the bone is transformed into forces that act directly on the bone cells and

cause them to deform. If the amount of cellular deformation is above some threshold

value required to initiate a cellular response, mechanotransduction pathways are

activated. One pathway activates the osteogenic response of the bone cells, which adds

bone mass and reduces the amount of force that is applied to the cells when the bone is

loaded. Simultaneously, the cell undergoes cytoskeletal rearrangement to increase the
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whole-cell stiffness and decrease the amount of cellular deformation caused by the

implied loads. Since the control of this double-feedback model is error-driven and based

on cellular deformations, it is referred to as the Cellular Mechanostat [131].

CELLULAR ADAPTATION:
Cell Stiffness determines the amount of deformation

Osteognic genes
> are expressed to

remodel the bone

Tissue Strains Cellular responses
>|cause deformation H-I are intiated if:

on bone cells öcell > So

Bone strain
depends on

tissue stiffness

The stiffness of
the whole-cell

increases

Bone remodeling alters the bone stiffness

Figure 1.12: The Cellular Mechanostat model. In response to mechanical loading, the
osteoblasts increase their whole-cell stiffness until the the deformation of the bone cells (8ce) is
less than deformation threshold (6) required to the activate mechanotransduction. This
mechanical feedback mechanism could attenuate the osteogenic response of osteoblasts. So
may depend on age, disease or drug treatment and could modify the bone remodeling process.

When the habitual loading environment of the bone changes, the model predicts

that the feed-back loop controlling cell stiffness would regulate the magnitude of the

osteogenic response. Regardless of their anatomical location, the bone cells would adapt

to the habitual loads by increasing their stiffness until the amount of cellular deformation

was below the threshold required to initiate an osteogenic response. This threshold would

be dependent on the biophysics of the mechanical sensors [142, 202], but might be

modified by age, disease or drug treatments. If the habitual loads were changed, the bone

cells would retain a “memory” of the previous magnitude of loading because their

stiffness was “tuned” to the previous loads. Therefore, the Cellular Mechanostat predicts

that bone adaptation depends only on the difference between two magnitudes of habitual

loading rather than the magnitude of the new habitual loads.
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The Cellular Mechanostat model has many similarities to the Principle of Cellular

Accommodation. Both models are independent of a prescribed set-point strain, so the

average amount strain of the bone tissue can vary depending on the magnitude of loads

that are habitually applied to the bone. Both models are also consistent with the data

from experimental studies that indicate mechanical adaptation of bone is dependent on its

loading history [265, 292] (See chapter 6). The Cellular Mechanostat model proposes a

mechanism to explain how bone cells can regulate the osteogenic behavior of osteoblasts

using their mechanical response to new habitual loads. This dissertation includes a

rigorous analysis of the Cellular Mechanostat using principles from control theory to

demonstrate how the whole-cell mechanical behavior of osteoblasts can be used to

predict changes in the mechanical properties of bone.

1.6 Objectives

The overall goal of this dissertation was to investigate the cytoskeletal

mechanisms of mechanical adaptation in Osteoblasts and apply those mechanisms to a

theoretical model of bone adaptation. A variety of experimental approaches were

necessary for this investigation, including cellular and molecular biology assays, whole

cell mechanical testing with the Atomic Force Microscope and dynamic systems analysis

using control theory. The specific objectives were:

1) Determine which cytoskeletal mechanisms are activated when the cell is exposed

to mechanical loads, and which is most likely to alter the whole-cell mechanical

behavior.
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2) Develop a method of separating proteins that are interacting with the cytoskeleton

from soluble proteins in the cell. This method will be used to observe the

composition of proteins in the cytoskeletal network.

3) Determine how the amount and location of crosslinking proteins in the

cytoskeleton change when the cell is exposed to fluid shear.

4) Determine the effect of over-expressing O-actinin, a cytoskeletal crosslinking

protein, on the whole-cell mechanical behavior.

5) Construct a model for the Cellular Mechanostat using control theory to predict the

mechanical properties of bone using bone cell mechanical behavior, and perform

parameter studies to determine the sensitivity of the predictions for model

parameters.

1.7 Overview

The rest of this dissertation has been divided into six chapters, and each chapter

addresses one of the specific objectives listed in the previous section. The first of these

chapters is an analysis of previous studies that are relevant to the cytoskeleton and cell

mechanics. The next four chapters each describe one experimental study and include the

motivation, objectives, methods, results and discussion of that study.

Chapter two begins with a detailed review of the cell mechanics literature. The

cytoskeleton is generally regarded as the primary load bearing element in the cell, and

this review also includes a summary of how individual components of the cytoskeleton

are important to cell mechanics. However, few hypotheses predict how the mechanical

behavior of cells changes in response to stimuli such as fluid shear. At the end of this
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chapter, several mechanisms are proposed to explain how cells might increase their

stiffness in response to external loading. It concludes that recruitment of crosslinkers to

the cytoskeleton would make the most significant change to the whole-cell mechanical

behavior.

In chapter three, a novel method of cytoskeletal extraction was presented to

stabilize the interaction of crosslinking proteins with the cytoskeleton. A comprehensive

set of control experiments were performed to ensure that this method was compatible

with existing techniques for protein quantification and analysis by western blotting and

immunofluorescence. These controls studies also demonstrated that using other methods

of extraction would cause the crosslinking proteins to disassociate from the cytoskeleton.

This technique was necessary for the experiments in subsequent chapters.

In chapter four, hPOB pre-osteoblasts were exposed to fluid shear, and changes in

the composition of the cytoskeleton were studied. Many previous studies have observed

how the morphology of the cytoskeleton changes in response to mechanical loading.

This is the first study to investigate how specific constituents of the cytoskeleton change

when the cells are mechanically loaded. Using the method of cytoskeletal extraction

from chapter three, changes in the amount and location of cytoskeletal proteins were

measured after the cells were exposed to fluid shear. The results of this chapter provide

unique insight into the cytoskeletal mechanisms in the cell to respond to mechanical

loading.

One of these mechanisms was investigated further in chapter five. The amount of

O-actinin in the cytoskeleton increased when the cells were exposed to fluid shear. To

investigate how this response would alter whole-cell mechanical behavior, hPOB pre
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osteoblasts were transfected with a plasmid for a GFP-O-actinin fusion protein. Transient

expression of this fusion protein increased the amount of O-actinin in the cytoskeleton of

transfected cells. The effect of O-actinin over-expression on the whole-cell mechanical

behavior was observed using atomic force microscopy.

In chapter six, the cellular responses to mechanical loading were applied to a

feed-back model of bone adaptation. According to this model, osteoblasts attenuate the

osteogenic signaling that occurs when they are loaded by increasing their stiffness. The

cytoskeletal mechanisms that were studied in the previous chapter were used to estimate

the rate constants for the change in cell stiffness. The bone formation that was predicted

by this model was compared to experimental data from previous experiments. The

sensitivity of the model to the mechanical response of the bone cells was also examined.

This study is the first to investigate how specific cellular mechanisms might contribute to

the process of bone adaptation at the tissue-level.

The final chapter provides a summary of all the work performed in this

dissertation and a discussion in the context of the overall goals. Future research

directions are also presented to further the conclusions of this dissertation.

1.8 Motivation

The overall goal of this thesis was to investigate the cytoskeletal mechanisms of

mechanical adaptation in osteoblasts and predict how those mechanisms might affect the

process of bone remodeling. When this process fails, it is characterized by a number of

degenerative disease states, such as osteopetrosis, osteopenia and osteoporosis. Current

treatments for these diseases must rely on methods to correct the failed remodeling
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processes so the tissue can still be properly maintained. The primary motivation of this

thesis was to understand how the process of bone adaptation is regulated at the cellular

level so the knowledge can ultimately be applied to gain insight into clinical applications.

The novel protocols that were developed in this thesis may also be applied to

fundamental research on the mechanical behavior of cells.

1.8.1 Clinical Significance

Bone adapts to the mechanical demands as a result of the behavior of the bone

cells that inhabit the tissue. In order for bones to be properly maintained, the cells must

initiate the intracellular and extracellular signals that are appropriate in response to the

habitual loads. The magnitude of the mechanotransduction signals is related to the

stiffness of the cells, so the mechanical behavior of bone cells plays an important role in

determining how they respond to loads from their environment. Most of the work in this

dissertation was to elucidate the cytoskeletal mechanisms used by cells to modulate their

stiffness. Using the Cellular Mechanostat model, it was possible to predict how these

mechanisms might affect the mechanical properties of bone. With this model, it was

possible to identify specific cellular mechanism that might cause the process of bone

adaptation to fail. Further investigations into the failure mechanisms proposed at the end

of this dissertation could yield more precise definitions for bone remodeling pathologies.

Eventually, clinicians might be able to diagnose the specific cellular mechanisms of these

diseases and prescribe a targeted treatments with pharmaceuticals or physical therapy.

By understanding how the bone cells respond to mechanical loading, it may be

possible to develop better physical therapies to treat failures of bone adaptation. For
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example, there is evidence that mineralized tissue is added to the bone faster when

loading occurs in several short bouts rather than in prolonged loading sessions [241, 242,

260]. This dissertation describes how the bone cells alter their mechanical behavior in

response to the loads and how the rate of their mechanical response affects the formation

of bone. The relaxation of the bone cells between loading sessions allows the cellular

responses to return to baseline levels before initiating a new osteogenic response and

provides a cellular mechanism to explain the results from the animal studies. The rates of

the mechanical responses in bone cells could be further refined and used to design

loading regimens that maximize bone production in women who are at risk for

osteoporosis. This type of therapy might also be useful to prevent bone loss due to disuse

conditions, such as extended bed rest and spaceflight.

There may also be applications to take advantage of the bone adaptation response

in healthy cells. Substantial effort has been directed towards developing a tissue

engineered bone substitute and could be aided by the knowledge of how bone cells

respond to mechanical loading. The stiffness of the substrate [91, 205, 58] and the

ligands that promote cell adhesion [282] affect the stiffness of the bone cells that are

attached to it. This dissertation describes how bone cell stiffness determines the amount

of bone formation that will occur in response to the applied loads. Therefore, the

surfaces of scaffolds could be designed so the stiffness of the bone cells seeded into it

will enhance the amount of bone that is formed given the magnitude of loads they will

experience in the scaffold.

This section focused on potential applications of this research that apply to

treatment of bone diseases and regeneration. However, the work from this dissertation
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would likely apply to any tissue that adapts to its mechanical environment. Therefore, it

provides a valuable foundation for research on the adaptation of other tissues, and the

applications that could apply to a wide variety of degenerative diseases.

1.8.2 Microstructural Modeling of Cells

This thesis proposes a method of observing the composition of the cytoskeleton

that may be applied to mechanical modeling of cells. Previously, constitutive models of

the cell have been developed by making assumptions about the material behavior of the

cell [115]. Furthermore, it was possible to make predictions about how the cytoskeleton

would contribute to the mechanical behavior of the cell [209, 219, 253] based on

measurements of reconstituted cytoskeletal proteins outside of the cell. Models could

also be developed using observations of large cytoskeletal structures, such as stress fibers

and microtubules [128, 274]. However, it was not possible to develop a microstructural

model using biological parameters to describe how the proteins of the cytoskeleton

interact to determine the mechanical behavior of the cell.

In the studies described in this dissertation, it was possible to observe the amount

and location of crosslinking proteins that were attached to cytoskeleton. Furthermore, it

was possible to detect changes in the cytoskeletal composition that altered the mechanical

behavior of the cell. These results can be applied to microstructural models of the

cytoskeleton that predict the mechanical behavior of cells by modeling the interactions

between cytoskeletal filaments [174,209]. These models could be improved with better

biological data about how cytoskeletal composition, and how it changes as a result of

different treatments. Therefore, methods used in this dissertation to observe proteins
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interactions with the cytoskeleton could be used to generate other biological parameters

that might be useful in these sophisticated models for the mechanical behavior of cells. It

may also be used to demonstrate how cells alter their microstructure when performing

specific tasks, such as spreading or migrating. These advances would contribute to the

fundamental understanding of cell biology.
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2. IDENTIFICATION OF MECHANISMS TO ALTER THE MECHANICAL BEHAVIOR OF THE
CELL

The Cellular Mechanostat was proposed in chapter one as a model to predict how the

mechanical properties of bones adapt to their habitual loads. According to this model, the

osteogenic behavior of the bone cells is stimulated when they are exposed to new loads,

and the amount of bone formation is determined by the difference between the

magnitudes of the new and previous loads. Bone cells can determine the size of this

difference because they “tune” their mechanical behavior to the magnitude of the loads

that are imposed on them by the surrounding tissue. Therefore, when the loads change,

the mechanical behavior of the bone cells provides them with a “memory” of the previous

loads. The cells attenuate the osteogenic signals as they tune their stiffness from their

memory of the previous load to the new load, so the amount of bone formation is

correlated to the difference between the loads.

The mechanical behavior of bone cells appears to play an important role in

modulating the mechanotransduction of osteogenic signals and regulating the process of

bone formation. This chapter will investigate the microstructure of osteoblasts and

determine how it affects the mechanical behavior of the cells. It will also identify

potential mechanisms the cells may use to alter their mechanical behavior. The effect of

these components on the mechanical behavior of cells and their mechanical response to

loading will be determined experimentally in chapters four and five.

36



2.1 The Cytoskeleton: The Primary Loading Element in the Cell

Cells are composed primarily of water and surrounded by a water impermeable

barrier called the plasma membrane. Inside the membrane is a highly concentrated

mixture of molecules, especially proteins and nucleic acids, which enable the cell to

grow, perform specific functions and replicate. Some of these proteins polymerize to

form a highly organized structure inside the cell called the cytoskeleton, and, as the name

implies, it provides an intracellular framework that supports the other components of the

cell, including the plasma membrane. Cells also contain a membrane bound nucleus that

is filled with the genetic material of the cell in the form of DNA. The inside of the

nuclear membrane is supported by a network of cytoskeletal proteins, but the interior of

the nucleus does not contain a cytoskeleton. The water and the remainder of the

molecules in the cell are collectively referred to as the cytoplasm.

Plasma Membrane
B

Plasma Membrane Cytoplasm
Cytoplasm Cytoskeleton

A-Cytoskeleton
Nucleus

~IR-R-U-I-N-U
Figure 2.1: The microstructure of round and adherent cells. (A) Rounded cells have a membrane
skeleton that lines the inside of the plasma membrane, and little cytoskeletal structure elsewhere
inside the cell. (B) Adherent cells also have a membrane cytoskeleton, but also have a well
organized cytoskeleton throughout the interior that keep the cells spread and attached to the
substrate through integrins.

The microstructure of adherent cells is substantially different than non-adherent

cells (Figure 2.1) [15]. Non-adherent cells, such as lymphocytes and erythrocytes, are

round and contain very little polymerized cytoskeleton on the interior of the cells except
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for a thin lining of cytoskeletal proteins on the inside surfaces of the plasma membrane

called the membrane skeleton. As a result, non-adherent cells resemble balloons that

have a relatively stiff exterior surrounding the viscous cytoplasm [65, 263]. In adherent

cells, such as epithelial cells, fibroblasts and osteoblasts, a dense meshwork of

cytoskeletal proteins celled the cortex that extends from the inside of plasma membrane

and fills the intracellular space. The cytoskeleton enables adherent cells to assume

whatever shape that is necessary to function properly, and the whole cell behaves like a

viscoelastic material.

The cytoskeleton appears to be the primary load-bearing component of adherent

cells [257]. The plasma membrane is made of interacting amphilic phospholipids that

generate only enough surface tension to resist relatively small loads [15]. The membrane

and the cytoskeleton form a composite structure that protect the cell from mechanical and

chemical stresses [164], but the mechanical properties of this structure are dominated by

the cytoskeleton [28, 52, 243].

The effect of the nucleus on the mechanical behavior of adherent cells is unclear.

The inter-nuclear region of non-mitotic cells is densely packed with unfolded DNA that

behaves like a viscoelastic polymer [106]. Based on measurements of intracellular

strains as a result of extracellular loading using micropipette aspiration [106), AFM

indentation [198] and magnetic twisting cytometery [21], the nucleus appears to be as

much as 10 times stiffer than the rest of the cell. However, the storage modulus (G”) of

the material inside the nucleus is approximately equal to the cytoplasm at loading

frequencies above 1 Hz [290]. The higher apparent stiffness of the nuclear structure

could be attributed to the lining of cytoskeletal proteins inside the nucleus, which is also
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connected to the cytoskeletal network on the outside of the nucleus. In addition, the

apparent stiffness of the nucleus changes when the cytoskeleton undergoes rearrangement

[55]. Taken together, this evidence suggests that the contribution of the nucleus to the

mechanical behavior of the cell may be attributed substantially to the cytoskeleton that

surrounds and supports the nuclear envelope.

The cytoplasm that fills the interior of the cell may also make a substantial

contribution to the mechanical behavior of the cell. The cytoplasm is mostly made of

water and includes the soluble molecules and membrane bound organelles. The

cytoskeletal proteins provide a vast surface area inside the cell that can attract molecules

to it with Van Der Waal's interactions [102]. These weak forces allow the cytoskeleton

to interact with the water molecules and organize them into a structure that surrounds the

cytoskeletal filaments [22, 297]. This structured water has a number of implications

about how the cytoskeleton participates in cellular functions, including intracellular

transport, membrane potentiation and secretion [234]. It also has an important effect on

the mechanical behavior of the cell. In the structured form, the water appears viscoelastic

compared to water that is unstructured and completely viscous [40, 182, 190, 258].

Therefore, the cytoskeleton and the cytoplasm form a viscoelastic hydrogel, and its

mechanical properties are determined by the structure of the cytoskeletal component.
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Figure 2.2: Water molecules become structured along cytoskeletal filaments. Water is a polar
molecule with a positive and negatively charged region. Surface charges along the cytoskeletal
filaments will encourage the water molecules to aggregate near the filaments in a semi-structured
arrangement. This “structured water" contributes to the viscoelasticity of the cytoskeleton. Figure
adapted from [234].

The cytoskeleton appears to be the component of adherent cells that is most

responsible for determining the mechanical behavior. It forms a load bearing structure

inside the cell that reinforces the membrane and the nucleus. It also interacts with the

cytoplasm to form a viscoelastic material and minimizes the purely viscous behavior of

the unstructured intracellular water. The remainder of this chapter will investigate the

microstructure of the cytoskeleton and the contribution of the cytoskeletal components to

its mechanical properties. This chapter will also determine how the microstructure of the

cell changes in response to loading to alter the mechanical behavior of the cell.
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2.2 The Mechanical Anatomy of the Cytoskeleton

The cytoskeleton is a complex network of proteins that extends throughout the

cell. A properly formed cytoskeleton is necessary to for cell survival [215, 248]. The

cytoskeleton is involved in a number of specialized functions, such as cell division and

migration, and although these processes have been studied extensively, they will not be

addressed in this section. Instead, it will review studies that have investigated the

contribution to the mechanical properties of the cell made by specific cytoskeletal

components. Many of these studies were performed on reconstitutions of the

cytoskeleton made by polymerizing cytoskeletal monomers that have been purified from

cell extracts. Others were performed by modifying the cytoskeletal components in living

cells and measuring how the mechanical properties of the cytoskeleton changes. Taken

together, these studies provide substantial insight into how the composition of the

cytoskeleton affects the whole-cell mechanical behavior.

2.2.1 Protein Filaments

The cytoskeleton is primarily composed of three different protein filaments: actin

microfilaments, microtubules and intermediate filaments. These filaments are biological

polymers made from smaller monomeric proteins. They are continually rebuilt by the

cell using various mechanisms to ensure that any defective monomers will be removed

and maintain the integrity of the cytoskeleton [3]. The amount of polymerized filament is

carefully controlled and can be spatially regulated to increase or decrease the amount of

cytoskeletal filaments in particular regions of the cell. The filaments form a three

dimensional network that determine the mechanical behavior of the cell.

41



Actin Microfilaments Intermediate Filaments Microtubules

H H
25 nm. 25 nm.

Figure 2.3: The three filaments of the cytoskeleton. Actin microfilaments are concentrated in the
cell cortex and along the periphery of the cell. Intermediate filaments form a dense network
throughout the cell body. Microfilaments originate at a centromere near the nucleus and extend
outward towards the edges of the cell. Figure adapted from [3].

Of the three types of filaments in the cytoskeleton, the actin microfilaments have

been shown to make the most significant contribution to the whole-cell mechanical

behavior [243, 257, 305]. They are also the most dynamic filaments and are capable of

rapidly undergoing dramatic rearrangements to reorganize the microstructure of the cell

[3, 15]. The monomeric unit of the actin microfilaments is called globular actin, or g

actin, and it is expressed in excess by the cell. At any given moment, approximately half

the g-actin in the cell is sequestered in soluble pools that can be rapidly released and

polymerized into microfilaments, or f-actin [3]. The microstructure of the actin

cytoskeleton is precisely determined by over sixty proteins that determine how the

microfilaments interact [141, 192, 111].

Microtubules are also highly dynamic polymers that play a substantial role in cell

reproduction and are critical to intracellular transport. The monomeric unit of

microtubules is a called tubulin, of which there are two subunits, o-tubulin and 3-tubulin.
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These subunits alternate in the tubulin polymer, which is unstable unless the polymers

interact in parallel to form a hollow tube. The influence influence of microtubles on the

mechanical behavior of the cytoskeleton is not clear [166]. There is speculation that the

microtubules resist intracellular compression [128, 275] and disruption of the

microtubule cytoskeleton causes cellular contraction at the cell periphery [307].

However, microtubules do not appear to contribute substantially to the mechanical

behavior of cells compared to the actin microfilaments [27, 243,282,305].

Intermediate filaments include a wide variety of polymer filaments that are built

from homologous protein monomers [85]. Unlike microfilaments and microtubules,

intermediate filaments do not exhibit the dynamic behavior and enzymatic processes are

required to depolymerize them [3]. Given their stability, it is believed that intermediate

filaments make a significant contribution to the toughness exhibited by cytoskeleton

when the cell is exposed to large mechanical loads [139, 99]. Qualitative studies have

demonstrated that cells are more likely to be damaged by mechanical loading if

intermediate filament organization is inhibited [85]. Keratins and vimentins are two

types of intermediate filaments that make up a significant portion of the cytoskeleton in

epithelial and mesenchymal cells, respectively. Keratins and vimentins exhibit similar

mechanical behavior [139, 100], and their arrangement in the cell is determined by co

localizing with the actin microfilaments [116].

The mechanical properties of each type of filament may be described several

different ways. First, it is possible to measure the bending stiffness of the filaments.

This can done by observing the thermal vibrations of isolated filaments [96], and is useful

to determine how the filaments will resist deformation when loaded by their environment.
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It is also useful to consider the intermolecular forces that are acting on the filament.

When no external loads are applied to the filament, it will have a characteristic amount of

curvature that can be measured by the persistence length [69], or the length over which

the filament no longer appears to be straight. This curvature is caused as a result of the

filament maximizing its entropy by bringing its ends as close together as possible while

also resisting the intermolecular forces in the filament that are trying to keep it straight.

The persistence length of a filament is usually proportional to its stiffness, but can also be

used to predict how the filaments will interact. If the persistence length of a filament is

small relative to its length, entanglements are likely to form between filaments that will

increase the interconnectivity of the network. At the macroscopic level, it is possible to

measure the viscoelastic properties of the filaments reconstituted as a gel. The

mechanical properties of actin microfilaments, microtubules and vimentin intermediate

filaments are summarized in Table 2.1:

Actin Microtubules Intermediate
Microfilaments Filaments

Diameter (nm) 7 25 10

Cross Sectional Area Inm’ 18 190 47

Persistance Length ■ um] ~8 ~5,000 ~1

Elastic Modulus [MPa) 2,600 1,200 8

Bending Modulus [Nm x 10’’ 73 22,000 4

Table 2.1: The mechanical properties of individual cytoskeletal filaments. Table adapted from
[87, 96, 137, 170]

The actin microfilaments have the smallest diameter and are the least stiff, but

they also have the shortest persistence length, which suggests they are the most likely to

form entanglements. A gel made of actin microfilaments is much stiffer than a gel made



from the same concentration of microtubules or vimentin (Figure 2.4) [137] because the

entangled microfilaments can not easily move past each other when the gel is loaded, and

they resist deformation. Although the microtubules are the stiffest filaments, they do not

form as many entanglements, so the microtubules can slide past each other easily and

allow the gel to deform. The stiffness of vimentin gels is in between microfilament and

microtubule gels at low strains, but they undergo strain-hardening at higher strains due to

the stability of the intermediate filaments. Therefore, it is likely that at physiological

magnitudes of mechanical loading, the actin cytoskeleton is primarily responsible for the

mechanical behavior of the cell since is it substantially stiffer than the other cytoskeletal

filament networks. However, if the cell experiences larger loads, the tougher

intermediate filaments reinforce the cytoskeleton by strain-hardening and prevent the

network from breaking apart.
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Figure 2.4: The stress v. strain relationship of cytoskeletal gels. Each gel was made from
identical concentrations of cytoskeletal monomer (2 mg/mL). The actin and microtubule gels
fractured at approximately 15 and 60% strain, respectively. The intermediate filament gel could
be strained more than 80% without failing. Chart Adapted from [139].
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2.2.2 Crosslinking Proteins

The filaments in the cytoskeleton are organized into higher-order structures by

cytoskeletal crosslinking proteins. They can be generally divided into two different

categories depending on whether they tend to bundle filaments or form orthogonal

networks (Figure 2.5). Some the crosslinking proteins are highly specialized to form

cytoskeletal structures for specific cellular functions and will not be considered in this

section (i.e., villin is a crosslinking protein that forms parallel bundles of microfilaments

and is only found in microvilli of epithelial cells in the small intestines.) Table 2.2

provides a summary of the crosslinking proteins that are found throughout most adherent

cells and are responsible for the general organization of the cytoskeleton. It should be

noted that all of these proteins contain actin binding domains, but only a few bind to

microtubules or intermediate filaments. Furthermore, a variety of adaptor proteins, such

as Plakins [183] and MAPs [191, 193], connect intermediate filaments and microtubules

to the actin cytoskeleton. This contributes to evidence that microfilament crosslinking

proteins are responsible for most of the cytoskeletal organization in the cell, and the

intermediate filaments and microtubules follow the arrangement of the microfilaments

[116].

The crosslinking proteins have a dramatic effect of the mechanical properties of

the cytoskeletal filament networks. The crosslinks behave like entanglements, and as the

concentration of the crosslinking proteins increases, it becomes more difficult for the

filaments to move past each other [137, 219). The effect of some crosslinking proteins,

Such as O-actinin, also depends on the loading rate [299, 323]. If the loading rate is

slower than the disassociation constant of the crosslinking protein with the filaments, the
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crosslinking proteins will have little effect on the stiffness of the network since the

crosslinkers will detach from the filaments as they move past each other. If the loading

rate is high compared to the disassociation constant, the network will appear much stiffer

since the crosslinkers will remain in place and act as entangle that resist deformation.
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Table 2.2: Actin crosslinking proteins that are found in abundance throughout adherent cells.
The size and structure of each crosslinker is provided, as well as the type of crosslinks that are
formed between actin filaments and the structures where the crosslinkers are typically found.
Table adapted from [188].
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Figure 2.5: Network forming and bundling crosslinking proteins. Crosslinking protiens can be
categorized into two types: (A) Network forming crosslinkers bind filaments into an orthogonal
network, and (B) bundling crosslinkers form thick bundles of filaments that are substantially stiffer
than a single filament.

Crosslinking proteins also act synergistically to enhance the mechanical effect on

the cytoskeletal mechanical behavior (Figure 2.6) [291]. If either fascin, a microfilament

bundling crosslinker, or O-actinin, a network forming crosslinker, are added to a

reconstitution of actin microfilaments individually, they will increase the stiffness of the

gel that is formed. When equal amounts both crosslinkers are added at to the

microfilaments, the stiffness of the resulting gel is substantially greater. This synergy

occurs because the crosslinkers form networks of filament bundles that have a higher

bending modulus than individual filaments. Similar results have been observed in living

cells after microinjecting O-actinin and fascin (289].
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Figure 2.6: Crosslinking proteins have a synergistic effect on the mechanical properties of the
cytoskeletal network. Adding equal concentrations of o-actinin (acting as a network forming
crosslinker) or fascin (a bundling crosslinker) made a gel of reconstituted cytoskeletal filaments
stiffer than when no crosslinkers were present. When o-actinin and fascin were added to a gel in
equal proportions to reach the same total concentration of crosslinking proteins, the resulting gel
was substantially stiffer than if only one crosslinking proteins is present. Similar results have
been observed in vivo. Chart adapted from (288, 291].

The cytoskeleton is capable of wide range of mechanical behaviors due to the

variety of crosslinking proteins that are available in the cell [90]. As a result of

synergistic effects, small changes in the concentration of crosslinking proteins can result

in large differences in cytoskeletal stiffness. Each type crosslinking protein also has a

different disassociation constant, so the viscoelastic behavior of the cell may be altered

by allowing different crosslinking proteins to interact with the cytoskeleton [289].

Therefore, the concentrations of crosslinkers that are interacting with the cytoskeleton are

carefully regulated by the cell to enable it have a specific mechanical behavior.

2.2.3 Cytoskeletal Adhesion Structures

The cell attaches itself to its substrate and surrounding cells through a number of

Structures that form at the cell membrane and connect the cytoskeleton to the
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extracellular matrix and the cytoskeleton of other cells. These structures are made of

many adaptor proteins that are required that attach to the cytoskeletal filaments, penetrate

the cell membrane and bind to specific ligands outside the cell. Adherent cells must be

attached to a surface in order to form an organized filamentous cytoskeleton [29, 92,

248], and the types of anchoring proteins, as well as the location of these anchors

influence the structure and organization of the cytoskeleton [95]. Therefore, the proteins

that attach the cytoskeleton to its surrounding will have an effect on the mechanical

behavior of the cell.

The mechanical behavior of adherent cells depends on their ability to attach to the

substrate through focal adhesion contacts [322]. Focal adhesions are formed where the

extracellular domain of integrins have bound to the ECM proteins, and many types of

structural and signaling proteins aggregate to these structures (Figure 2.7). The apparent

modulus of osteoblasts grown on surfaces that limited the formation of focal adhesion

COntacts was significantly different than the modulus of osteoblasts that were cultured on

fibronectin, which encouraged focal adhesions [282). Osteoblasts with the least stiff

apparent modulus were cultured on a substrate coated poly-L-lysine and did not contain

any ligands that could promote focal adhesion contacts. Observations of the osteoblasts

with fluorescence microscopy demonstrated that the cytoskeletal microstructure of cells

cultured on fibronectin was more organized compared to cells that were cultured on other

Substrates. Furthermore, cells with a deficiency for a focal adhesion adaptor protein

Called vinculin were substantially less stiff than wild type cells due to the inability of the

Cytoskeleton form a normal attachment to the substrate [4]. Intermediate filaments are

attached to the ECM through hemidesmosomes, which contribute to the adhesion strength
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of cells [124], but there is no evidence that these structures affect the mechanical

behavior of the cytoskeleton.

Vinculi

Figure 2.7: Focal adhesion contacts anchor the cytoskeleton to the extracellular matrix. Trans
membrane proteins bind to the ECM outside the cell and to adaptor proteins inside the cell that
connect to the actin microfilaments. Many signaling proteins also nucleate to the focal adhesions.

Adherens junctions and desmosomes form intercellular connections between the

microfilament cytoskeletons and intermediate filaments, respectively. Once cells have

the opportunity to form attachments between cells, the morphology of the cells begins to

change as they form an interconnected sheet of cells rather than individual cells. As a

result, cells can be anchored to adjacent cells in addition to the substrate, which alters the

microstructure of the cytoskeleton. Accordingly, osteoblasts that have reached

confluence and have the ability to form these intercellular contacts have significantly

different mechanical behavior compared to non-confluent cells [133].
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2.2.4 Motor Proteins

A number of motor proteins have been identified that are associated with

microfilaments and microtubules. One protein of significance is myosin, which is exists

within microfilament bundles. When the myosin is activated, it can generate tension

within the cytoskeleton by shortening the length of the bundle [154, 171]. Microtubule

associated motor proteins have a number specialized functions, and there is not any

evidence that they have a significant effect on the architecture of the structural

cytoskeleton during the rest of the cell cycle. However, it has been suggested that

microtubules may play a regulatory role in myosin generated tension on the actin

cytoskeleton [166].

Cells are able to regulate the amount of tension they can generate in the

cytoskeleton [284], which has been shown to be an important regulator of many cellular

functions [58, 203, 212]. The magnitude of cytoskeletal tension has been correlated to

cell stiffness [276, 308], and the Tensegrity hypothesis predicts that cytoskeletal tension

may regulate the mechanical behavior of cells [127]. Microfilaments, particularly within

stress fibers, often exist under tension [173] and this has been attributed to the presence

of myosin [237]. Over-expression of constitutively activated myosin increases the

stiffness of cytoskeleton at the surface of cells, as measured by magnetic twisting

cytometry [20]. Therefore, it is appears that motor proteins play an important role in

determining the mechanical behavior of cells by generating tension in the cytoskeleton.

There is also evidence that externally applied tension on the cytoskeleton can affect the

mechanical behavior of the cell [306].
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2.3 Mechanisms of Whole-Cell Mechanical Adaptation

When cells are exposed to habitual external loads, they respond by altering their

mechanical behavior (See Table 1.2). When mechanical loads are applied to the cell, the

cytoskeleton undergoes a dramatic rearrangement. Although a substantial body of work

has been dedicated to understanding how cytoskeletal rearrangement is initiated and

regulated by the cell, few studies have investigated how the changes to the cytoskeletal

microstructure alter the mechanical behavior of the cell. There are a few hypotheses to

predict how specific components of the cytoskeleton contribute to the mechanical

response of cells when they are loaded. It is likely that all of these cytoskeletal

mechanisms occur cooperatively, and it is not clear whether there is one dominant

mechanism.

2.3.1 Activation of Motor Proteins

The cellular stiffness could be modified by changing the amount of activated

myosin in the cytoskeleton [20, 211, 276, 308]. Using the Tensegrity hypothesis it is

possible to predict how cellular stiffness could depend on myosin generated tension

[273]. There is evidence that myosin generated tension can regulate stress fiber length in

response to substrate stretch [211] and when cells are cultured on flexible surfaces [250].

However, the activation of force generating motor proteins, such as myosin, has not been

measured in response to mechanically induced stiffening and cytoskeletal rearrangement.

Despite the lack of experimental evidence, generation of tension in the cytoskeleton by

motor proteins remains a viable mechanism to alter the mechanical behavior of cells.
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2.3.2 Rearrangement of Cytoskeletal Adhesions

When the cells experience mechanical loads, the distribution of focal adhesion

contacts rearranges [270]. Endothelial cells exposed to fluid shear redistribute the focal

adhesions such that they are concentrated in the upstream side of the cell [95]. The focal

adhesions of fibroblasts exposed to similar magnitudes of fluid shear migrate to the cell

periphery (Figure 2.8), possibly to reinforce the intercellular adhesions. It is likely that

the redistribution of focal adhesions contributes to the change in mechanical behavior that

has been observed in endothelial cells and fibroblasts after exposure to flow. They can

also redistribute the intracellular reaction forces that resist the imposed loads by altering

how the cytoskeleton adheres to the substrate and adjacent cells.

mircofilaments

Figure 2.8: Rearrangement of focal adhesion contacts after exposure to fluid shear stress. The
focal adhesion contacts rearranged when the 3T3 fibroblasts were exposed to fluid shear. The
cells were stained for filamentous actin with phalloidin (red), and with antibodies raised against
B1-intergin (green). In static cells, the integrins were in puncate regions on the bottom of the cell
that were likely focal adhesions. After exposure to flow, the integrins relocated, partially to the
periphery of the cells.
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2.3.3 Recruitment of Crosslinking Proteins

Despite the large body of work that is dedicated to understanding the function of

actin-binding proteins, there are few studies that have considered how these proteins are

involved in the process of cytoskeletal rearrangement or the mechanical response of the

cell to mechanical loading. One important study to investigate the role of crosslinking

proteins in cytoskeletal stiffening was discussed in Chapher 1. In this study, static tensile

load was applied to a culture of 3T3 fibroblasts through magnetic beads attached to the

focal adhesion contacts. Wherever the tensile load was applied to the cell through a bead,

there was a localized cytoskeletal rearrangement and an 8-fold increase in stiffness [98].

The proteinsin the region of the cytoskeleton attached to the bead was isolated and

compared to unloaded regions of the cell. As a result of mechanical loading, there was a

substantial increase in the amount of the network forming crosslinker filamin that was

present in the cytoskeleton [97].

In addition to changing the amount of crosslinking proteins that are present in the

cytoskeleton, the mechanical behavior of the cell may also be altered by redistributing the

crosslinkers within the cell. In osteoblastic cells, the crosslinking protein O-actinin

primarily co-localizes with the focal adhesion contacts at the base of the cell. However,

after exposure to fluid shear, O-actinin can also be found in the stress fibers throughout

the cell [227]. Osteoblasts loaded with the identical magnitude of fluid shear underwent

a 1.36-fold increase in whole cell stiffness [132]. Taken together, these studies provide

compelling evidence that crosslinking proteins may play an important role in cytoskeletal

rearrangement and cellular stiffening.
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2.4 Conclusions

The goal of this chapter was to identify the load beading components of the cell

and determine the mechanisms that may be used by osteoblasts to change the whole-cell

mechanical behavior. The cytoskeleton appears to provide the greatest resistance to

deformation, not only by proving an internal scaffold for the cell, but also by reinforcing

the plasma membrane and nucleus. Cells can modulate their mechanical behavior by

modifying the organization of the cytoskeleton. Three mechanisms of cytoskeletal

rearrangement were proposed in this chapter: 1) The generation of tension along

filaments by motor proteins, 2) The rearrangement of the focal adhesion contacts, and 3)

The recruitment of crosslinking proteins to the actin microfilaments.

The remainder of this dissertation will investigate how osteoblasts alter their whole

cell mechanical behavior by recruiting crosslinking proteins to the cytoskeleton. This

mechanism was chosen for further study because it was supported by the most prior

experimental evidence attributing it directly to a change in the mechanical properties of

the cell. The effect of crosslinking proteins, particularly O-actinin and filamin, has also

been studied extensively in reconstitutions of actin filaments [288, 289, 291, 298, 324],

which can be used to predict how the whole-cell stiffness is modified by the crosslinking

proteins.

A method of observing the crosslinking proteins that are attached with the

cytoskeleton is needed before this mechanism can be investigated further. Filamin and

O-actinin are recruited out of soluble pools to the cytoskeleton where will have an effect

on the mechanical behavior of the cell [103, 281]. In addition, the attachment between

the crosslinking proteins and the cytoskeleton is easily disrupted [90, 298, 324], so
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standard protocols of isolating the cytoskeleton (i.e., sedimentation or differential

centrifugation) will likely be inadequate. In chapter three, a method will be proposed to

stabilize the attachment of crosslinking proteins to the cytoskeleton, and the effectiveness

of this method will be demonstrated.
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3. A NOVEL METHOD OF CYTOSKELETAL EXTRACTION AFTER STABILIZATION WITH
A CELL PERMEABLE AND CLEAVABLE CHEMICAL CROSSLINKER

3.1 Introduction

Cells respond to changes in their mechanical environment by undergoing a variety

of structural modifications, including shape change [184], cytoskeletal rearrangement

[98, 138, 227], and by modifying their attachment to the surface [227, 252, 270) and

adjacent cells [41]. In addition to morphological changes, cells alter their whole-cell

mechanical behavior [132) and local cytoskeletal stiffness [179, 256]. These cellular

responses protect the cell from the imposed mechanical loads by reinforcing the plasma

membrane [85, 164, 231, 314] and cell adhesions [51, 89, 97]. Furthermore, there is

evidence that as the cytoskeleton rearranges, it modulates the amount of force required to

initiate mechanical signals [98, 138] and the mechanotransductive pathways that transmit

those signals to the nucleus [36, 70, 109, 165]. The cytoskeleton is a network of

filaments that are organized into an ordered microstructure by a variety of crosslinking

proteins [192, 281, 111], though little is known about how this cytoskeletal

microstructure changes in response to mechanical loading. This chapter proposes a

technique to stabilize the cytoskeleton that will improve the methods used to observe the

concentration of crosslinking proteins in the cytoskeleton. Using this method, changes in

the composition and microstructure of the cytoskeletal network could be studied under

different mechanical conditions, which would elucidate the cytoskeletal mechanisms of

mechanoprotection.

The interaction of crosslinking proteins, such as O-actinin and filamin, are highly

dynamic and disassociate easily from the cytoskeleton [14, 281, 298]. As a result, the
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loosely connected network of filaments can rearrange rapidly and exhibit mechanical

properties that depend on the loading rate [90, 299, 324], which is necessary for cellular

functions such as spreading and migration [115, 137]. However, the transient

interactions between crosslinking proteins and the cytoskeleton make observations of the

cytoskeletal microstructure difficult. Methods used to analyze the cytoskeleton typically

extract the soluble proteins from the cell, and the crosslinking proteins may dissociate

from the cytoskeleton and be extracted as well. As a result these methods are not

necessarily providing a description of the cytoskeletal microstructure that includes these

crosslinkers.

Currently, there are not any protocols specifically designed to observe proteins

that only bind to the cytoskeleton weakly, such as O-actinin and filamin. This study

proposes a novel method of stabilizing the crosslinkers with the cytoskeleton and

extracting soluble proteins using techniques from a variety of other specialized protocols.

The overall goal of this study was to verify that this method can used to observe the

amount and location of O-actinin and filamin in the cytoskeleton. The specific objectives

were: 1) determine the compatibility of this method with the BCA protein quantification

assay; 2) verify that the soluble proteins were extracted from the cell; 3) determine how

the crosslinking proteins would be co-fractionated with the cytoskeleton; and 4) observe

where the stabilized crosslinking proteins would be localized in the extracted

cytoskeleton.
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3.2 Materials and Methods

3.2.1 Antibodies and Cytoskeletal Probes

Mouse anti-■ }-actin monoclonal IgG (clone AC-15), mouse anti-0-actinin

monoclonal IgM (clone BM-75.2), mouse anti-vimentin monoclonal IgM (clone VIM

13.2) and mouse anti-talin monoclonal IgG (clone 8D4) were obtained from Sigma (St.

Louis, MO). Mouse anti-filamin A monoclonal mouse IgG (clone FLMN01 [PM6/317])

was obtained from ABCam (Cambridge, UK). Rabbit anti-ERK polyclonal IgG (clone

C-14) was obtained from Santa Cruz Biotechnologies (Santa Cruz, CA). All antibodies

were reactive against human antigens, and all antibodies except anti-filamin were cross

reactive with mouse antigens. Donkey IgG raised against mouse IgG and IgM were

obtained from Jackson ImmunoResearch (West Grove, PA) and conjugated to either HRP

or FITC. Donkey IgG raised against rabbit IgG and conjugated with HRP was obtained

from Santa Cruz Biotechnologies. Rhodamine Phalloidin, Alexa Fluor 488 conjugated

DNase and Hoestch was obtained from Molecular Probes (Eugene, OR).

3.2.2 Cell Culture

Fetal Human Osteoblasts (fBOBs) and MC3T3-Elcells, osteoblastic cells from

mice, were obtained from ATCC (Manasas, VA). The fBOBs were cultured with a 1:1

mixture of dMEM without phenol red and Ham's F12 medium (Gibco, Herndon, VA)

supplemented with 10% Fetal Bovine Serum (FBS, Gibco) and 0.3 mg/mL G814 (Sigma)

in an humidified incubator at 34°C and 5% CO2. The MT3T3-E1s were cultured with

oMEM (Cellgro, Gathersburg, MD) supplemented with 10% FBS and 1%

Penicillin/Strepamycin Cocktail (Gibco) in a humidified incubator at 370C and 5% CO2.
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Glass coverslips were treated with 10 pg/cm of Type I Collagen (BD Biosciences,

Bedford, MA) prior to seeding cells.

3.2.3 Cell Lysis and Fractionation

Cells to be analyzed by western blotting were grown on tissue culture

polystyrene. The cytoskeletal proteins were stabilized by incubating the cells with 1 mM

Dithiobis(succinimidyl propionate] (DSP, Pierce, Rockford, Il) in Tris Buffer (50 mM

Tris, 150 mM NaCl, pH 7.4) for 5 min. Detergent fractionation was performed by

incubating the cells with the extraction buffer (0.5% Triton-X 100 in Tris, pH 7.4) for 7.5

min to generate Triton-X 100 insoluble cytoskeletons. The proteins that were soluble in

the extraction buffer were collected as the soluble fraction. The insoluble residues were

washed with an identical volume of extraction buffer and, unless noted, the wash was

added to the soluble fraction. The Triton-X 100 insoluble cytoskeletons were treated

with 5 mM EDTA and 0.5% Triton-X 100 in Tris Buffer, scraped off the surface and

collected as the cytoskeleton fraction (Figure 3.1). Differential centrifugation was

performed by scraping cells off the surface in Lysis buffer (0.5% Trion-X 100, 0.25%

Deoxychloric Acid and 5 mM EDTA in Tris Buffer). The lysates were centrifuged at

10,000g for 30 min and the supernatant was removed as the soluble fraction. The pellet

was dissolved in the lysis buffer with 0.1% SDS to make the cytoskeletal fraction.
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Step 1: DSP Stabilization
The Cells were washed once with PBS, then treated with 1 mM
DSP in TBS for five minutes at 37°C to Stabilize the interaction
between adjacent proteins.

Step 2: Detergent Extraction
The cells were treated with 0.5% Triton-X 100 in TBS for five
minutes at 37°C to permeabilize the plasma membrane and
extract the soluble proteins from the stabilized cytoskeletons.

Step 3: Collect the Soluble Fraction
The extraction buffer was collected
and moved to a centrifuge tube. An
equal volume of 0.5% Triton-X 100 in
TBS was used to wash the extracted
cytoskeletons twice, then collected
and added to the soluble fraction.

Step 4: Collect the Cytoskeletal Fraction
The extracted cytoskeletons were placed on ice and treated
with lysis buffer. The cytoskeletons were scraped off the surface
and moved to a second centrifuge tube.

Step 5: Homogenize the Fractions
SDS was added to both fractions to a final concentration of 0.1%,
and the lysates were sheared through a 23G needle. The DSP
was cleaved by the Laemeli Sample Buffer.

Figure 3.1: Cytoskeletal stabilization for western blotting. The flow chart details the steps used to
stabilize the cytoskeletal proteins prior to cell lysis by detergent fractionation.

After fractionation, all the lysates were brought to 0.1% SDS, 0.25%

Deoxychloric Acid and 5 mM EDTA, mixed vigorously and sheared through a 23G

needle several times to ensure the proteins suspensions were completely homogenized.

All lysis buffers contained Protease Inhibitor Cocktail for Mammalian Tissue (Sigma)

and Protease Inhibitor Cocktail 2 (Sigma). Unless noted, the concentration of protein in

each fraction was quantified using the BCA kit (Pierce), and the samples were

normalized using the sum of concentrations of the soluble and cytoskeletal fractions for
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each sample. In the DSP interference experiments, a compatibility reagent for reducing

agents (Pierce) and the Bradford reagent assay (Sigma) were also used for protein

quantification. GelCode Blue (Pierce) was used for coomassie staining of SDS-Page

gels.

3.2.4 Western Blots

The protein fractions were mixed with Laemmli Sample Buffer (31.25 mM Tris,

5% B-mercaptoethanol, 0.01% Bromophenol Blue, 10% Glycerol, pH 6.8), separated by

SDS-PAGE in a 7.5% gradient gel and transferred to a nitrocellulose membrane (Bio

Rad, Hercules, CA). The membranes were blocked in 4% milk and 1% BSA in TBST,

and then incubated with primary antibodies for 90 min at room temperature in TBST with

whole donkey IgG diluted 1:1000. After washing in TBST, the secondary antibody was

applied for 30 min at room temperature in TBST with 0.5% milk. The blots were

visualized with ECL chemiluminescence (GE Biosciences, Piscataway, NJ) on BioMax

Light x-ray film (Kodak, Rochester, NY), and desiometric analysis was performed in

Image.J (NIH, Bethesda, MD).

3.2.5 Immunostaining

Cells to be stained for immunohistology were grown on glass coverslips and

washed once with PBS prior to fixing. The cytoskeletons were extracted by incubating

for 5 min with 1 mM DSP in Tris Buffer, then for 5 minutes with 0.5% Triton-X 100 in

Cytoskeleton Buffer (20mM MES, 276 mM KCI, 6 mM MgCl, 6 mM EGTA and 320

mM Sucrose, pH 6.1) (Figure 3.2). The Triton-X insoluble cytoskeletons were fixed with
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1 mM 3-3’- Dithiobis(sulfosuccinimidyl propionate] (DTSSP, Pierce), a water-soluble

analogue of DSP, in Cytoskeleton Buffer for 15 min and the unbound crosslinkers were

quenched with 100 mM Glycine (Sigma) in PBS. Cells that were not extracted were

fixed in 3% Paraformaldehyde in Cytoskeleton Buffer for 20 min, and permeablized with

0.4% Triton-X 100 in Cytoskeleton Buffer for 10 min. Fixed cells were blocked in 0.2%

BSA (Sigma) for 30 min.

Step 1: DSP Stabilization
The cells were washed once with PBS, then treated with 1 mM
DSP in PBS for five minutes at 37°C to Stabilize the interaction
between adjacent proteins.

Step 2: Detergent Extraction
The cells were treated with 0.5% Triton-X 100 in PBS for five
minutes at 37°C to permeabilize the plasma membrane and
extract the soluble proteins from the stabilized cytoskeletons.

Step 3: Fixation
The extracted cytoskeletons were fixed with 1 mM DTSSP in
PBS for 15 minutes at room temperature.

Step 4: Quenching and Blocking
The reactivity of the DSP and DTSSP was quenched by wash
ing twice in PBS with 100 mM Glycine for 10 minutes. The cells
were blocked with 0.2% BSA in PBS for 20 minutes.

Step 5:Staining
The stabilized ctyoskeletons were ready for immunostaining.

Figure 3.2: Cytoskeletal stabilization for immunostaining. The flow chart details the steps used to
stabilize the cytoskeletal proteins with DSP prior to cytoskeletal extraction.

64



Primary antibodies were incubated in PBS with whole Donkey IgG diluted 1:100 for 2 h

at room temperature or overnight at 4°C. The FITC conjugated secondary antibodies

incubated in PBS with rhodamine phalloidin and Hoesch for 30 min. Monomeric actin

was stained using Alexa Fluor 488 conjugated DNase. The coverslips were then mounted

to slides with VectaShield Hardset (Vector Labs, Burlingame, CA) and visualized at 400x

with a TE300 inverted florescence microscope (Nikon, Melville, NY). Images were

captured in Simple PCI (Compix, Cranberry Township, CA) using an ORCA 100 cooled

CCD camera (Hamamatsu, Japan).

3.3 Results

3.3.1 The method was compatible with the BCA protein quantification assay

High concentrations of DSP caused interference in the BCA method of protein

quantification and resulted in measurements that inflated the actual concentration of

protein (Figure 3.3A). The error in protein concentration became negligible when the

concentration of DSP was lower than approximately 5 nM (Figure 3.3B). The total

protein concentrations of the soluble and cytoskeletal fractions were not significantly

different when measured with the BCA or Bradford assays (Figure 3.3C). However, a

BCA kit that is compatible with reducing agents, such as DSP, resulted a significantly

different measurement of protein concentration (p < 0.05, n=3). There was no significant

difference in the percentage of the total protein that appeared each fraction using any of

the methods for protein quantification (Figure 3.3D).
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Figure 3.3: DSP interference with the BCA protein quantification assay. (A) The interference of
DSP with the BCA method of protein quantification caused the assay to inflate the measurement
of protein concentration. (B) The average error in protein concentration was inversely
proportional to the concentration of the DSP and was indistinguishable from zero between 5 and
0.5 nM (n=3). (C) There was no difference in the amount of protein that was measured between
the BCA assay and the Bradford assay (ANOVA, n=3). The protein concentration was
significantly different when measured using the BCA assay with the compatibility buffer for
reducing agents (BCA+, p < 0.05). (D) There was no difference in the percentage of total protein
for each fraction using any method of protein quantification (ANOVA, n=3). Error bars represent
One standard deviation.

3.3.2 The soluble proteins were extracted from the cell

A substantial amount of protein was extracted from the cell in the soluble fraction

and subsequent wash steps. Less than 5% of the total extracted protein was removed
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from the cells after the first two wash steps (Figure 3.4A). Relative to the amount of

protein that was initially extracted with the soluble fraction, the amount of additional

ERK, 3-actin, O-actinin and filamin that was extracted in the washes was nearly

undetectable after the second wash (Figure 3.4B an C).
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2 0 |
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B-actin - - -
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|- º

ERK actin 0-actinin filamin

Figure 3.4: Detergent extraction of soluble proteins from the cytoskeletal residues. (A) Most of
the protein in the soluble fraction was removed in the extraction buffer (EB). Less than 5% of
total protein in the soluble fraction was removed in the third and fourth washes (3+4, these
washes were collected together). Error bars represent one standard deviation (n=2). (B) The
proteins of interest could not be easily detected in the third and fourth washes in western blots.
(C) The amount of each protein was quantified relative to the amount of that protein found in the
extraction buffer. The amount of protein quantified was indistinguishable from zero in the third
and fourth washes. Error bars represent one standard deviation (n=3).
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GAPDH and ERK were used as positive controls for the soluble fraction (Figure

3.5). Both proteins are known to interact weakly and non-specifically with the

cytoskeleton [23, 40, 109, 264]. Treatment with DSP did not appear to change the

amount of either protein that co-fractionated with the cytoskeleton. AKT was used as an

additional soluble control, and it also did not appear in the cytoskeletal fraction after the

cells were Stabilized with DSP.

Differential Detergent
Centrifugation Extraction

S CSK S CSK
ERK - -

GAPDH - -

Akt *

Figure 3.5: Positive controls for the soluble fraction. ERK and GAPDH were used as positive
controls for the soluble fraction of fl-IOBs. Western blots were used to determine the amount of
each protein in the soluble (S) and cytoskeletal (CSK) fractions that were generated using
differential centrifugation and detergent fractionation. Akt was used as an additional control
positive for the soluble fraction.

The monomeric unit of actin microfilaments, g-actin, was stained with DNase and

was used for a positive control for soluble proteins in fixed cells (Figure 3.6). Cells that

were fixed with paraformaldehyde contained a substantial amount of g-actin. However,

after stabilization with DSP and extraction, only a trace amount of g-actin could be

detected. The method of fixation did not appear to alter the morphology of the f-actin

cytoskeleton.

* EPK was used as a soluble control in lieu of GAPDH in subsequent experiments because it was a higher
molecular weight and could be detected on the same membranes used to blot for O-actinin, filamin and
talin.
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Figure 3.6: Extraction of soluble g-actin from the cytoskeletal residues. hEOBs were fixed with
(A) paraformaldehyde or (B) DSP extraction and stained for g-actin with FITC conjugated DNase
(green) and f-actin with rhodamine phalloidin (red). The nuclei were stained with Hoechst (blue).
The scale bar represents 25 p.m.

3.3.3 The crosslinkers co-fractionated with the cytoskeleton

Two methods of sub-cellular fractionation were compared to determine which

would be the most appropriate to co-fractionate O-actinin and filamin with the

cytoskeleton (Figure 3.7). Positive controls for the cytoskeletal fraction (vimentin) and

the soluble fraction (ERK and GAPDH) were used to ensure that both fractionation

methods could separate the cytoskeleton from the soluble proteins. 3-actin was observed

to compare the amount of actin monomer that was present in each fraction and whether

either method had induced significant polymerization or depolymerization of the actin

cytoskeleton. Talin was included as a control for focal adhesion proteins, since O-actinin

and filamin are likely to be found in these structures.

The positive controls appeared in the correct fractions following differential

centrifugation (Figure 3.7A). After detergent fractionation, a considerable amount

vimentin appeared in the soluble fraction. Additionally, the fl-actin was concentrated in

the soluble fraction. Neither method was able to capture the dynamic interactions of the
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crosslinking proteins with the cytoskeleton since all of the q-actinin and nearly all of the

filamin was in the soluble fraction.

A Differential Detergent B Differential Detergent
Centrifugation Fractionation Centrifugation Fractionation

S CSK S CSK S CSK S CSK

vimentin - - - vimentin - -

[3-actin - - - - B-actin - - - -
o-actinin - - - 0-actinin - ---

filamin fºe — - - filamin ----

talin - * talin - ---

Figure 3.7: The effect of DSP on crosslinker stabilization during fractionation. Differential
centrifugation was compered to detergent fractionation. (A) hFOBs did not receive any pre
treatment. (B) hFOBs were pretreated with DSP to stabilize the interaction of proteins with the
cytoskeleton.

After treatment with DSP, fractionation by differential centrifugation was not as

effective since some of the positive soluble control appeared in the cytoskeletal fraction.

Furthermore, more of the fl-actin appeared in the cytoskeletal fraction than when the

same fractionation method was performed without DSP treatment. The DSP did stabilize

the attachment of the crosslinkers to the cytoskeleton since a substantial amount of 0

actinin and filamin appeared in the cytoskeletal fraction. Detergent fraction appeared to

work better following treatment with DSP. The positive controls appeared only in the

expected fractions, and the amount of fl-actin in each fraction was similar to what was

observed from the differential centrifugation method without DSP. Finally, O-actinin and

filamin also appeared in the cytoskeletal fraction.
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3.3.4. The crosslinking proteins co-localized with the cytoskeletal extractions

Stabilization with DSP was also used to co-localize the crosslinking proteins with

the cytoskeleton after extracting the soluble proteins from cells (Figure 3.8). O-actinin

and filamin co-localized with the cytoskeleton in cells that were stabilized with DSP prior

to extraction. In cells that were fixed without extraction, there was intense staining of a

actinin and filamin throughout the body of the cells and the localization of the

crosslinking proteins to the cytoskeleton was difficult to observe. The method of fixation

did not appear to cause any difference to the morphology of the actin cytoskeleton.

Treatment with cytochalasin D caused the actin cytoskeleton to depolymerize

(Figure 3.9). After treatment with cytochalasin D, cells that were fixed with DSP

extraction did not appear to contain a substantial amount of O-actinin. There were

punctuate regions of intense staining for O-actinin that did not appear to localize with the

cytoskeleton and may have been cellular debris or vesicle bound O-actinin. O—actinin

also appeared to co-localize with the actin microfilaments wherever they were not

completely depolymerized. However, the O-actinin staining was weak and diffuse

throughout most of the cell. In cells that were treated with cytochalasin D and fixed with

PFA, the O-actinin staining in the body of the cell remained intense, but there were fewer

regions where the a-actinin appeared to co-localize with the cytoskeleton. In cells fixed

with both methods after treatment with cytochalasin D, the O-actinin was not as intense in

the punctuate regions that were assumed to be focal adhesion contacts.
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Figure 3.8: The effect of DSP on the localization of o-actinin and filamin. hEOBs were fixed using
either DSP extraction (DSP) or paraformaldehyde (PFA). Cells were either stained with FITC
conjugated antibodies (green) raised against (A) o-actinin or (B) filamin. f-actin was stained with
rhodamine phalloidin (red), and the nuclei were stained with Hoechst (blue). The scale bar
represents 25 p.m.
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Figure 3.9. DSP stabilizes o-actinin that is bound to the actin cytoskeleton. MC3T3-E1s were
treated with cytochalasain D (Cyto■ )) and fixed using either (A) DSP extraction or (B)
paraformaldehyde (PFA). Cells were stained with FITC conjugated antibodies raised against o
actinin (green). Cells were stained for f-actin using rhodamine phalloidin (red), and the nuclei
were stained with Hoechst (blue). The scale bar represents 25 p.m.
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3.4 Discussion

A better understanding of the cytoskeletal microstructure could provide insight

into a variety of cell responses to mechanical loading, such as mechanotransduction and

mechanoprotection. The cytoskeletal crosslinking proteins are an important component of

the cytoskeleton that determines the organization, interconnectivity and mechanical

properties of the filament network [90, 192, 280, 111]. This study demonstrated the

effectiveness of a novel technique to stabilize the interaction of the crosslinking proteins

with the cytoskeleton using DSP, a short (12 A), cleavable, homobifunctional

biochemical crosslinker. When the cells were treated with DSP prior to detergent

fractionation, proteins that were interacting with the cytoskeleton were in close enough

proximity with the cytoskeletal filaments to become covalently crosslinked [11, 186].

Proteins that were not interacting with the cytoskeleton were extracted by washing the

cell with Triton-X 100 to dissolve the membrane and release the soluble components of

the cell [12, 259,262]. Filamin and O-actinin were co-fractionated with the cytoskeleton

after treatment with DSP, though not all of these crosslinking proteins appeared in the

cytoskeletal fraction. In cells fixed without extraction, O-actinin and filamin were stained

throughout the bulk of the cell. By contrast, cells treated with DSP and extracted yielded

intense staining that co-localized with cytoskeletal structures. Taken together, these

results demonstrate that the method of DSP stabilization can be used to make

observations of how O-actinin and filamin binds to extracted cytoskeletons.
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Figure 3.10: DSP is a homobifunctional crosslinking molecule. The maleimide reactive groups at
each end form covalent bonds with amine groups on proteins. The disulfide bridge in the center
of the molecule can be cleaved by reducing agents.

DSP is a cell permeable chemical crosslinker used to stabilize weak interactions

between proteins [94, 152, 277, 278]. A disulfide bond in the spacer arm allows the

crosslink to be cleaved in SDS-Page sample buffer (Figure 3.10), so proteins that were

covalently cross-linked with DSP were uncoupled before electrophoresis and did not

affect how proteins migrated through the gel (Figure 3.7). DSP has also been used as a

non-denaturing fixative to stabilize the cellular microstructure [214] and to allow for

enhanced fluorescent labeling of cytoskeletal proteins, including actin, tubulin and

gelsolin (251). DSP fixation can preserve fine structures in the cytoskeletal network with

sufficient rigor to withstand dehydration and preparation for electron microscopy [11].

Finally, treatment with DSP has been shown to increase the variety of proteins that can be

extracted with the cytoskeleton by stabilizing the interaction of associated proteins [11].

The DSP molecule is a reducing agent that can interfere with the quantification of

the total protein concentration using the Bicinchoninic Acid (BCA) Assay. However, the

interference of DSP on the assay becomes negligible when the DSP concentration is less

than approximately 5 nM. The protein concentration of the soluble and cytoskeletal

fraction was the same when measured with BCA as when it was measured by the

Bradford assay, which is insensitive to the presence of reducing agents. Therefore, it is
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reasonable to assume that the concentration of DSP in the fractions was less than 5 nM.

The compatibility buffer for reducing reagents slows the rate of reduction reactions,

including the reduction of BCA by proteins, so it might be expected to under-report the

protein concentrations.

Treatment with DSP stabilized the crosslinking proteins to cytoskeleton without

preventing the soluble proteins from being extracted. Differential centrifugation was

sufficient to co-fractionate the crosslinking proteins with the cytoskeletal fraction after

treatment with DSP, but fl-actin and ERK appeared to become concentrated in the

cytoskeletal fraction, likely as a result of the DSP reacting with the whole lysate during

centrifugation. Treatment with DSP prior to detergent fractionation did not cause ERK

and GAPDH to co-fractionate with the cytoskeleton. Furthermore, vimentin did not

appear in the soluble fraction or any of the washes, which suggests that proteins from the

cytoskeletal residues were not being washed off the surface. These results demonstrate

that treatment with DSP and detergent fractionation was effective to co-fractionate the

crosslinking proteins O-actinin and filamin with the cytoskeleton.

The co-localization of O-actinin and filamin with the actin cytoskeleton was

verified with immunostaining. After DSP extraction, there was less diffuse of staining of

the crosslinkers in the body of the cell and intense regions of stain that co-localized with

the cytoskeleton. Cytoskeletal disruption with Cytochalasin D resulted in substantially

less O-actinin staining, and it was limited to regions of the cell that still contained

polymerized actin filaments. These results verified that crosslinking proteins in the

cytoskeletal residue are interacting with the actin filaments. Furthermore, when the actin

filaments were depolymerized, most of the O-actinin was extracted from the cell and did
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not appear to be stabilized with the remaining insoluble cytoskeletal filaments.

Therefore, it is reasonable to conclude that the crosslinking proteins were bound

cytoskeleton when they were stabilized, and proteins not interacting with the cytoskeleton

were extracted from the cell.

One caveat should be noted regarding the fractionation control experiments. It

was necessary to assume the crosslinking proteins would be extracted from the cell like

the soluble controls if they were not interacting with the cytoskeleton. However, ERK

and g-actin are small and relatively globular proteins compared to the larger, elongated

crosslinking proteins, which may be more likely to become entangled in the stabilized

cytoskeletal network. This assumption was upheld by the images of extracted

cytoskeletons treated with cytochalasin D and stained for O-actinin (Figure 3.9A). Only a

trace of O-actinin could be detected when the cells the actin microfilaments were

depolymerized, so the O-actinin was effectively extracted from the remaining

microtubules and intermediate filaments.

The localization of O-actinin and filamin made with the cytoskeleton after

stabilization with DSP was similar to previous observations. O-actinin and filamin that

had been stabilized to the cytoskeleton with DSP were localized to the stress fibers and

cortical network identically to fluorescently stained cells that were fixed with

glutaradehyde and extracted with detergent [176]. O-actinin has previously been reported

to co-localize with focal adhesions and stress fibers in cells fixed without extraction [36,

227], and in live cells using a GFP-O-actinin fusion protein [61]. Filamin has also been

reported to localize with stress fibers in cells fixed without extraction [51].
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Not all of the O-actinin and filamin present in the cell was attached to the

cytoskeleton. The fractionation results corroborate previous studies that suggest there

should be substantial amounts of O-actinin and filamin present in both the soluble and

cytoskeletal fractions. O-actinin contains a calcium sensitive regulatory domain that can

prevent it from binding to actin filaments [14, 224) and a PIP3 sensitive domain that can

localize it to the membrane rather than the cytoskeleton [42, 74, 75]. Similarly, filamin

must be phosphorylated by a protein kinase before it will bind to the cytoskeleton [30,

145, 222], and it acts as scaffold for a variety of protein interactions that cause it to

localize elsewhere in the cell [281]. This study makes the first attempt to distinguish

between the crosslinkers that are attached to the cytoskeleton and those that are present

elsewhere in the cell. Future studies could add to the present work by verifying that the

crosslinking proteins in cytoskeletal fraction have been activated to bind with the

cytoskeleton.

In summary, this study provides a set of methods that may be used to observe the

crosslinking proteins O-actinin and filamin in extracted cytoskeletons. Furthermore, the

localization of the crosslinking proteins that were observed using these methods was

consistent with what has been previously reported. These novel methods complement

each other because the DSP stabilization step was identical for the detergent fractionation

and staining experiments, so it was possible to observe the amount of O-actinin and

filamin that was bound with the cytoskeleton and where that interaction was occurring.

These methods will be useful in future studies to determine how the microstructure of the

cytoskeleton changes in response to mechanical loading. They could also be used to

provide biological parameters for microstructural models of the cytoskeleton.
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4. THE EFFECT OF MECHANICAL LOADING BY FLUID SHEAR ON THE CYTOSKELETAL
COMPOSITION OF HUMAN OSTEOBLASTS

4.1 Introduction

The cytoskeleton is an interconnected network of actin, intermediate filaments

and microtubules that extends throughout the cell. In addition to a number of other

functions, the cytoskeleton provides mechanical protection against external loads [138,

164] and contributes to the transduction of the mechanical stimuli to the interior of the

cell [71, 128, 142]. In response to changes in the mechanical environment, the

cytoskeleton undergoes dramatic rearrangements that alter function of the cells under the

new loads [90, 98, 184, 250]. Loads that are applied locally may also cause deformations

in remote regions of the cytoskeleton [128]. Cytoskeletal rearrangement is accompanied

by a change in the local [179, 289) and whole-cell mechanical behavior [132]. In

addition, changing the cytoskeletal stiffness may affect mechanotransduction pathways

by altering the interconnectivity of the network [71] and the sensitivity of

mechanoreceptors [142]. A better understanding of how the cytoskeletal composition

changes in response to mechanical loading would yield valuable insight about how

mechanical signaling is modulated at different habitual loads. It would also provide

biological parameters for the development of microstructural models of the cytoskeleton

to describe its mechanical behavior.

Of the three types of filaments in the cytoskeleton, the actin microfilaments are

the most sensitive to mechanical stimulus [137] and have been shown to make the largest

contribution to the whole-cell mechanical behavior [27, 243, 305]. In studies performed

on reconstitutions of actin microfilaments, two actin crosslinking proteins have been
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identified that significantly alter the mechanical properties of microfilaments

networks: O-actinin and filamin. [288, 289, 299, 324]. O-actinin can organize the actin

microfilaments in various orientations, but usually forms parallel bundles [235]. Filamin

crosslinks the filaments perpendicularly to form orthogonal networks [281]. These

crosslinking proteins are present throughout the cell [176] and play an important role in

determining the structure of the actin cytoskeleton [140, 323].

Few studies have considered how the cytoskeletal composition changes in

response to mechanical loads and modulates the whole-cell stiffness. Network polymer

models of the cytoskeleton predict that cell stiffness could be increased by recruitment of

crosslinking proteins to the filament network [138, 219), and this has been supported by

several studies. O-actinin is involved in the cellular mechanoprotective response [240],

and the local stiffness of the cytoskeleton can be increased by microinjecting O-actinin at

endogenous concentrations [289]. Filamin has also been implicated in the rearrangement

and stiffening of the cytoskeleton in regions that are exposed to localized mechanical

stimulus [97]. These studies suggest that the crosslinking proteins may play an important

role to alter the stiffness and microstructure of the cytoskeleton when loads are applied to

the cell.

It remains unknown how O-actinin and filamin contribute to changes in the

cytoskeletal microstructure in response to externally applied loads. In response to fluid

shear loading, it is possible that cells may alter their whole-cell mechanical behavior by

changing the amount of crosslinking proteins that are attached to the cytoskeleton.

However, this hypothesis is difficult to test because the interaction of O-actinin with the

cytoskeleton is weak and easily disrupted [299, 324]. Inactive O-actinin and filamin are
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also sequestered by the cell [74, 281], and they must be distinguished from crosslinkers

that are attached to the cytoskeleton. The overall goal of this study was to determine the

effect of fluid shear stress on the composition of the cytoskeleton. The specific

objectives were to determine the effect of fluid shear on: 1) the amount of polymerized

actin microfilaments and vimentin intermediate filaments; 2) the amount of O-actinin and

filamin that are attached to the cytoskeleton; and 3) the localization of these crosslinking

proteins in the cytoskeleton. Using the novel method to stabilize the cytoskeleton that

was presented the previous chapter, this study is the first to investigate how the amounts

of specific proteins in the cytoskeleton change as a result of mechanical loading.

4.2 Materials and Methods

4.2.1 Antibodies and Cytoskeletal Probes

Mouse anti-B-actin monoclonal IgG (clone AC-15), mouse anti-O-actinin

monoclonal IgM (clone BM-75.2), mouse anti-vimentin monoclonal IgM (clone VIM

13.2) and mouse anti-talin monoclonal IgG (clone 8D4) were obtained from Sigma (St.

Louis, MO). Mouse anti-filamin A monoclonal mouse IgG (clone FLMN01 [PM6/317])

was obtained from ABCam (Cambridge, UK). Rabbit anti-ERK polyclonal IgG (clone

C-14) was obtained from Santa Cruz Biotechnologies (Santa Cruz, CA). All antibodies

were reactive against human antigens, and all antibodies except anti-filamin were cross

reactive with mouse antigens. Donkey IgG raised against mouse IgG and IgM were

obtained from Jackson ImmunoResearch (West Grove, PA) and conjugated to either HRP

or FITC. Donkey IgG raised against rabbit IgG and conjugated with HRP was obtained
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from Santa Cruz Biotechnologies. Rhodamine Phalloidin, Alexa Fluor 488 conjugated

DNase and Hoestch was obtained from Molecular Probes (Eugene, OR).

4.2.2 Cell Culture

Fetal Human Osteoblasts (fBOBs) and murine osteoblasts (MC3T3-El cells) were

obtained from ATCC (Manasas, VA). The fBOBs were cultured with a 1:1 mixture of

dMEM without phenol red and Ham's F12 medium (Gibco, Herndon, VA) supplemented

with 10% Fetal Bovine Serum (FBS, Gibco) and 0.3 mg/mL G814 (Sigma) in an

humidified incubator at 34°C and 5% CO2. The MT3T3-E1s were cultured with OMEM

(Cellgro, Gathersburg, MD) supplemented with 10% FBS and 1% Penicillin/Strepamycin

Cocktail (Gibco) in a humidified incubator at 370C and 5% CO2. The cells were grown

to confluency on either glass coverslips or polycarbonate sheets treated with O2 plasma.

All surfaces were coated with 10 pg/cm of Type I Collagen (BD Biosciences, Bedford,

MA) prior to seeding cells.

4.2.3 Mechanical Loading with Fluid Shear Stress

Fluid Shear was applied to the cells in a parallel plate flow chamber (Figure 4.1)

[217, 239]. The chamber was placed in a closed loop that was perfused with CO2

Independent media (Gibco) supplemented with 10% FBS and 80 mM L-glutamine

(Gibco). A digitally controlled peristaltic pump (Cole Palmer, Vernon Hills, Il)

maintained a constant hydrostatic pressure head to drive media through the chamber at

the flow rate that will expose the cells to the prescribed magnitude of fluid shear stress
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[184]. All experiments were performed at 20 dynes/cm (2 Pa) for 2 h, and compared to

a control group in static media.

A B Flow inlet
N Flow

*T outlet
Upper Reservoir cºrrø

-
Pump Lºº-ºº:

Coverslip

Lower Reservoir Sº, Gasket

If al-Hº Nºs
Plated cells —- Flow Chamber `s

Vacuum port

Figure 4.1: The devices used to generate steady fluid shear stress. (A) A diagram of the flow
system set up for steady fluid shear. The pump delivers media to the upper reservoir, and the
fluid perfuses the flow chamber at a constant rate. (B) A diagram of the flow chamber.

4.2.4 Cell Lysis and Fractionation

Celled to be used for protein analysis were grown on polycarbonate plates. After

exposure to flow, the cells were washed briefly with PBS and fractionated by detergent

extraction or differential centrifugation. Cells fractionated with detergent extraction were

incubated with 1 mM Dithiobis(succinimidyl propionate] (DSP, Pierce, Rockford, Il) in

Tris Buffer (50 mM Tris, 150 mM NaCl, pH 7.5) for 5 min to stabilize the interaction of

cytoskeletal proteins. Triton-X 100 insoluble cytoskeletons were then generated by

incubation with 0.5% Triton-X 100 in Tris Buffer for 7.5 min. The proteins that were

soluble in the 0.5% Triton-X 100 were collected as the soluble fraction, and the Triton-X

insoluble cytoskeletons were treated with 5 mM EDTA and 0.5% Triton-X 100 in Tris

Buffer, scraped off the surface and collected as the cytoskeleton fraction. Differential

centrifugation was performed by scraping cells off the surface in Lysis buffer (0.5%

Trion-X 100, 0.25% Deoxychloric Acid and 5 mM EDTA in Tris Buffer). The lysates

º
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were centrifuged at 10,000g for 30 min and the supernatant was removed as the soluble

fraction. The pellet was dissolved in the lysis buffer with 0.1% SDS to make the

cytoskeletal fraction. All the lysates were brought to 0.1% SDS and 5 mM EDTA, mixed

vigorously and sheared through a 23G needle. All lysis buffers contained Protease

Inhibitor Cocktail for Mammalian Tissue (Sigma) and Protease Inhibitor Cocktail 2

(Sigma). The concentration of protein in each fraction was quantified using the BCA kit

(Pierce), and the samples were normalized using the sum of concentrations of the soluble

and cytoskeletal fractions for each sample.

4.2.5 Western Blots

The protein fractions were mixed with Laemmli Sample Buffer, separated by

SDS-PAGE in a 7.5% gel and transferred to a nitrocellulose membrane (Bio-Rad,

Hercules, CA). The membranes were blocked in 4% milk and 1% BSA in TBST, and

then incubated with primary antibodies for 90 min at room temperature in TBST with

whole donkey IgG diluted 1:1000. After washing in TBST, the secondary antibody was

applied for 30 min at room temperature in TBST with 0.5% milk. The blots were

visualized with ECL chemiluminescence (GE Biosciences, Piscataway, NJ) on BioMax

Light x-ray film (Kodak, Rochester, NY), and desiometric analysis was performed in

Image.J (NIH, Bethesda, MD).

4.2.6 Immunostaining

Cells to be stained were grown on glass coverslips coated with type I collagen

(BD Biosciences) and washed once prior to fixing. The cytoskeletons were extracted by
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incubating for 5 min with 1 mM DSP (Pierce) in Tris Buffer, then for 5 min with 0.5%

Triton-X 100 in Cytoskeleton Buffer (20mM MES, 276 mM KCI, 6 mM MgCl, 6 mM

EGTA and 320 mM Sucrose, pH 6.1). The Triton-X insoluble cytoskeletons were fixed

with 1 mM 3-3’- Dithiobis- [sulfosuccinimidyl propionate] (DTSSP, Pierce), a water

soluble analogue of DSP, in Cytoskeleton Buffer for 15 min and the unbound crosslinkers

were quenched with 100 mM Glycine (Sigma) in PBS. Cells that were not extracted

were fixed in 3% Paraformaldehyde in Cytoskeleton Buffer for 20 min, and permeablized

with 0.4% Triton-X 100 in Cytoskeleton Buffer for 10 min. Fixed cells were blocked in

2% BSA (Sigma) for 30 min. Primary antibodies were incubated in PBS with whole

Donkey IgG diluted 1:100 for 2 h at room temperature or overnight at 4°C. The FITC

conjugated secondary antibodies incubated in PBS with rhodamine phalloidin and

Hoesch for 30 min. The coverslips were then mounted to slides with VectaShield

Hardset (Vector Labs, Burlingame, CA) and visualized at 400x with a TE300 inverted

florescence microscope (Nikon, Melville, NY). Images were captured in Simple PCI

(Compix, Cranberry Township, CA) using an ORCA 100 cooled CCD camera

(Hamamatsu, Japan).

4.2.7 Statistics

Each flow sample was matched with a static control to minimize variations

between experiments. The blots from each fraction were analyzed using paired t-tests in

JMP (SAS Institute, Cary NC). Mean percent increase was determined by dividing the

mean difference in blot densities between the static and flow sample by the mean density

of the blots for the static samples.
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4.3 Results

4.3.1 The composition of the cytoskeleton was altered by fluid shear stress

The amount of amount of O-actinin (p < 0.002), filamin (p < 0.02) and vimentin

(p < 0.01) in the cytoskeletal fractions was significantly different in hPOBs exposed to

fluid shear compared to the static controls (n = 12, Figure 4.2). There was no significant

difference detected for any of the proteins in the soluble fraction or for 3-actin and talin

in the cytoskeletal fractions. The mean percent increase of O-actinin, filamin and

vimentin in the cytoskeleton was 28%, 22% and 15%, respectively.

There was also a significant change in the stoichiometric relationship between the

crosslinking proteins and the actin filaments after exposure to fluid shear (Figure 4.3). In

the cytoskeletal fractions, the ratio of O-actinin to [-actin increased 26.1% (p < 0.001),

and the ratio of filamin to [-actin increased 16.2% (p < 0.05). There was no significant

difference in the ratios of the crosslinking proteins to [-actin in the soluble fractions.

4.3.2 The localization of the crosslinkers was altered by fluid shear stress

o-actinin and filamin were widely distributed throughout hPOBs and MC3T3-E1s

after exposure to fluid shear. Filamin was primarily associated with microfilament

bundles, and was recruited to these bundles as they aligned and formed stress fiber in

response to fluid shear (Figure 4.4). In static control cells, the O-actinin was primarily

localized to punctate regions of the cell that were likely focal adhesion contacts (Figure

4.5). After exposure to fluid shear, O-actinin staining was more intense along the stress

fibers, and focal adhesion contacts at the periphery of the cell.0-actinin and filamin were

also stained in the bulk of the cell after exposure to fluid shear. The cells were extracted
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prior to staining, so these crosslinkers must have been attached to networks of actin

microfilaments that were too fine to be visualized with light microscopy.
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Figure 4.2: The cytoskeletal composition changed following treatment with fluid shear stress. (A)
After exposure to fluid shear, there was an increase in the amount of o-actinin, filamin and
vimentin that was co-fractionated with the insoluble cytoskeleton. ERK and vimentin were used as
positive controls for the soluble (S) and cytoskeletal fractions (CSK), respectively. The change in
blot densities was analyzed using paired t-tests (n = 12). (B) There was not a substantial change
in the amount of 3-actin monomer that was present in the soluble or cytoskeletal fractions.
However, the amount of vimentin in the cytoskeleton increased approximately 15% (p < 0.02).
(C) In the cytoskeletal fractions, there was a significant increase of 25% and 18% of the
crosslinking proteins o-actinin (p < 0.002) and filamin (p < 0.02), respectively. Any change in the
amount of 3-actin and talin in the cytoskeleton was indistinguishable from zero. There were no
significant changes to the amount of any protein in the soluble fractions. The error bars represent
the 95% confidence intervals. An asterisk indicates that the percent increase was significantly
different than zero.
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Figure 4.3: The stoichiometry between the crosslinking proteins and microfilaments changed after
treatment with fluid shear stress. The blot densities of O-actinin and filamin were normalized to
the blot densities of 3-actin and the ratio was analyzed using paired t-tests (n=12). In the
cytoskeletal fractions, there was a significant increase of 26% (p < 0.0002) for the ratio of o
actinin to 3-actin, and 16% (p < 0.05) for the ratio of filamin to 3 -actin. The change in the amount
of o -actinin and filamin relative to 3 -actin in the soluble fraction was indistinguishable from zero.
The error bars represent the 95% confidence intervals. An asterisk indicates that the percent
increase was significantly different than zero.

4.4 Discussion

There is substantial evidence to suggest that the crosslinking proteins O-actinin

and filamin are involved in the structural adaptation of the cytoskeleton to changes in its

mechanical environment. We have previously observed that cells respond to steady fluid

shear by increasing their whole-cell stiffness [132]. To investigate the cytoskeletal

changes that contribute to this mechanical behavior, we sought to test the hypothesis that

cells would also respond to mechanical loading by altering the amount of crosslinking

proteins that interact with cytoskeleton. After exposure to fluid shear, there was a

significant increase in the amount of O-actinin and filamin that was interacting with the

cytoskeleton throughout the cell. There was no significant change in the amount of these

proteins in the soluble fraction, which indicates that the cells might have up-regulated the
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synthesis of these crosslinking proteins in response to mechanical loading. Furthermore,

there was no change in the amount of monomeric g-actin in either the cytoskeletal or

soluble fraction. Taken together, these results suggest that the change in cytoskeletal

structure and whole-cell mechanical behavior in response to fluid shear may be driven by

the addition of crosslinking proteins rather than by increasing the amount of actin

filaments in the cytoskeleton. There was also a significant increase in the amount of

vimentin intermediate filaments in the cytoskeleton, which is likely a mechanoprotective

response by the cells to minimize the risk of mechanical failure [140]. These findings

provide a better understanding of how the composition of the cytoskeleton changes in

response to the mechanical environment.

Figure 4.4: Localization of filamin in hPOBs. The cells were extracted and stained with
rhodamine phalloidin for f-actin (red) and FITC conjugated antibodies for filamin (green). In cells
that were not exposed to fluid shear, the filamin was distributed throughout the cell and co
localized with the bundles of actin filaments. After exposure to flow, the filamin staining was more
intense on the stress fibers. The nucleus was stained with Hoechst (blue). Scale bar represents
25 p.m.
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Figure 4.5. Localization of o-actinin in MC3T3-E1s and hPOBs. (A) MC3T3-E1s and (B) hFOBs
were extracted and stained with rhodamine phalloidin for f-actin (red) and FITC conjugated
antibodies for o-actinin (green). In the cells that were not exposed to fluid shear, the o-actinin
was primarily localized to regions in the cell that were likely focal adhesions. In cells that were
exposed to flow, the o-actinin was present much more heavily along stress fibers, in focal
adhesions at the periphery of the cell, and attached to the cytoskeletal network throughout the
bulk of the cell. The nucleus was stained with Hoechst (blue). Scale bar represents 25 p.m.
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There are several features of this study that support the validity of the findings.

First, a novel method was developed to capture the interaction of the crosslinkers with the

cytoskeleton. A rigorous set of control experiments were performed using this method in

chapter three to ensure that only proteins interacting with the cytoskeleton would remain

in the cytoskeletal residue after extracting the soluble components of the cells with

Triton-X 100. For the first time, this method made it possible to observe differences in

the amount of crosslinking proteins interacting with the cytoskeletal fraction in response

to a particular treatment. Second, the cells were mechanically stimulated using a

magnitude of fluid shear that is relevant to in vivo loading [10, 169, 293, 310] and

sufficient to increase the whole-cell stiffness in osteoblasts [132]. Therefore, the changes

that were observed in the cytoskeleton were likely a physiological response to loading

that could be responsible for modulating the whole-cell mechanical behavior. Finally, to

verify that the increase in crosslinkers could be considered a whole-cell response, the

extracted cytoskeletons were immunostained for O-actinin and filamin after exposure to

fluid shear. Both crosslinking proteins were localized throughout the cell, which

confirmed that they had not been sequestered to specific cellular structures.

Furthermore, O-actinin and filamin are known to interact with proteins in the focal

adhesion contacts [189, 224], so talin was used as a positive control for focal adhesion

contacts, because it interacts with the cytoskeleton exclusively in these structures [93].

There was not a significant change in the amount of talin in the cytoskeletal fraction after

exposure to fluid shear, so the increase of O-actinin and filamin interacting with the

cytoskeleton was not likely caused by the formation of more focal adhesion contacts.
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Despite these strengths, a few caveats should be noted. First, the interaction of

the crosslinking proteins with the cytoskeleton was stabilized by treating the cells with

DSP, a chemical crosslinking molecule that permeates the cell membrane and covalently

binds any proteins in the cell that are physically close together. Several controls were

performed in chapter three to demonstrate that treatment with DSP did not bind soluble

proteins to the cytoskeleton (Figure 3.5 and 3.6), and only the crosslinking proteins that

were interacting with the cytoskeleton remained in the cytoskeletal residue after

extraction (Figure 3.8 and 3.9). Second, the cells were exposed to magnitude of fluid

shear that was consistent with other studies, but arrangement of stress fibers appears

different after application of oscillatory flow compared to steady fluid shear stress [327].

Therefore, the cytoskeletal composition that provides the most mechanical reinforcement

may also vary for different types of loads and should be investigated in future studies.

Finally, many cytoskeletal proteins are recruited to the cytoskeleton in response to fluid

shear [138], so it was not possible to choose internal controls for each fraction to without

making assumptions about which proteins would be constant between the static and flow

samples [66]. Instead, a large sample size was tested (n=12), and statistics for matched

pairs were used to account for variations between samples. Alternatively, it is possible to

analyze the data by considering the stoichiometry of the crosslinker/filament interaction

(Figure 4.3). There was a significant change in the ratio of O-actinin and filamin to actin

filaments after exposure to fluid shear, which is sufficient to indicate a change in the

cytoskeletal composition [289]

Despite the morphological changes to the structure of the actin cytoskeleton in

response to mechanical loading, there does not appear to change in the amount of

2
º - -

■
*

!---
ºrºpº

3.

92



polymerized actin. The amount of total amount of 3-actin monomer did not increase in

MC3T3-El osteoblasts exposed to biaxial stretch [207] or in 3T3 fibroblasts that were

exposed to normal tensile loads through focal adhesion contacts [50, 51]. Though neither

study investigated whether there was any change in the amount of polymerized versus

soluble actin, the results corroborate the present study since the total amount of 3-actin in

both the soluble and cytoskeletal fractions did not change. Therefore, any changes in the

mechanical behavior of the cell that occur in response to loading are due to other changes

in the cytoskeletal composition, such as the crosslinking proteins that determine the

microstructure of the cytoskeleton.

Several studies can corroborate the conclusion that the cells up-regulate the

synthesis of O-actinin and filamin in response to mechanical loading. O-actinin [25] and

filamin [51] are housekeeping genes, so these proteins could have translated rapidly after

onset of loading. In addition, there was sufficient statistical power (3 > 0.8) to detect a

decrease in the amount of O-actinin in the soluble fraction equivalent to the significant

increase observed in the cytoskeletal fraction (p < 0.01). Therefore, it is possible to

conclude that synthesis of O-actinin necessarily occurred to account for the observed

changes in the cytoskeletal composition. Previous studies have shown that O-actinin is

recruited to stress fibers in MC3T3-El osteoblasts after exposure to 1 Pa of steady fluid

shear for one hour [227], but it was not possible to detect an increase in the total amount

of O-actinin under these conditions [31]. The synthesis of O-actinin might be dependent

on the dose of fluid shear, so the change in O-actinin was undetectable after exposure to 1

Pa of fluid shear. Furthermore, changes in total O-actinin are more difficult to detect than

º ass

2
ºg

~
3.
~,
!

■ º

>*
º~

93



changes in the amount of cytoskeletal O-actinin'. In the present study, there was not

enough statistical power to detect a decrease in the soluble filamin that was equal to the

increase in the cytoskeletal fraction, so it was not possible to prove that the change in

cytoskeletal filamin was not a result of recruitment from soluble pools. In previous

studies, an increase in filamin was detected within 30 minutes at regions of primary

fibroblasts that were exposed to tensile loads through integrins [97], which could have

been due to crosslinker recruitment to the cytoskeleton. However, filamin mRNA began

to increase in the fibroblasts within 15 minutes, and there was a substantial increase in the

amount of total filamin in the cell after 4 hours, which suggest that the cells also rapidly

up-regulate the synthesis of filamin [50, 51].

Further evidence of crosslinker synthesis could be inferred from mechanical

studies of cells exposed to fluid shear. In response to steady fluid shear, the whole-cell

[132) and the local cytoskeletal network [179] undergoes an increase in stiffness that

persists for at least 70 minutes after the load has been removed. This suggests that the

mechanical behavior was not being modified exclusively by transient mechanisms.

Recruitment of crosslinkers to the cytoskeleton could be reversed rapidly; for example,

the regulation of O-actinin binding to the cytoskeleton occurs within seconds [74]. Up

regulating production of crosslinking proteins would provide a longer lasting effect by

increasing the total amount of O-actinin and filamin in the cell, which would increase the

number of crosslinking proteins that are bound to the cytoskeleton. In future studies, the

cells could be pulsed with radiolabled methionine during the flow interval, so the amount

A significant change in total O-actinin could be detected in the present study by summing the blot
densities from the soluble and cytoskeletal fractions (p<0.02), but it was less significant than the change in
the cytoskeletal fraction alone (p<0.002)
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of radioactive O-actinin and filamin can be measured to determine whether more of these

crosslinking proteins were synthesized by cells that were exposed to fluid shear.
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Figure 4.6: Estimates of cytoskeletal network stiffness change due to the increase of crosslinking
proteins. Using a model to demonstrate the synergistic effect of crosslinking proteins (See
Appendix B), it was possible to estimate the change in cytoskeletal network stiffness that
occurred when the amount of crosslinking proteins increased in the cytoskeleton. Although this
model predicts a substantial increase in the local cytoskeletal behavior in osteoblasts after
exposure to fluid shears, it is not possible to extrapolate the predictions to the whole-cell
resistance to deformation.

Increasing the amount of crosslinking proteins in the cytoskeleton likely increases

the whole-cell resistance to deformation. The concentration of O-actinin and filamin has

a substantial effect on the mechanical behavior of gels made from reconstituted actin

microfilaments [288, 289, 299, 324]. There is also evidence that crosslinking proteins

interact synergistically to enhance the mechanical properties of the cytoskeletal network

[90, 289, 291]. A mechanical model has been developed to demonstrate this synergistic

effect of O-actinin and filamin as a result to fractional changes of these crosslinking

proteins (See Appendix B). Using this model, it is possible to estimate the change in

cytoskeletal network stiffness that occurs due to the increases of the crosslinking proteins
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observed in this study (Figure 4.6). The model predicts a change in cytoskeletal stiffness

that is close to the observed increase in whole-cell stiffness that occurred in osteoblasts

after exposure to the same magnitude and duration of fluid shear (~70%) [132].

However, due to the heterogeneity of the cytoskeleton in the whole cell, it is not possible

to predict how the local cytoskeletal network stiffness affects the whole-cell mechanical

behavior [115].

The effect of increasing vimentin in the cytoskeletal composition on the

mechanical behavior of the cells is unclear. Intermediate filaments protect the cell

against mechanical overloads [101] because they form networks that are tough and

become very stiff at high magnitudes of strain [139]. Intermediate filaments and actin

microfilaments form an interconnected network throughout the cell [86, 100] that can be

modeled as two springs in parallel where each filament system represents a spring

(Figure 4.7). According to this simple model, the vimentin makes a negligible

contribution to the stiffness of the network at physiological strains, which occur around

15% [28]. However, there is also evidence that vimentin and actin may have a

synergistic effect on the stiffness of the cytoskeletal network [223]. Further investigation

is needed to determine whether the increase in vimentin occurs to increase the stiffness of

the cell at physiological load levels, or to provide mechanical protection against

pathological overloads.

In summary, this study demonstrated that osteoblasts respond to fluid shear by

increasing the amount of O-actinin, filamin and vimentin that is present throughout the

cytoskeleton. Furthermore, it appears that cells up-regulate the synthesis of these

proteins in response to the change in the mechanical environment. It was not possible to
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attribute the increase of O-actinin, filamin or vimentin to the previously observed increase

in whole-cell stiffness, though both effects were both observed after exposure to the same

magnitude of fluid shear. Proof that any of these proteins are either necessary or

sufficient to alter whole-cell mechanical properties will be left to further investigation,

and this study provides methods to facilitate further investigate crosslinking proteins that

are attached to the cytoskeleton. However, this study does contribute to the wealth of

evidence to suggest that O-actinin and filamin contribute to the whole-cell mechanical

behavior. In addition, this study suggests specific changes to the cytoskeletal

microstructure that may applied to mechanical and signaling models of the cytoskeleton.

Finally, this study proposes a novel translational mechanism of cellular adaptation

whereby the cell adjusts its whole cell deformability by increasing the total amount of

crosslinking proteins that are available in the cell to interact with the cytoskeleton.
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Figure 4.7: A model to predict the effect of vimentin on the whole-cell mechanical behavior. (A)
The mechanical interaction between the actin and vimentin cytoskeletal networks can be modeled
as two springs in parallel. (B) According to this model, the purely elastic force deformation
response of the composite cytoskeleton is dominated by the stiffness of f-actin network within the
physiological range of strains. Graph adapted from [137].
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5. OVER-EXPRESSION OF O-ACTININ WITH A GFP FUSION PROTEIN IS SUFFICIENT TO
INCREASE WHOLE-CELL STIFFNESS IN PRE-OSTEOBLASTS

5.1 Introduction

The cells from a variety of load bearing tissues are capable of sensing and

reacting to mechanical stimuli with a variety of responses, many of which become

attenuated as the cell adapts to the new habitual loads [24, 83, 130, 158, 217, 332].

Fibroblasts respond to fluid shear by increasing the stiffness of the local cytoskeletal

network [179] and the whole-cell stiffness of osteoblasts increases proportionally to the

magnitude of the fluid shear stress [132]. Also, the amount of the crosslinking protein O

actinin in the cytoskeleton is increased in osteoblasts that have been exposed to fluid

shear (See Chapter 4). Taken together, these observations suggest a whole-cell response

to mechanical loads whereby the cytoskeleton is reinforced with O-actinin. However, the

effect of O-actinin on whole-cell mechanical behavior is currently unknown. Cells can

alter the transduction of mechanical signals by changing their whole-cell stiffness, which

alters their ability to resist deformation [98, 129, 250) and the amount of strain on

mechanosensors [58]. Therefore, understanding how O-actinin contributes to the whole

cell mechanical behavior would provide insight into the mechanisms used by cells to

modulate mechanotransduction signals when adapting to different loading conditions.

The effect of O-actinin on actin filament networks has been studied in detail. Ot

actinin is a rod-shaped anti-parallel homodimer with actin binding domains at each end

[14]. O-actinin can crosslink the f-actin to form filament bundles [254], networks [298]

and networks of bundles [228]. Additionally, it participates in the formation of

mechanically significant structures in the cell, such as stress fibers and focal adhesion
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contacts [224, 227]. The stiffness of gels made from reconstituted actin filaments can be

substantially increased with the addition of relatively small concentrations of O-actinin

[90). Accordingly, the local stiffness of the filament network has been shown to increase

in filament reconstitutions after the addition of O-actinin (291], and in living cells that

have been microinjected with O-actinin (289]. The effect of O-actinin on the stiffness of

the cytoskeletal network is enhanced by endogenous concentrations of other crosslinking

proteins, such as filamin and fascin, which are present in cells [287, 288].

The effect of O-actinin on the whole-cell mechanical behavior has received little

attention. Using a method of Multiple Particle Tracking Microrheology, microinjection

of O-actinin was observed to cause an increase in the local cytoskeletal stiffness

throughout the cell and altered the mechanical heterogeneity of the cytoplasm [289].

However, local measurements of cytoskeletal stiffness are not adequate to predict the

ability of the cell to resist the deformation from loads applied to the whole cell [115],

such as fluid shear [206]. To determine how O-actinin alters the cellular resistance to

loads applied over the entire cell, it will be necessary to observe the whole-cell

mechanical behavior. The overall goal of this study was to investigate how increasing

the amount of O-actinin in the cytoskeleton affects the whole-cell resistance to

deformation. Our specific objectives were to: 1) over-express O-actinin in pre

osteoblastic cells using a GFP-O-actinin fusion protein, 2) verify that the fusion protein is

interacting with the cytoskeleton, and 3) determine the effect of O-actinin over

expression on whole-cell stiffness.
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5.2 Materials and Methods

5.2.1 Antibodies and Cytoskeletal Probes

Mouse anti-É-actin monoclonal IgG (clone AC-15), mouse anti-o-actinin

monoclonal IgM (clone BM-75.2), mouse anti-vimentin monoclonal IgM (clone VIM

13.2) and mouse anti-Green Fluorescent Protein monoclonal IgG (clone GFP-20) were

obtained from Sigma (St. Louis, MO). Rabbit anti-ERK polyclonal IgG (clone C-14) was

obtained from Santa Cruz Biotechnologies (Santa Cruz, CA). All antibodies were

reactive against human antigens. Donkey IgG raised against mouse IgG and IgM were

obtained from Jackson ImmunoResearch (West Grove, PA) and conjugated to either HRP

or FITC. Donkey IgG raised against rabbit IgG and conjugated with HRP was obtained

from Santa Cruz Biotechnologies. Rhodamine Phalloidin and Hoechst were obtained

from Molecular Probes (Eugene, OR).

5.2.2 Cell Culture

Human fetal Osteoblasts (hPOBs) were obtained from ATCC (Manasas, VA). The

hFOBs were cultured with a 1:1 mixture of dMEM without phenol red and Ham’s F12

medium (Gibco, Herndon, VA) supplemented with 10% Fetal Bovine Serum (FBS,

Gibco) and 0.3 mg/mL G814 (Sigma) in an humidified incubator at 34°C and 5% CO2.

Glass coverslips were treated with 10 pg/cm3 of Type I Collagen (BD Biosciences,

Bedford, MA) prior to cell seeding.
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5.2.3 Plasmid and Transfection

A plasmid constructed to express a fusion protein of human O-actinin and green

fluorescent protein (GFP) was provided as a gift from Professor Carol Otey (University

of North Carolina, Chapel Hill, VA). cDNA for o-actinin 1 was sub-cloned into the

pGFEP-N expression vector (BD Biosciences) between the immediate early promoter of

cytomegalovirus (PCMV E) and the GFP gene. The GFP was separated from the O-actinin

by a linker region that was 19 amino acids in length (Figure 5.1). The cells were

transfected 24 hours after plating using the Lipofectamine 2000 reagent (Invitrogen)

following the manufacturer's instructions.

N C

repeat domains domain
actin binding

domain

Figure 5.1: A schematic of the GFP-o-actinin fusion protein. It was expressed by the plasmid
used in this investigation. The GFP tag is linked to the regulatory EF hand on the C-terminus of
the protein sequence. Figure adapted from [61].

5.2.4 Cytoskeletal Extraction and Staining

Cells were grown on glass coverslips and washed once with PBS prior to fixing.

The cytoskeletons were extracted by incubating for 5 min with 1 mM Dithiobis

[succinimidyl propionate] (DSP, Pierce) in Tris Buffer (50 mM Tris, 150 mM NaCl, pH

7.5), then for 5 minutes with 0.5% Triton-X 100 in Cytoskeleton Buffer (20mM MES,

276 mM KCl, 6 mM MgCl, 6 mM EGTA and 320 mM Sucrose, pH 6.1). The Triton-X

insoluble cytoskeletons were fixed with 1 mM 3-3’- Dithiobis(sulfosuccinimidyl

propionate] (DTSSP, Pierce), a water-soluble analogue of DSP, in Cytoskeleton Buffer
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for 15 min and the unbound crosslinkers were quenched with 100 mM Glycine (Sigma)

in PBS. Fixed cells were blocked in 2% BSA (Sigma) for 30 min. Primary antibodies

were incubated in PBS with whole Donkey IgG diluted 1:100 for 2 hr at room

temperature. The cells were incubated with FITC conjugated secondary antibodies,

rhodamine phalloidin and Hoechst in PBS for 30 min. The coverslips were mounted to

slides with VectaShield Hardset (Vector Labs, Burlingame, CA) and visualized at 400x

with a TE300 inverted florescence microscope (Nikon, Melville, NY). Images were

captured in Simple PCI (Compix, Cranberry Township, CA) using an ORCA 100 cooled

CCD camera (Hamamatsu, Japan).

5.2.5 Protein Lysis and Fractionation

Cells were washed once in PBS and incubated with 1 mM DSP (Pierce, Rockford,

Il) in Tris Buffer for 5 min to stabilize the cytoskeletons crosslinking proteins, and triton

X 100 insoluble cytoskeletons were then generated by incubation with 0.5% Triton-X

100 in Tris Buffer for 7.5 min. The proteins that were soluble in the 0.5% Triton-X 100

solution were collected as the soluble fraction, and the Triton-X insoluble cytoskeletons

were treated with 5 mM EDTA and 0.5% Triton-X 100 in Tris Buffer, scraped off the

surface and collected as the cytoskeleton fraction. All the lysates were brought to 0.1%

SDS and 5 mM EDTA, mixed vigorously and sheared through a 23G1 needle several

times to ensure the proteins suspensions were completely homogenized. All lysis buffers

contained Protease Inhibitor Cocktail for Mammalian Tissue (Sigma) and Protease

Inhibitor Cocktail 2 (Sigma). The concentration of protein in each fraction was
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quantified using the BCA kit (Pierce), and the samples were normalized using the sum of

concentrations of the soluble and cytoskeletal fractions for each sample.

5.2.6 Western Blots

The protein fractions were mixed with Laemmli Sample Buffer, separated by

SDS-PAGE in a 7.5% gel and transferred to a nitrocellulose membrane (Bio-Rad,

Hercules, CA). The membranes were blocked in 4% milk and 1% BSA in TBST, and

then incubated with primary antibodies for 90 min at room temperature in TBST with

whole donkey IgG diluted 1:1000. After washing in TBST, the secondary antibody was

applied for 30 min at room temperature in TBST with 0.5% milk. The blots were

visualized with ECL chemiluminescence (GE Biosciences, Piscataway, NJ) on BioMax

Light x-ray film (Kodak, Rochester, NY), and desiometric analysis was performed in

Image.J (NIH, Bethesda, MD).

5.2.7. Measurement of Whole-Cell Mechanical Behavior

The mechanical behavior of individual cells was measured using an Atomic Force

Microscope (AFM, Bioscope II, Veeco Metrology, Santa Barbara, CA) [134]. Briefly,

the cells were loaded in compression to approximately 600 nm directly above the nucleus

using a triangular wave function with amplitude of 2.0 pm at a frequency of 1 Hz. A 25

pum microsphere (Duke Scientific Corp, Palo Alto, Ca) was glued to the AFM cantilever

to ensure that whole-cell mechanical behavior was being measured [131]. The cells

were cyclically loaded for 12 cycles. The first two cycles were pre-conditioning and were

not analyzed. The force-deformation curves for the next ten loading cycles were used to
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determine cellular mechanical behavior. To account for variations in maximum cellular

deformation between loading cycles, each force-deformation curve was truncated to the

cellular deformation range of 0–500 nm.

To obtain a single-parameter characterization of whole-cell mechanical behavior,

a parallel-spring recruitment (PSR) model [134] was used to mechanically characterize

the force-deformation response:

F = x. 6° (eq 5.1)

F is the applied force, 6 is the cellular deformation, and Koeil is an experimentally-derived

constant that is characteristic of the cellular mechanical behavior. Each force-deformation

curve was fit to this model, and mean values for kcell were calculated for each cell. To

further compare whole-cell mechanical behavior between loading groups, normalized

force-deformation responses were calculated for each loading curve by normalizing force

values to the cellular reaction force at 500 nm deformation (Fina).

Mechanical testing of cells was performed 18 to 24 hours after transfection.

Coverslips containing the cells were transferred to a petri dish containing CO2

Independent media (Gibco), 10% FBS, 1% Pen/Strep (Gibco) and 8.3% diwater to

account for evaporation during testing and maintain an acceptable range of osmolarity

(260–320 mCsm/kg) during the 90 min testing interval for each coverslip [77]. The cells

were maintained at 34°C during testing by a temperature controlled stage (Vecco).

Randomly selected cells were used in the analysis if they were non-confluent and clearly

distinguishable as a single cell. Prior to testing, each cell was observed using epi

fluorescence to determine whether it was expressing the a-actinin-GFP fusion protein.
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The cells directly adjacent a cell expressing a-actinin-GFP were excluded from the

analysis.

5.2.8 Statistics

We obtained valid measurements from 84 cells that were tested (n = 42 cells per

treatment group). Bartlett’s test for homogeneity of variances showed the Krell results to

have unequal distributions (p < 0.005), so nonparametric statistics were used. The effect

of O-actinin over-expression on whole-cell mechanical behavior, as characterized by Krell,

was assessed using the Mann-Whitney test. All statistical analyses were performed in

JMP 2.0 (SAS Institute, Cary, NC).

5.3 Results

5.3.1 The GFP-0-actinin fusion protein was expressed in the hPOBs

The transfection efficiency was 12.3%, and the expression of the O-actinin-GFP

fusion protein was verified by observing the cells under fluorescent microscopy 18 hours
after transfection (Figure 5.2).

Phase Contrast Green Fluorescence

|

Figure 5.2: The transient expression of the GFP-a-actinin fusion protein. The fusion protein could
be observed under fluorescent microscopy 18 hours after transfection. The scale bar represents
25 pm.
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5.3.2 The GFP-0-actinin was interacting with the cytoskeleton

The sub-cellular localization of the GFP-O-actinin was determined by fixing the

cells and staining the actin microfilaments with rhodamine phalloidin (Figure 5.3, GFP).

Observing the cells at 400x magnification, the GFP-O-actinin was localized to the same

regions of the cell as endogenous O-actinin in non-transfected cells as observed with anti

O-actinin antibodies (Figure 5.3, Anti-O-actinin). The GFP-O-actinin was present along

bundles of actin microfilaments and concentrated at the ends of the actin bundles to

regions that are likely focal adhesion contacts. GFP-O-actinin was also present at high

concentrations in lamellapodia formed at the periphery of the cells.

cº-actinin

Figure 5.3: Localization of GFP-O-actinin in hPOBs. (GFP) Cells were stained with rhodamine
phalloidin and observed with fluorescence microscopy 18 hours after transfection. The GFP-O-
actinin (green) co-localized to bundles of actin microfilaments (red) and at punctuated regions at
the ends of the bundles that were likely focal adhesion contacts. (Anti-o-actinin) The localization
of o-actinin was similar to cells that were not transfected and stained with an antibody raised
against o-actinin. The nuclei were stained with Hoestch (blue). Scale bar represents 25 p.m.
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Cytoskeletal binding of the GFP-O-actinin was confirmed by western blotting

(Figure 5.4). The cells were fractionated using a method to preserve the weak interaction

of O-actinin with the cytoskeleton. Two bands appeared in the blots for O-actinin.

Endogenous o-actinin appeared at ~100 kDa as expected. The second appeared at ~130

kDa, which would be predicted from the fusion of o-actinin with GFP (~30 kDa). Most

of the GFP-O-actinin appeared in the cytoskeletal fraction. These results were confirmed

by re-probing the membrane for GFP. The densities of O-actinin blots were compared to

blots of O-actinin standards that were linearly correlation to their known concentrations.

The expression of O-actinin was approximately 2.6-fold greater in the cytoskeletons of

transfected cells compared to cells that were not transfected.

- Plasmid + Plasmid
S CSK S CSK

- ------------------
3-actin * * * *

- - -->
GFP *** *

* - *
* -

Figure 5.4; GFP-o-actinin co-fractionated with the cytoskeleton. In cells from cultures that were
transfected with the plasmid (+ Plasmid), a band for o-actinin appeared approximately 30 kDa
above the bands for endogenous o-actinin. The membrane was re-probed for GFP to verify that
this band represented the GFP-O-actinin fusion protein. Most of the fusion protein appeared in
the cytoskeletal fraction (CSK), though some was present in the soluble fraction (S). The amount
of 3-actin in the cytoskeletal fraction did not appear substantially different in the transfected cell.

5.3.2. Over-expression of o-actinin caused an increase in whole-cell stiffness

As characterized by the parameter keel in the parallel spring recruitment model,

whole-cell mechanical behavior was significantly different between cells that were over

expressing GFP-O-actinin and cells that contained endogenous amounts of O-actinin (p <
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0.002, Figure 5.5). GFP-O-actinin over-expression resulted in a 60% increase in whole

cell stiffness. The reaction force generated by the cell was determined at 100 nm

increment of deformation and was significantly different at every point (p < 0.05, Figure

5.6A). The shape of the force-deformation curve was not affected by the expression of

the GFP-O-actinin fusion protein (Figure 5.6B).
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Figure 5.5: The effect of o-actinin over-expression on whole-cell mechanical behavior. As
characterized by Keel, the whole cell stiffness of cells expressing the GFP-o-actinin fusion protein
was significantly different than cells only expressing the endogenous amount of o-actinin (n = 43,
p < 0.002). The whole cell stiffness increased 60% as a result of o-actinin over-expression.
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Figure 5.6. Comparison of the force v. deformation curves. (A) The reaction force generated by
the cells was determined at 100 nm increments of deformation and was significantly different at
each increment (p<0.01). (B) The shape of the force-deformation curves was determined by
normalizing the force at each 100 nm increment by the force required to deform the cell to 500
nm. (FMAx).
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5.4 Discussion

There is substantial evidence to suggest that O-actinin plays a role in organizing

the cytoskeletal microstructure and determining cell stiffness. Microinjecting cells with

O-actinin was sufficient to increase the local stiffness of reconstituted cytoskeletal

network [289]. Using a plasmid to express GFP tagged o-actinin, we tested the

hypothesis that O-actinin over-expression would alter the mechanical behavior of the

whole cell. The cytoskeleton of cells that were transfected with the plasmid expressed a

2.6-fold increase in o-actinin including the GFP-tagged fusion protein, and these cells

exhibited a 60% increase in whole-cell stiffness compared to cells that did not express the

fusion protein. Although the magnitudes of the cellular reaction forces were different for

cells from each group, the shape of the force vs. deformation curves was the same. This

suggests that there was a similar cytoskeletal structure that was modified by the over

expressed o-actinin to yield a stiffer whole-cell response. Taken together, these results

demonstrate that increasing O-actinin in the cytoskeleton is sufficient to increase whole

cell stiffness.

There are several aspects of this study that support the validity of the findings.

First, the plasmid used to over-express GFP-O-actinin was previously verified to yield a

fusion protein that interacts with the cytoskeleton and immunoprecipitated with actin and

vinculin [61]. The transfected cells were fractionated using a method to stabilize the

interaction of O-actinin with the cytoskeleton (See Chapter 3), and most of the GFP-O-

actinin appeared in the cytoskeletal fraction. The GFP-O-actinin also co-localized with

actin bundles and in punctuated regions that are likely focal adhesion contacts, which

suggests that the GFP-O-actinin was integrated in the cytoskeletal microstructure.
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Second, a rigorous method of measuring whole-cell mechanical behavior was used to

detect the biomechanical effects of over-expressing O-actinin, and a large sample size

was observed to ensure there was sufficient statistical power for the analysis [134].

Furthermore, the 25-pum diameter indenter was large enough to ensure that measurement

captured the mechanical behavior of the whole cell [132]. Finally, the amount of cellular

deformation used to measure the mechanical behavior was likely within the physiological

range of what osteoblasts would be exposed to in vivo because it was sufficient to induce

a Ca" signaling response [28]. Compared to the height of the cell, the range of cellular

deformation was also small enough that the rigid substrate should not influence the

measurement of whole-cell mechanical behavior [44].

Despite these strengths, one caveat should be noted. Mechanical testing of the

cells was performed within 24 hours after transfection and immediately after removing

the cells from the media containing the transfection agent, Lipfectamine 2000, which

reacts with the cell membrane to facilitate transfection of the plasmid. Though

Lipofectamine may have an effect on whole-cell mechanical behavior by modifying the

membrane tension, the effect should be identical for all the cells in the culture, regardless

of whether they were expressing the GFP-O-actinin fusion protein. Furthermore, the

effect of membrane tension has previously been shown to have a negligible affect on the

whole cell mechanical behavior [27, 243]. The Lipofectamine did not appear to have an

effect on the structure of the actin cytoskeleton, since its appearance under fluorescent

microscopy was as expected for hPOB cells. As a result, the mechanical behavior of the

cells reported here may not be representative for hPOBs because of the effect

Lipofectamine may have had on the cell membrane. However, the Lipofectamine should
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not have had any effect on the contribution made by the cytoskeleton to the mechanical

behavior of the cell.

The observations of whole-cell mechanical behavior were consistent with

previous studies on pre-osteoblastic cells. The stiffness of the hPOBs that were not

transfected was 19.54 + 14.52 nN Hm’, as characterized by kcell. Though the mechanical

behavior of hr'OBs has not been previously measured, the whole-cell stiffness of non

confluent MC3T3-El pre-osteoblasts characterized by keel was 18.43 + 10.37 nN plm’

using the same mechanical testing method [131]. Furthermore, the coefficient of

variation [155] for the two treatment groups in this study were 74.3% and 67.5%, which

was consistent with other studies measuring whole-cell mechanical behavior with the

AFM (COV = 43–103%) [26, 134, 195].

The cells expressing the GFP-O-actinin were not stably transfected, so the

expression of the fusion protein was controlled by the cytomegalovirus early-immediate

promoter sequence on the plasmid. The transient and constitutive expression of the GFP

O-actinin gene was much higher than has been previously reported in cells after selecting

for stable transfection [61]. Substantial over-expression was preferable for this study to

ensure that the increase of O-actinin was large enough to make a detectable difference in

the whole-cell mechanical behavior. The 1.6-fold increase in whole-cell stiffness, as

characterized by keell, was close to the 1.7 fold increase in Keell that was measured after

exposing MC3T3-E1 pre-osteoblasts to 2 Pa of fluid shear [132]. The 2.6-fold increase

in a-actinin required to increase the whole-cell stiffness in this study was much larger

than the 1.3-fold increase in a-actinin that was observed in pre-osteoblasts exposed to 2

Pa of fluid shear (See Chapter 4). However, when the cells are exposed to fluid shear,

:

:º:
:
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there are a number of other changes that occur in the cytoskeleton. For example, there is

also a 1.2-fold increase in the amount of filamin (See Chapter 4), which is another actin

crosslinking protein and has a synergistic effect with O-actinin on cytoskeletal stiffness

[291]. Other mechanisms, such as tensioning of actomyosin bundles, may also contribute

to part of the mechanical response [127]. The results of this study indicate that increasing

O-actinin in the cytoskeleton is sufficient to increase whole-cell stiffness. Future studies

will address whether increasing O-actinin is necessary to achieve the same increase in

whole-cell stiffness given all the cytoskeletal changes in response to mechanical loading.

The results of this study demonstrate the importance of whole-cell mechanical

behavior. Increasing O-actinin in 3T3 fibroblasts approximately 70% over endogenous

levels by microinjection has been shown to cause a 2.6-fold increase in stiffness at local

regions of the cytoskeletal network [289]. In the present study, a larger increase of O

actinin in the cytoskeleton caused an increase in whole-cell stiffness that was

substantially lower. The disparity in the results of these two studies suggests there may

not be an obvious relationship between the local measurements of cytoskeletal stiffness

and the whole-cell mechanical behavior. The local measurements of the cytoskeletal

network are important to understand specific mechanisms of the cytoskeleton, such as

migration and cell spreading [115]. Furthermore, the mechanical properties of the

cytoskeletal network may determine how mechanotransduction signals travel through the

cell [71]. However, those mechanical signals must be initiated by mechanosensors that

are dependent on the whole-cell resistance to deformation [142, 250]. Therefore, both

local and whole-cell mechanical behavior may be required for a complete understanding
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the mechanical response of the cell to loading and the effect of cytoskeletal

rearrangement on mechanotransduction.

In summary, we have demonstrated that increasing O-actinin in the cytoskeleton

is sufficient to increase whole-cell stiffness. The increase in whole-cell stiffness caused

by over-expressing O-actinin was comparable to the mechanical response of cells that

have been exposed to mechanical loading [132]. However, the amount that O-actinin was

over-expressed was much more than the increase of O-actinin in the cytoskeleton after

exposure to fluid shear. It is likely that O-actinin acts synergistically with other

crosslinking proteins and in tandem with other cytoskeletal mechanisms to alter the

whole-cell resistance to deformation from external loads. Further work is required to

determine whether o-actinin is necessary for the cells to alter their whole-cell mechanical

behavior. This study also suggests that whole-cell resistance to deformation might not be

directly related to the local cytoskeletal stiffness, and insight into whole-cell mechanical

behavior may contribute a better understanding of how cells respond to mechanical

loading.

.
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6. MODELING THE EFFECT OF OSTEOBLAST MECHANICAL BEHAVIOR ON THE BONE
FORMATION RATE IN RESPONSE TO COMPLEX LOADING HISTORIES

6.1 Introduction

Bone remodeling is an elegant process that is orchestrated by the cells that

populate the mineralized tissue. The biology of osteogenesis and osteolysis are well

understood [199], but less is known about the mechanisms used by the cells to regulate

these behaviors. When healthy bones are remodeled, the density and architecture of the

tissue can adapt to the habitual loads so the mechanical properties are adequate to prevent

fracture [79, 117, 244, 316). If the bone fails to maintain mechanical properties that are

suitable for the habitual loads, it is characterized by a pathological state [64, 80], such as

osteoporosis. With a better understanding of how bone remodeling is regulated, it may

be possible to identify new treatments for the bone adaptation pathologies. This study

proposes a model to study how bone cells regulate osteogenic signaling and the tissue

level mechanical properties.

There are a variety of tissue-level feedback models that describe how bone

adaptation is regulated using concepts from control theory. According to the

Mechanostat Model, bone strains are maintained within prescribed physiological limits

called Minimum Effective Strains [304, 81, 84]. The values of MES are empirically

determined and there are no mathematical algorithms to predict how the values may

change as a result of disease or drug treatment. The Cellular Accommodation model

[292] assumes that the cells in a particular region of a bone are able to sense the

magnitude of tissue-level strain and compare it to the previous strain history at that

location. The cells add or removing bone tissue depending on the change in bone strain

º
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rather than prescribed strain set-points. Another model assumes that osteocytes detect the

strain energy density in the surrounding trabecular bone, which is used to determine the

amount of bone formation that is necessary at the nearby trabecular surfaces [246, 247].

Although these models may attribute the process of bone adaptation to events that occur

at the cellular-level, they do not predict how specific cellular mechanisms would

contribute to this process.

The mechanisms used by bone cells to regulate the bone formation process are not

fully understood. When the bones are loaded, osteoblasts and osteocytes within the bone

sense the load as shear stress and hydrostatic pressure due to fluid perfusion through the

bone [118, 293, 310]. They also have mechanisms to amplify the magnitude of strain in

the surrounding bone tissue [197, 311, 328]. When bone cells are loaded in vitro with

fluid shear, they respond by up-regulating the expression of osteogenic genes and with

extracellular signals to promote the addition of bone tissue (See Table 6.1). However,

many of the biochemical responses of the cells to mechanical loading are attenuated to

their baseline values within a few minutes or hours of the onset of loading. It is unclear

how bone cells determine the magnitude and duration of the osteogenic response that will

ensure the bone will adapt correctly to the habitual loads.

The mechanical response of bone cells to loading may be an important regulator

of the osteogenic behavior in bone cells. After exposure to fluid shear, there is an

increase in the whole-cell mechanical behavior of osteoblasts that can be correlated to the

magnitude of fluid shear [132]. Whole-cell mechanical behavior affects the mechanical

signals that are transduced through the cell by altering the amount of force that must be

applied on a mechanoreceptor to initiate a signal [98, 138]. Therefore, it is possible that

3
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when bone cells are exposed to new habitual loads, the osteogenic response becomes

attenuated as the cells increase the whole-cell stiffness. The overall goal of this study

was to investigate how the mechanical response of bone cells affects the osteogenic

signaling and bone formation. The specific goals were to: 1) develop a model to predict

bone formation using the mechanical behavior of bone cells; 2) compare the results of the

model to experimental studies of bone adaptation; and 3) investigate the sensitivity of

bone adaptation to the parameters that describe the mechanical response of bone cells.

Pathway Maximum Attenuation Cell Tvnes References
Constituent Activity Time yp

º - -
1° Rat OB 7

5 Ca++ 2 min hFOB [28, 327]
g
: CAMP 10 min

-
1° OB [24]

#
-

E PI3 30 sec
-

1° OB [24]

CO PKC 5 min
-

1° OB [24]

É ERK 60 min 6 hrs 1° OB [130, 332)
■ º
# JNK 30 min 3 hrs 1° OB [332)
*
= Runx2 mRNA 1 hr. > 9 hrs 1° OB [332]

# c-fos mRNA 1.5 hrs 3 hrs MC3T3-E1, hCS [31, 325, 130]

Runx2 6 hrs > 12 hrs 1° OB [332)
5
§ c-fos

-
> 6 hrs 1° OB [130]

£
s OPN mRNA 24 hrs > 96 hrs MC3T3-E1, h0S (327, 226, 110]
§

CO!-1 mRNA 48 hrs
-

hOS [110] .

Table 6.1: The constituents of the intracellular osteogenic signaling pathways. They can be
broadly categorized into three categories: second messengers, intracellular signaling molecules
and indicators of bone formation.
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6.2 Model Development

The concept of a Cellular Mechanostat (Figure 1.18) has been proposed

previously [132) and in chapter one of this dissertation (Section 1.5) to describe how the

mechanical properties of bone cells could regulate osteogenic signaling. According to

the Cellular Mechanostat, bone cells can detect increases in bone strain when they are

deformed enough to initiate intracellular signaling. Osteoblasts respond by 1) up

regulating the genes that lead to increased bone formation, and 2) increasing their

stiffness, which reduces the amount of cellular deformation and attenuates the osteogenic

signaling. As the bone is remodeled, it becomes stiffer, the bone strains become smaller,

and the cells become less stiff. This system of regulation can be characterized by a

double negative feedback loop.

6.2.1 Modeling Cell Stiffness

Osteoblasts respond to fluid shear stress with by increasing their whole-cell

stiffness proportionally to the magnitude of the fluid shear [132], which suggests that

osteoblasts are adapting to their habitual mechanical loads. In similar studies, fibroblasts

have adjusted their stiffness [98, 138] and cytoskeletal tension [250] to regulate the

amount of cellular deformation that is imposed on them from their environment.

Therefore, the mechanical behavior of osteoblasts may adapt to the applied mechanical

loads so the habitual amount of cellular deformation remains constant. This process of

regulation for the cellular stiffness can be modeled as a single negative feedback loop

(Figure 6.1).

3.
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F(t)—- 8(Fk) –5– ka■ e)
A

Figure 6.1: A diagram of the feedback model for cell stiffness. The cellular deformation depends
on the magnitude of the applied force (F) and the cell stiffness (keel). The difference between the
cellular deformation (Ö), and the threshold of deformation required to initiate intracellular signaling
(ó) is the deformation error (e) that determines the rate that the cell stiffness changes (key).
keen is differentiated once to yield the elastic modulus at time t.

> ■ -> k(t)

According to this model, the cells will adjust their stiffness to maintain a set-point

of deformation. This set-point is defined by the biophysics of the mechanical sensors

[54, 142, 202, 250) and the adjacent cellular structures [141] that are used by the cell to

detect deformations. When the deformations are above the set-point, the cell the

mechanical signals are activated and initiate intracellular signals that increase the

stiffness of the cell. If the deformations are insufficient to initiate signaling, the cell will

decrease its stiffness. Like many biological functions, it is reasonable to assume that

changes in cell stiffness follows an exponential function with time [9, 317, 318].

Therefore, the following state equation can approximate the change in cellular stiffness

that occurs under a given habitual loads:

º = T, (6– 6) (eq 6.2)

such that 6 -[ Fcell
) and 0.5 s 0 < 1

The cell stiffness changes at a rate that is proportional to the difference between the

cellular deformation and the set-point. The cellular deformations are time dependent and

related to the applied force and cell stiffness (kei) by a power law [43, 132, 274]. The

;
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sensitivity of the model to the range of values for the exponent available in the literature

can be evaluated using a parameter study.

tº is the rate constant for the change in cellular stiffness and is an important

parameter to describe the mechanical response. This value could be determined

experimentally by measuring the stiffness of the cell at various time points after the onset

of a step load and fitting those observations to an exponential function. However, in this

study, it is necessary to approximate this value based on observations from previous

studies. The dose-dependent increase in cell stiffness was detected within two hours of

loading [132]. In chapter four, an increase in the amount of the crosslinking proteins the

cytoskeleton was detected after two hours and in chapter five, an increase of only O

actinin was shown to be sufficient to increase cell stiffness. It was concluded that the

cells increase their stiffness by synthesizing crosslinking proteins to reinforce the

cytoskeleton, and this process occurs within the first few hours of loading. From these

observations, it is reasonable to conclude that the rate constant to describe how the cell

stiffness increases is approximately two hours.

The stiffness of the osteoblasts diminishes when the loads are removed, but not at

the same rate that it increases. There was no detectable decrease in the whole-cell

stiffness for more than an hour after the removal of the load [132]. The cytoskeletal

network stiffness of 3T3 fibroblasts has also been shown to increase after exposure to

fluid shear [179], and their stiffness did not decrease noticeably 90 minutes after the

removal of the load [Lee J, personal communication on Sept. 29, 2005]. These results are

consistent with the mechanism that has been proposed to increase whole-cell stiffness.

Once the crosslinking proteins are synthesized, they would be available to interact with
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the cytoskeleton until they are proteolysed by the cell. Therefore the rate of change for

the cell stiffness to decrease can by approximated by the typical half-life of proteins

inside cells, which is between 18 and 24 hours [3].

The model proposed in this section can approximate the change in cell stiffness

that occurs when new habitual loads are applied to the cell. It contains a single rate

constant that varies depending on whether the cellular deformations are above the set

point required to initiate signaling. It is on the order of a few hours when signaling has

been initiated and on the order of a day when the cellular deformations are insufficient to

initiate a signal. The sensitivity of the model predictions to these approximate rate

constants can be investigated using a parameter study. This model is also dependent on

the process of bone remodeling since the forces that are applied to the cells depend on the

magnitude of bone strain.

6.2.2 Modeling the Osteogenic Response

The osteogenic response of osteoblasts to loading occurs in two parts (Table 6.1).

First, the cell undergoes intracellular signaling to up-regulate the expression of

transcription factors for osteogenic genes. Although these signaling events are attenuated

within the first few hours of loading, the transcription factors remain in the nucleus and

initiate translation of the target genes. Therefore, the second part of the response is a

sustained production of proteins used for bone formation, such as collagen type I, OPN

and OCN. Each parts of this process can be modeled independently and then combined

to describe the whole osteogenic response.
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The initial effect of loading the cells is an increase the amount of transcription

factors in the nucleus. Similar to the model of cell stiffness, the cells initiate signaling

when the cellular deformation is above the threshold necessary to activate the mechanical

sensors. The difference between the threshold and the actual cellular deformation

describes the intensity of the signaling since the signals get stronger as the cell is

deformed past the set-point [28]. The rate of transcription factor expression can be

modeled by assuming an exponential relationship between the intensity of signaling and

the rate that the transcription factors are generated. Therefore, when the cellular

deformation is above the set-point to initiate signaling, the rate of transcription factor

production can be expressed mathematically with the following equation [9, 318]:

*#1-roo-3) when (6–6) > 0 (eq 6.3)

*#1 is the rate that the transcription factors are expressed in the nucleus, and titr) is the

rate constant for transcription factor expression. Using data from previous studies, the

rate constant for the up-regulation of transcription factors is approximately 4 hours (See

c-fos and Runx2 in Table 6.1) [317]. The up-regulation of the transcription factors is

closely related to the rate that cell stiffness increases. When the cell stiffness increases

enough to attenuate the osteogenic signaling, the transcription factors begins to reach a

constant concentration in the nucleus. However, variations between the two rate

constants are likely since signaling cascades can remain active and continue to transduce

a signal after the initial signaling event has been attenuated.

The rate of bone formation depends on the concentration of transcription factors

that are available to express the osteogenic genes. As the concentration of the

transcription factors increases, the expression of the target genes is amplified and
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increases the rate that the osteogenic proteins are produced by the cells. This process can

be modeled with the following equation:

* =ATF (eq 6.4)
Ot

*:- is the rate of bone formation, and A is constant that relates the concentration of

transcription factors, [TF) to the rate of osteogenic protein production and bone formation

[318). Bone formation can be related to osteogenic signaling by combining equations 6.3

and 6.4:

0°
-#=

= t,(6– 6) (eq 6.5)

such that tº - A trº, and (6–6) > 0

When the cellular deformations are less than the set-point for intracellular

signaling, the osteogenic response must be modeled differently. When the deformations

are below the set-point, the osteogenic signaling is turned off and the rate of transcription

factor synthesis drops to zero. The concentration of existing transcription factors is

regulated in the nucleus by sophisticated mechanisms that can alter their ability to

enhance the transcription of their target genes, and they are eventually proteolysed. To

model this threshold effect, it is sufficient to assume the concentration of transcription

factors decreases at a linear rate when the cellular deformations are below the set-point

[318). Adding a negative constant to equation 6.4 demonstrates how the prolonged

activity of transcription factors affects bone formation:

2

2 p.m.;ºr = AB (eq 6.6)t

such that B ~ 0 and (6–6) < 0

:
:

;
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There are several factors that can influence how bone forms in the absence of

osteogenic signals. B is negative because the concentration of transcription factors in the

nucleus declines, so the production of osteogenic proteins also diminishes. However, the

magnitude of B depends on more that the rate that the transcription factors are decreasing.

An extracellular osteogenic signal released by bone cells is OPG, which inhibits the

differentiation of hematopoietic stem cells into osteoclasts and attenuates the process of

bone resorption [268, 326). In the absence of osteogenic signals, the activity of

osteoclasts is up-regulated and makes a contribution to net amount of bone that is

produced. The effect of bone resorption is included in the magnitude of B.

6.2.3 Modeling the Elastic Modulus of Bone

In the previous section, the osteogenic response was modeled by relating the rate

of bone formation to the magnitude of osteogenic signaling. The apparent elastic

modulus of bone may be approximated from the density of the hard tissue with a linear

relationship [37, 196]:

E = ap (eq 6.7)

E is the elastic modulus, and a is a material constant. Combining equation 6.7 with

equations 6.5 and 6.6, the elastic modulus can be expressed in terms of the osteogenic

signaling:

2d'Eon.#. = re(6–6) when (6–6) > 0 (eq 6.8)

such that te = at, and

2*#--D when (6–6) < 0 (eq6.9)

:
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D is a constant that combines the previously defined constants a, A and B. With these

equations, the mechanical adaptation of bone can be expressed as a single negative feed

back loop (Figure 6.2).

ö,

o(t)—- F(o,E) > 6(FK) -º- Éion.(es)
|

Figure 6.2: A diagram of the feedback model for the osteogenic response. The input stress (s) is
transformed into the local forces on the cells (F). The cellular deformation depends on the
magnitude of the applied force and the cell stiffness (keel). The difference between the cellular
deformation, and the threshold of deformation required to initiate intracellular signaling (6) is the
deformation error (e) that determines the magnitude of the osteogenic response (É). É is
differentiated twice to yield the elastic modulus at time t. It is a second order differential equation
because the rate of bone formation depends on the concentration of transcription factors, and the
rate of transcription factor synthesis depends on ex

* ■ > E(t)

When stresses are applied to the bone, they must be transformed to describe the

magnitude of local forces that are applied to the cells. These forces are related to the

tissue level-strain and strain rate, which determine the magnitude of substrate stretch,

hydrostatic pressure, and the rate of interstitial fluid perfusion [47, 118]. The precise

magnitude of force applied to the cells also depends on the local tissue architecture and

anatomical location [162, 279], which are not included in the current model. However,

poroelastic theory can be used to approximate the flow rate of the interstitial fluid in bone

when loads are applied to it [45]. The average flow rate in a control volume of bone (V)

that is loaded in uniaxial cyclic, unconfined compression is inversely proportional to the

apparent bone modulus:

Q
_20,0 Fºo { (eq 6.10)TFlone p
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v is the apparent Poisson’s ratio of the bone, P is the pressure acting on the interstitial

fluid, B, and o, are poroelastic parameters for bone, and T is the period of each loading

cycle. As the bone is remodeled, the only parameter that changes is the elastic modulus.

Assuming that the fluid flow can be approximated as Pouiselle flow in a cylinder, the

force applied to a single cell depends on the radius of the cylinder (r) and the area of a

cell (Acell):

4

F = #QA. (eq 6.11)

Combining equations 6.10 and 6.11, it is reasonable to combine all the other parameters

into a single constant, C, and assume that the forces imposed on the bone cells from

externally applied stresses are inversely proportional to the apparent modulus of bone:

O■

Fone
F = C (eq 6.12)

The elastic modulus of the bone is modified by osteogenic signaling in the loaded cells,

so this model cannot function properly without the mechanical response of the cells to

attenuate the osteogenic signaling.

6.2.4 The State Equations of the Cellular Mechanostat

ö,

o(t)—- F(o,E) 6(Fk) –8 - Éion.(es)

ka■ e)

º * ■ > E(t)

■ <

Figure 6.3: A diagram of the feedback model for the Cellular Mechanostat. The rate of change for
the elastic modulus (E) and cell stiffness (keel) are both dependent on the deformation error (es),
which is a mathematical representation for the magnitude of intracellular signaling.
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The model of cell stiffness from Section 6.2.4 and the model of the elastic

modulus for bone from the previous section can be combined to make the Cellular

Mechanostat (Figure 6.3). Combining equations 6.1 and 6.12, the cellular deformations

can be expressed as a function of stress applied to the bone:

_■ Co. or•-■ e k | (eq 6.13)bone'"cell

This can be combined with equations 6.2, 6.8 and 6.9 to derive the state equations:

Okon Co Y"
- Cell = — | – 6 eq 6.14

Ot
{

k | ( )bone'"Cell

Ot” E...kbone" "Cell

2 or

d'Eºn. - ■ º- - when (6–6) > 0, and (eq 6.15)

0°E
*::==p when (6–6) < 0 (eq 6.16)

6.2.5 Numerical Solutions

The state equations of the Cellular Mechanostat describe a non-linear hybrid

system, for which there is no analytical solution. Therefore, it was necessary to use a

numerical solver. The model was input into Simulink (Figure 6.4), a graphical numerical

solver that runs in MATLAB (The Mathworks Inc, Natick, MA). The numerical

solutions were verified by lowering the tolerance of the solver by an order of magnitude

and ensuring that the model converged to the same values.
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Figure 6.4: The graphical representation of the feedback model in the numerical solver.

The model was at equilibrium at the beginning of each simulation. There was an

initial load applied to the bones, and it was assumed that the stiffness of the cells was

adapted to that load such that the initial deformations on the cell were equal to the

threshold deformation for signaling. The values of the bone elastic modulus and cell

stiffness were set to one at the beginning of the simulation, so changes could be

expressed relative to the initial values. Since the force on the cells was related to the

stress by a constant, the exact values of stress applied to the bone was not necessary and

could be expressed relative to the initial stress. The peak bone stresses were averaged

over the loading period, so dynamic loads were approximated by blocks of constant

stress. The rate that osteogenic behavior declines, B, was determined by experimental

evidence that the osteogenic transcription factors are not completely attenuated up to

three weeks after the onset of loading [72, 169]. The constant A was adjusted so the rate

of bone formation was set to a value that would return the bone strain near to its original

value after a step increase in stress. The parameters in the Cellular Mechanostat model

are summarized in Table 6.2, and graphical representations of the rate constants are

provide in Figure 6.4.

i
;
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Parameter Description

ö.

Ol

TA

TR

TE

Threshold of deformation necessary to initiate signaling

Exponent of the power function for cellular deformation

Rate constant for cell stiffness increases (tº < 0, Attenuation Time)

Rate constant for cell stiffness decreases (tº < 0, Recovery Time)

Rate constant for osteogenic signaling increases
Rate constant of bone formation

Rate that osteogenic behavior declines

Relationship between stress and force on cells

Table 6.2: The parameters of the Cellular Mechanostat model.

dke 5 —
dt

B dE 5+
dt

I I

es

-5 —1–

Figure 6.5: Graphical representations of the time constants. The rate that keel and Ebone change is
dependent on es (equal to 6-6). The relationships depend on whether es is positive or negative.

Several complex loading histories were input into the model so the output could

be compared to experimental data. The first three load histories were designed to test how

periods of unloading would affect the bone formation: 1) Five weeks of loading followed

by ten weeks of unloading (1x5); 2) Five weeks of loading, five weeks of unloading and

5 more weeks of loading (2x5); and 3) Fifteen weeks of loading (3x5). The next three

load histories were designed to test how changes in the magnitude of loading effects the
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bone adaptation: 1) 15 weeks of loading such that the loads become larger every 5 weeks

(Step Up); 2) 15 weeks of loading such that the loads become smaller every 5 weeks

(Step Down); and 3) 15 weeks at a constant load (Average).

The model predictions were calibrated to fit the results of the experimental

studies. The model predictions at each time point were multiplied by a constant to make

them comparable to experimental data. The predictions could be calibrated to fit data for

either bone formation or the elastic modulus of bone since these outputs were assumed to

vary by a constant. The important variables being tested in this model were the time

constants, which determine the rates of bone adaptation. This method of calibration does

not alter the contribution of the time constants to the model; it only changes the

magnitude of the outputs used to measure adaptation so they may be compared to

experimental data.

Loading Group One: Loading Group Two:
Histories that include Histories that include

unloading periods changes of magnatude

1 x 5 Step Up

2 x 5 Step Down

3 x 5 Average

Table 6.3: Two groups of loading histories used to verify the predictions of the Cellular
Mechanostat. The first group is designed to determine the effect of unloading periods on bone
adaptation. The second group is designed to determine how bone adapts to changing
magnitudes of loading.
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6.3 Results

6.3.1 The Cellular Mechanostat can predict changes to bone modulus and cell stiffness

The Cellular Mechanostat model was capable of describing how the stiffness bone

cells regulate the mechanical adaptation of bone. An example of this process could be

observed by imputing a six-week step increase of stress into the model (Figure 6.6A) and

observing the outputs (Figure 6.6B-F). The cell stiffness and bone formation rate

increased rapidly after the onset of the load. Once the cells were sufficiently stiff to

attenuate the osteogenic signals, the bone formation rate declined back to zero at a

constant rate. The density of the bone increased, as did the elastic modulus, so that the

bone strain and cell stiffness returned to near their initial values. After the load was

removed, there was a reduction in bone strain, which the bone cells responded to by

decreasing the cell stiffness. The bone formation rate became slightly negative after the

load was removed and resulted in a gradual decline of the elastic modulus.
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Figure 6.6: The outputs of the Cellular Mechanostat model. For a step increase and decrease in
stress (A), the model can predict: B) Bone Formation Rate, C) Elastic Modulus, D) Bone Strain,
E and F) Cell Stiffness.

6.3.2 The model predicts how bone adapts to complex loading histories

The model was able to predict the effect that periods of unloading would have on

bone adaptation (Figure 6.7). The model predicted amounts of bone formation that

closely approximated the experimental results. In particular, the model results agreed

with the experimental data to show that bone formation was greatest when there was 5

weeks of unloading in between loading periods (2x5). The bone formation rates
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predicted by the model at week 2 and week 12 are also close to what was observed

experimentally.

C Experimental Data
Model Predictions
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Figure 6.7: The effect of resting periods on bone adaptation. (See Group One in table 6.3). A)
The change in bone stiffness is predicted with time. B) The model predictions of bone formation
after 15 weeks of loading (black) compared to experimental data (grey). C). The model
predictions of bone formation rate at weeks 2 and 11 (black) compared to experimental data
(grey). Experimental data from [260]. Error bars represent the 95% confidence intervals.

The model was also able to predict how changes in the magnitude of loading

would affect bone adaptation (Figure 6.8). The amount of bone formation that was

predicted by the model came close to the experimental observations. The model was able

to predict that steadily decreasing loads (Step Down) would produce the most bone, and

steadily increasing loads (Step Up) would produce the least. At weeks 1, 6 and 11, the
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experimental measurements of the bone formation rate were also predicted by the model.

However, the model substantially overestimated the rate of bone formation for the first

time point of the steadily increasing load history. The model was also able to predict the

change in stiffness of the bone at weeks 6, 11 and 15 for the steadily decreasing and

average load histories.
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Figure 6.8: Adaptation of bone to changes in the magnitude of loading. (See Group Two in table
6.3). A) The change in bone stiffness is predicted with time. B) The model predictions of bone
formation after 15 weeks of loading (black) compared to experimental data (grey). C). The model
predictions of bone formation rate at weeks 1, 6 and 11 (black) compared to experimental data
(grey). Experimental data from [265). Error bars represent the 95% confidence intervals.
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6.3.3 The model predictions were sensitive to the time constants

The model was relatively insensitive to the parameter that describes the power

relationship between the force on the cell and the cellular deflection. There was not a

substantial change in the amount of bone adaptation that occurs for a step increase in

loading (Figure 6.9A). However, the power relationship did affect how the bone adapted

to load histories that included unloading (Figure 6.9B).
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Figure 6.9. The sensitivity of the model predictions to the power relationship for cell deformations.
The relative amount of bone formation predicted by the model was determined for (A) a step
increase in loading and (B) load histories that include changes in magnitude. The effect of the
power relationship between cellular deformation and force was determined by varying o.

The model was sensitive to the rate that the cell stiffness increased (attenuation

time, ta) and the rate of osteogenic signaling (te), but relatively insensitive to the rate

that cell stiffness decreased (recovery time, tR). Given a step increase in habitual

loading, the amount of bone formation that occurred was proportional to the attenuation

time constant, but the recovery time constant had a negligible effect (Figure 6.10A). As

134



the time constant for osteogenic signaling increased, the amount of bone formation

decreased dramatically (Figure 6.10B).
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Figure 6.10: The sensitivity of the model predictions to the rate constants. The relative amount of
bone formation predicted by the model for a step increase in stress was determined with different
rates for the cell stiffness to increase (Attenuation Time). The results were compared to different
rates for the cell stiffness to increase (Recovery Time, A), and rates of osteogenic signaling (B).

The recovery time constant affected the predictions for bone adaptation to loading

histories that include changes in magnitude of loading (Figure 6.11). It had a negligible

effect on the amount of bone that was formed if the loads were steady or constantly

increasing. However, as the recovery time increased, the less bone would be formed at

the end a loading history with decreasing loads since the cells do not adapt rapidly to the

lower loads and the bone resorption mechanisms are enhanced.
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Figure 6.11: The effect of the rate constants for cell stiffness on the model predictions for different
loading histories. (A) The relative amount of bone formation predicted was determined for
different loading histories while varying the rate for the cell stiffness to increase (Attenuation
Time). The study was repeated for different rates that the cell stiffness decreased (Recovery
Times): 4 hours (B), 12 hours (C) and 24 hours (D).

6.4 Discussion

Osteoblasts respond to mechanical loading with a sustained increase in their

whole-cell stiffness. The goal of this study was to investigate how this mechanical

response affects osteogenic signaling and bone formation. A negative feed-back model

was developed to predict the rate of bone formation that occurs as a result of the cellular
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deformations that are imposed by loads from the surrounding tissue. The mechanical

response of the osteoblasts to the same loads effectively regulated the process of bone

adaptation by attenuating the osteogenic signaling that was generated. This model could

reproduce the experimental results of bone adaptation to a variety of complex loading

histories. Two rate constants described the mechanical response of the osteoblasts. The

rate that the cells increase their stiffness had a greater effect on the amount of bone that

was formed since it determined the amount of time that osteogenic signaling could occur

before it was attenuated. The rate of osteogenic signaling also had a substantial effect on

the process of bone adaptation. These results demonstrate how bone cell mechanical

behavior might contribute to the adaptation of tissue-level mechanical properties.

The findings in this study are based on the Cellular Mechanostat model that was

proposed to describe bone adaptation. There are several aspects of this model that

support its ability to predict how bone adapts. First, bone cell mechanobiology has been

comprehensively studied, and the biochemical pathways that lead to the production of

osteogenic proteins have been established. A mathematical description of these

pathways was constructed to provide a model of the osteogenic response [9, 317]. The

rate constants that define the response were taken from experimental observations of how

the constituents along these pathways change with time (See Table 6.1). Second, the rate

constants that describe the mechanical response are also based on experimental

observations [131], and they were corroborated by the cytoskeletal mechanisms that

mediate the mechanical response (See Chapters 4 and 5). Finally, a parameter study was

performed to determine the sensitivity of the predictions to these rate constants.

Variations from the estimated recovery time constant would have a negligible effect on
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the predictions of bone formation. The predictions were much more sensitive to the

estimates of the attenuation time constant and osteogenic signaling rate. However, small

variations from the estimated rate constants for the change in cell stiffness would not

affect how the bone adaptation differs between loading histories.

Despite these strengths, there are two caveats about the model that should be

noted. First, simple relationships are assumed between many of the variables, such as the

transformation of tissue level stress and forces on the cells. This relationship was

assumed to be linear in the model, though it is likely to be substantially more complex

[162, 163]. Furthermore, the bone adaptation response must be calibrated to fit

experimental data because there are no experimental observations for some of the

relationships in the model. Dynamic loading histories also must be input as an average of

the peak stresses. As a result of these oversimplifications, the predictive capabilities of

the model are limited to making estimates of how bone changes relative to an initial

condition. Second, the model assumes that bone resorption occurs at a linear rate

whenever the osteoblasts are not producing bone. There may be more complicated

signaling between the osteoblasts and osteoclasts, but they were not addressed in this

study. Although substantial refinements could be made to the model to improve its

quantitative results, it was sufficient in this study to demonstrate the affect of bone cell

mechanical behavior on bone adaptation.

Osteocytes are believed to be the primary force sensors in bone [46, 293], so their

role in the model should be addressed. The bone formation rate is determined from the

amount of Osteogenic signaling that occurs when the bone cells are loaded. There is no

distinction whether these signals are intracellular signals from within osteoblasts, or

138



extracellular osteogenic signals from osteocytes that reach the osteoblasts as diffusible

factors or though gap junctions. The attenuation times of extracellular signals are similar

to the intracellular signals (Table 6.4), and they can be modeled with the same time

constant. It is not known whether the osteocytes stiffness of increases when they are

exposed to loads. Primary cilia [197] and extracellular processes [311, 328] are

candidates for the primary force sensors on osteocytes, and the signals from either source

could be attenuated by increasing the stiffness of the cells [142]. Although, the model

assumes osteoblast and osteocyte signaling is identical, this could be refined as

experimental data of osteocyte mechanical behavior becomes available.

Pathway Maximum Attenuation Cell Tvnes References
Constituent Activity Time yp

co

E NO 15 min
-

1° OB [158,232)
º
■ º
o M -E1

of COX-2 mRNA 4-8 hrs
-

cº [221, 300]
5 1° OB

# COX-2
-

> 9 hrs MC3T3-E1 (221]
O

§ MC3T3-E1
i PGE2 6 h 48 h 1°OB [67,217]

Table 6.4: The constituents of the extracellular osteogenic signaling pathways. The attenuation
time of NO is similar to the second messengers that initiate the osteogenic response. COX-2
mRNA is attenuated with the intracellular signaling. COX-2 protein expression and PGE2
production peaks several hours after the onset of loading and continues for several days.
Refinements to the model could include the physiological effects of specific extracellular signals.

The results of this study were consistent with previous investigations into bone

adaptation. A single exposure to mechanical lasting only minutes was sufficient to

enhance bone for up to a week [72], and this model describes cellular mechanisms that

would sustain the osteogenic response of osteoblasts substantially longer than the

osteogenic signaling events. It has been noted that bone cells become accommodated to
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their habitual loads [292], and the findings of this study suggest that the mechanical

response of the bone cells is the source of that accommodation. The model predicts that

osteoblasts initially respond to a new habitual load with an osteogenic response, but it is

attenuated as the cell increases its stiffness and becomes adapted to the new loads. One

consequence of cellular accommodation is that bone formation is enhanced when resting

periods are allowed between loading periods [241, 260]. The model predicted that the

cells were allowed to relax their stiffness during the periods of unloading, so they could

initiate a new osteogenic response when the loaded were reapplied. Finally, the model

confirmed the experimental observation that the first stimulus of a complex loading

history makes the greatest contribution to the adaptation response [265). Once the

osteoblasts increased their stiffness in response to the initial load, they were less sensitive

to subsequent loads, so the osteogenic response was not as great.

The model of bone adaptation proposed in this study could be used to investigate

other cellular effects on the process of bone adaptation. The rate constants that describe

the change in cell stiffness were examined carefully in the present study. As the rate

constant for osteogenic signaling increase, the osteogenic response was truncated and the

amount of bone formation was depressed. This is a potential mechanism for diseases

such as osteopenia or osteoporosis since the amount of bone that is added may not be

adequate for the mechanical loads. Parameter studies of the other constants in the model

would yield additional mechanisms that might cause the bone adaptation process to fail

and result in disease. Table 6.5 provides a description of cellular mechanisms that could

modify each parameter in the model and how they would affect the process of bone

adaptation.
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In summary, the mechanical response of osteoblasts to mechanical loads was

sufficient to regulate the process of bone formation. A negative feed-back model was

constructed to demonstrate how osteoblast stiffness could attenuate osteogenic signaling

and control the rate of bone formation. Using this mechanism to regulate osteogenic

behavior, the model was able to predict how bones would adapt to complex loading

histories without the need for empirically derived formulas. The rate constants were

taken from experimental observations, and a single calibration constant was necessary to

fit the results to experimental data. This model is the first to predict how specific events

at the cellular level could affect the tissue-level mechanical properties. Substantial

refinements are necessary before the model can yield quantitative predictions of bone

formation. However, it could be useful to predict how other cellular behaviors may affect

the process of bone adaptation and identify mechanisms that may be responsible for bone

pathologies.
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Model
Parameter

Cellular Mechanism
That Alter the Parameter Effect on Bone Adaptation

Increase:

More energy is required to initiate
mechanical signaling (i.e., a regulatory
protein is interacting with the sensor)

Decrease:

The mechanical Sensors are more
Sensitive to force

Increasing 6t

I I I

O 5 10 15 whºs

Increase:

Cross-talk from a growth factor mediated
signaling pathway enhances osteogenic

signaling (i.e., IGF)
TE

Decrease:

Cross-talk from a growth factor
mediated signaling down-regulates

osteogenic signaling

Increase:

Translational mechanisms are
enhanced by mitogen activated pathways

Decrease:

Translation is inhibited (i.e., as a result of
nutritional insufficiencies)

15 whºs

Increase:

Deactivation of trancription factors
is enhanced

Decrease:

Osteoclasts are down-regulated

Increasing B

i l

O 5 10 15 whºs

Table 6.5: Possible cellular mechanism that may affect bone adaptation. The Cellular
Mechanostat can predict how each mechanism might alter affect how the bone is remodeled.
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7. CONCLUSIONS

The overall goal of this dissertation was to investigate the cytoskeletal mechanisms of

mechanical adaptation in osteoblasts and apply these mechanisms to a theoretical model

of bone adaptation. Previous investigations have shown that whole-cell stiffness

increases in osteoblasts that have been exposed to mechanical loads [132]. This change

in mechanical behavior would be sufficient to reduce mechanotransduction signaling [98,

138], and it might attenuate the osteogenic signals of the bone cells after the onset of

loading. The mechanical behavior of bone cells has been discussed in the context of bone

adaptation by other investigators [246, 265, 292], but the specific cellular mechanisms

involved in this process have not been investigated.

The cytoskeleton makes a substantial contribution to the mechanical behavior of

cells, and its mechanical behavior may be altered by a variety of mechanisms. The

mechanical properties of the cytoskeleton depend heavily on the type and concentration

of crosslinking proteins that organize the filament network. The cytoskeletal recruitment

of two crosslinkers, O-actinin and filamin, was identified as a likely mechanism of

cellular adaptation to mechanical loading. A novel method to stabilize the cytoskeletal

microstructure was developed to observe the amount and location of O-actinin and

filamin attachment to the cytoskeleton using immunofluorescence and western blotting.

A comprehensive set of controls were performed to ensure that this method only

stabilized crosslinking proteins that were bound to the cytoskeleton.
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To determine the effect of mechanical loading on the cytoskeletal composition,

human fetal osteoblasts (hPOBs) were exposed to a flow-induced shear stress of 2 Pa for

two hours and compared with hPOBs under static conditions. We have shown previously

that the identical loading conditions were sufficient to cause an increase in the whole-cell

mechanical behavior of osteoblasts [132]. In the loaded cells, there was an increase in

the amount of O-actinin (p < 0.002), filamin (p < 0.02) and vimentin (p < 0.01) that was

interacting with the cytoskeletons compared to cells that were not exposed to fluid shear.

The increase in the crosslinking proteins could be observed throughout the cell. O-actinin

did not appear to be concentrated in particular parts of the actin cytoskeleton, but filamin

co-localized with the stress fibers after exposure to mechanical loading. There was no

significant difference in the amount of protein in the polymerized actin filaments as a

result of the fluid shear. Furthermore, a decrease in the amount of soluble crosslinking

proteins was not detected, suggesting that the cells initiated the synthesis of new O

actinin and filamin in response to mechanical loading.

The effect of O-actinin on whole-cell mechanical behavior was investigated using

a gene transfection study. O-actinin was over-expressed 2.6-fold in the cytoskeletons of

hFOBs after transient transfection with a plasmid for a GFP fusion protein. The whole

cell mechanical behavior was measured using an atomic force microscope with a 25-pum

indenter, and the force-deformation response was fit to a parallel-spring recruitment

model (F = Kel■ ö, R* > 0.99). Cells over-expressing o-actinin were 60% stiffer than

cells expressing the endogenous amount of O-actinin (p < 0.002). Although the

magnitudes were different, the shape of the force-deformation curves was the same for

both treatment groups, which indicated that there was a similar cytoskeletal structure.
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These results provide a potential mechanism to explain how bone cell mechanical

behavior regulates the bone adaptation process. Osteoblasts altered their mechanical

behavior in response to mechanical loading by increasing the amount of O-actinin,

filamin and vimentin in the cytoskeleton. Although the amount of polymerized actin

filaments did not change, the cytoskeletal microstructure was reorganized by the

crosslinking proteins to better resist the loads. The concentration of O-actinin increased

rapidly, which was sufficient to increase the whole-cell stiffness and could interact

synergistically with filamin to alter the whole-cell mechanical behavior [289]. Since the

total amount of O-actinin and filamin was increased in the cells, their effects on the

mechanical behavior would be sustained until their concentration decreased.

With an understanding of how the mechanical properties of osteoblasts change

when they are loaded, it was possible to predict the rate of cellular adaptation after

changes in their mechanical environment. Using these predictions, it was possible to

develop a negative feed-back model (Figure 6.3) that demonstrates how this behavior

could regulate osteogenic signaling and the rate of bone formation. The state equations

of this model were highly non-linear, but using a numeric solver, the model could

reproduce experimental data of bone adaptation, including the effect of complex loading

histories on bone remodeling. This model of bone adaptation could also be used to

predict how the bone adaptation process fails and leads to disease states, such as

Osteoporosis.

A follow-up to this dissertation would be to investigate the translational pathways

that are used to up-regulate the production of these cytoskeletal proteins in response to

mechanical loading. In preliminary studies, exposing cells to fluid shear caused the
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translational check-point protein mTOR to become phosphorylated on a serine residue

that is not associated with mitogenic pathways for growth and proliferation (See

Appendix A). It is also likely that mechanical loads down-regulate protein synthesis

characteristic of growth and proliferation via phosphorylation of eIF20, another check

point necessary to up-regulate the translation of survival genes. Future studies could

determine how the activation of mTOR and eIF20 are part of a survival mechanism to

protect the cells from mechanical stress. It is also not known whether mechanical loading

activates any of the known translational pathways for proteins that can protect the cell

from stresses, such as UV irradiation, viral infection or osmotic stress. Finally, there is

evidence that the focal adhesion contacts are a localization site for mRNA when the cell

is loaded [34], so further investigation is warranted to determine whether the focal

adhesions are a scaffold for the translation of genes that are necessary for survival under

mechanical loading.

The up-regulation of O-actinin production in response to mechanical loading was

one focus of the experimental work in this dissertation. Using a gene transfection study,

this mechanism was shown to be sufficient for the whole-cell mechanical response to

loading. In future investigations, the necessity O-actinin to the mechanical response

should also be addressed by inhibiting the synthesis of O-actinin during exposure to fluid

shear and observing the change in whole-cell stiffness. An inducible RNAi plasmid is

currently being developed to knock down the availability of O-actinin mRNA during the

exposure to flow. Initial investigations have also been made to inhibit translation by

treating the cells with cycloheximide, which would test the broader hypothesis that the

mechanical response to loading required proteins synthesis. Finally, the sufficiency and
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necessity of filamin and vimentin should also be investigated with experiments similar to

those performed on O-actinin in this dissertation.

Previous investigations have reported that the mechanical response of osteoblasts

and endothelial cells to mechanical loading is dose-dependent [132, 255]. However, in

chapter four, only one magnitude of fluid shear was applied to the osteoblasts to observe

the change in cytoskeletal composition. The effect of fluid shear magnitude on the

production of the cytoskeletal proteins should be investigated in future studies. A dose

dependent response would indicate that the change in cytoskeletal microstructure is part

of an adaptive response to the change in the mechanical loads. However, a more

sensitive method of detecting differences in the amount of proteins between treatment

groups is needed since the experiment would require a prohibitive number of repeats (n >

40) to detect any differences using the current methods. The dose-dependency of O

actinin on whole-cell mechanical behavior could also be investigated. Though the

method of O-actinin over-expression used in chapter five could not be used to control the

final O-actinin, more sophisticated gene transfection protocols could be employed to

modify the expression with greater fidelity.

The mechanical loads applied to the cells in chapter four were generated with

steady fluid shear. A physiological magnitude of stress was applied [10, 162, 310] that

was sufficient to initiate a mechanical response [132) and osteogenic signaling [31].

However, in previous studies, the rearrangement of the cytoskeleton was different

between cells loaded that were loaded by fluid shear and substrate stretch [226]. The

cytoskeletal rearrangement was also different between cells loaded with steady and

oscillatory fluid shear [327]. Therefore, the changes in cytoskeletal composition that
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were observed in this dissertation may not be universal for different types of mechanical

loading. However, it is likely that microstructural changes in the cytoskeleton occur to

reinforce the cytoskeleton regardless of how the cells are loaded. Changes to the

cytoskeletal composition that occur in response to pulsatile and oscillatory flow and

substrate stretch should the investigated in future studies. Differences between the

cytoskeletal microstructure may provide insight into the differences in osteogenic

behavior under different types of loads [327].

A novel model of bone adaptation was proposed in this dissertation that is the first

to make predictions based on specific cellular functions. The model is constructed from

well known mechanotransduction pathways to initiate bone formation and from the

mechanisms used by the cells to alter their stiffness. By expressing these cellular

behaviors mathematically, it was possible to determine the tissue-level effects of the

cytoskeletal mechanisms that were investigated in this model. Although this is an

exciting method of describing the relationship between cell-level and tissue-level

behavior, the model predictions must be calibrated by fitting them to the experimental

data. The parameters in the model must be refined before it can accurately predict how

bone adaptation will occur without the need for calibration.

In this dissertation, and in studies that preceded it [132], there was an emphasis on

the mechanical response of cells following an increase in the magnitude of applied load.

There is relatively little data about how the cell responds to decreasing loads. The

mechanical response appears to be sustained for at least 60-90 after the load is removed.

The mechanism used to increase the whole-cell stiffness by producing cytoskeletal

proteins suggests that this response may last substantially longer. In future studies, the
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effect of removing the loads on whole-cell mechanical behavior and cytoskeletal

microstructure should be investigated. These studies could determine the interval

required for the cells to return to their previous stiffness and the rate that the crosslinking

proteins are removed from the cytoskeleton. These observations could be incorporated in

to the model of bone adaptation to improve its ability to predict how bone adapts to more

complex loading histories.

Some of the parameters in the model are based on assumptions that limit its

ability to make quantitative predictions of bone formation. Some of the assumptions are

made for simplicity, and could be added to the model at the expense of computational

time. Others are made because there is no experimental data available to make better

estimates for these parameters. Future studies could be directed towards improving the

estimates for the parameters in model, and Table 7.1 provides a list of experiments that

could be performed to refine these parameters. This model could also be combined with

site specific models of bone adaptation to determine how specific cellular events

contribute to trabecular architecture and bone quality [246, 247]. Furthermore, the

present model could be improved by incorporating other physiological mechanisms of the

bone remodeling process, such as the control of osteoclast recruitment by OPG, RANK

ligand and hydrostatic pressure.
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Experimental Hypothesis Improvement to the Model

After exposure to fluid shear, the amount of force required to
initiate intracellular signaling will increase

Over-expressing o-actinin in the cytoskeleton will increase the
amount of force required to initiate a signal

Better estimates of 8.
(The cellular deformation required to

initiate signaling)

The increase of crosslinkers to the cytoskeleton is does
dependent

Protein synthesis is necessary for the the mechanical response
of Osteoblasts to fluid shear

Whole-cell stiffness decreases after the load is removed as a
result of crosslinker proteolysis

Better estimates of tº
(The rate that the mechanical behavior of

the cell changes)

The refractory period of osteoblasts signaling in response to
fluid flow depends on the stiffness of the cortical cytoskeleton

Different mechanical signals are activated at different
magnitudes of cellular deformation

The deformation threshold of mechanical sensors can be
modified by regulatory proteins

Better estimates of TE
(The rate that osteogenic signals reach the

nucleus)

Mineralization of osteoblasts can be enhanced by a single bout
of fluid shear

The mineralization of osteoblasts on sintered trabecular cores is
enhanced by bouts of oscillatory flow

Better estimates of A
(The relationship between osteogenic

signaling and the rate of bone formation)

Deactivation of osteogenic transcription factors occurs by
proteolysis

Translational regulation of osteogenic proteins can be enhanced
by mitogenic signals

Better estimates of B
(The diminishing bone formation rate when

loads are decreased)

Table 7.1: Experiments proposed to improve the model of bone adaptation. The experimental
hypotheses are grouped according to the parameter of the model that could be improved by the
experimental results.

This model could be a valuable tool to investigate the effect of cellular behavior

on bone adaptation pathologies. In chapter six, the effect of each parameter on bone

adaptation was briefly discussed in the context of cellular mechanisms that might alter

them (See table 6.5). More rigorous parameter studies should be performed in future
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studies to determine the sensitivity of the model to cellular mechanisms that are

characteristic of aging or disease. These parameter studies could be validated with

clinical observations or epidemiological analysis. Furthermore, the effect of particular

treatments on osteoblasts could be observed in vitro, and those effects could be input to a

refined model to predict how those treatments may alter the rate of bone formation. For

example, after studying the effects of insulin-like growth factor (IGF) on the mechanical

sensitivity of osteoblasts and rate of osteogenic signaling, the model could be employed

to predict the effect of IGF on bone adaptation. The clinical applications of this research

may only be possible in the long term, but investigations in the near term could be

planned to contribute towards achieving these aims.

In summary, this dissertation details an investigation of the cytoskeletal

mechanisms used by osteoblasts when they respond to mechanical loading. Changes to

the cytoskeletal composition of hr'OB pre-osteoblasts were characterized after exposure

to fluid shear. A novel technique was used to stabilize the cytoskeletal microstructure

and enabled changes in the cytoskeleton to be observed with higher fidelity than in

previous studies. A novel model of bone adaptation was also proposed to determine how

these specific mechanisms for increasing cell stiffness might affect how bone is

remodeled. These studies provide insights into mechanism that may be contributing to

bone adaptation pathologies and could eventually be used to improve treatments for these

diseases. The key findings of this dissertation were:

• Treatment with DSP stabilized the O-actinin and filamin that were bound to the

cytoskeleton and improved the fidelity with which observations of these

crosslinkers could be made.
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In response to fluid shear, there was a 15% increase in the amount of vimentin

intermediate filaments (p < 0.01) in the cytoskeletons of hPOB pre-osteoblasts,

but there was no significant change in the amount actin filaments.

After exposure to fluid shear, the amount of O-actinin and filamin that was bound

to the cytoskeleton increased 28% (p<0.002) and 22% (p<0.02), respectively.

There was no decrease in the amount of O-actinin and filamin in the soluble

fraction, suggesting that hIPOBs initiated synthesis of these crosslinkers in

response to the fluid shear.

After exposure to fluid shear, O-actinin was distributed throughout the cell and

was not sequestered in particular structures, and filamin became localized to stress

fibers.

When GFP-O-actinin was over-expressed in hPOBs, most of the fusion protein

was bound to the cytoskeleton.

A 2-fold increase in the amount of O-actinin in the cytoskeleton of hr'OBs was

sufficient to increase the average whole-cell stiffness by 60% (p < 0.002), which

was similar to the mechanical response of osteoblasts to fluid shear.

The mechanical response of osteoblasts to loading was sufficient to regulate the

process of bone adaptation to complex loading histories.

The bone formation rate was most sensitive to the rate of osteogenic signaling and

the rate that the cell stiffness increases in response to new habitual loads.
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A. IDENTIFICATION OF TRANSLATIONAL PATHWAYS THAT ARE ACTIVATED BY
MECHANICAL LOADING

A.1 Introduction

In chapter four, an increase in the amount of O-actinin, filamin and vimentin was

observed in the cytoskeleton after the cells were exposed to fluid shear. A decrease of

these proteins was not detected in the soluble fraction, so it was concluded that the cells

initiated translation and increased the total amount of these proteins in the cell. The

translational activity is an important part of the total response of the cells to mechanical

loading and studying how translation is initiated would provide an enhanced

understanding of how cells behave when they are loaded.

Translation is regulated by a multiple cooperating pathways to ensure that cells

produce the correct proteins given the conditions they are experiencing. There are two

important proteins that are checkpoints to regulate translation: mTOR and eIF20. (Figure

A.1). mTOR is activated when cells are receiving mitogenic signals that encourage

growth and proliferation by transducing signals that activate downstream translational

machinery [113, 200, 271], such as the ribosomal protein S6 (60]. However, the kinase

activity of mTOR can be down-regulated when the cells do not have sufficient nutrients

or energy [238], which shuts off translation. eIF20 is a regulatory subunit of a larger

translational complex, and it can be phosphorylated by a variety of pathways that are

activated when the cell is under certain stresses [120, 238]. P-e■ R20 down-regulates the

translation of proteins for growth and proliferation and encourages the production of

survival proteins to overcome the stresses [120).

186



Insulin ATP Depletion
Mitogens @TOR) AA Starvation

@
-Translation

Translation OFF
ON

UV irradiation
Viral Infection
Osmotic Stress

Hypoxia
Heat Shock

GIF20) Growth and
Survival Proliferation
Genes Genes

Figure A.1: The mTOR and elF20 translational checkpoints. mTOR is activated to turn on
translation by mitogenic factors, but mTOR activity can be down-regulated when nutrients or
energy are depleted from the cell. If the cell is under biochemical stress, elF20 becomes
activated and suppresses the translation of proteins for growth and proliferation.

Current studies of translation regulation have focused on biochemical stresses

(such as UV irradiation, infection or hypoxia) rather than mechanical stresses. The

mTOR and eIF20 checkpoints have been evolutionarily conserved and a variety of

signaling pathways interact with these proteins to control protein translation [120, 135,

200]. Therefore, it is likely that mechanotransduction pathways also interact with these

regulatory mechanisms. The goal of this study was to determine how the activation of

mTOR and eIF20 is affected by mechanical loading.

A.2 Methods

A.2.1 Antibodies and Cytoskeletal Probes

Antibodies for mTOR, phospho-mTOR (Ser2448), phospho-mTOR (Ser2481),

eIF20, phosphor-elP20 (Ser51), S6 and phosphor-S6 (Ser235/236) were obtained from
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Cell Signaling Technology (Danvers, MA). All antibodies were rabbit polyclonal IgG

and reactive against human antigens. Donkey IgG raised against rabbit IgG were

obtained from Jackson ImmunoResearch (West Grove, PA) and conjugated to either

HRP.

A.2.2 Cell Culture

Fetal Human Osteoblasts (fBOBs) were obtained from ATCC (Manasas, VA) and

were cultured with a 1:1 mixture of dMEM without phenol red and Ham's F12 medium

(Gibco, Herndon, VA) supplemented with 10% Fetal Bovine Serum (FBS, Gibco) and

0.3 mg/mL G814 (Sigma) in an humidified incubator at 34°C and 5% CO2. The cells

were seeded on polycarbonate sheets treated with O2 plasma and 10 Hg/cm’ of Type I

Collagen (BD Biosciences, Bedford, MA). Once the cells were confluent, they were

serum starved in growth media with 0.25% FBS for 24 hrs prior before applying fluid

shear to eliminate any mitogenic signals.

A.2.3 Fluid Shear

Fluid Shear was applied to the cells in a parallel plate flow chamber (Figure 4.1)

[6]. The chamber was placed in a closed loop that was perfused with CO2 Independent

media (Gibco) supplemented with 0.1% FBS, 80 mM L-glutamine (Gibco) and 1%

Pen/Strep (Gibco). A digitally controlled peristaltic pump (Cole Palmer, Vernon Hills,

Il) maintained a constant hydrostatic pressure head to drive media through the chamber at

the flow rate that will expose the cells to the prescribed magnitude of fluid shear stress

188



[184]. All experiments were performed at 20 dynes/cm’ (2 Pa) for 30 min and compared

to a control group in static media.

A.2.4 Cell Lysis and Western Blotting

After exposure to flow, the cells were washed briefly with ice-cold PBS, then

incubated on ice in ice-cold lysis buffer (50 mM Tris, 150 mM NaCl, pH 7.5, 0.5%

Trion-X 100, 0.25%, and 1 mM EDTA, 1 mM EGTA, 2.5 mM Sodium Pyrophosphate, 1

mM 3-glycerophosphate, 1 mM PMSF, 1 mM and 1 mM Sodium Orthovanadate) with

Protease Inhibitor Cocktail for Mammalian Tissue (Sigma). The cells were scraped off

the surface and transferred to a centrifuge tube, mixed vigorously and sheared through a

23G needle. The lysates were centrifuged at 10,000g for 10 min and the supernatant was

transferred to a new centrifuge tube. The pellet was discarded, and the protein

concentration in the supernatant was quantified using the BCA kit (Pierce).

The protein lysates were mixed with Laemmli Sample Buffer, separated by SDS

PAGE in a 7.5% gel and transferred to a nitrocellulose membrane (Bio-Rad, Hercules,

CA). The membranes were blocked with 4% milk and 1% BSA in TBST (or 5% BSA in

TBST for phosphor-specific antibodies), and then incubated with primary antibodies

overnight at 4°C in TBST with whole donkey IgG diluted 1:1000. After washing in

TBST, the secondary antibody was applied for 30 min at room temperature in TBST with

0.5% milk. The blots were visualized with ECL chemiluminescence (GE Biosciences,

Piscataway, NJ) on BioMax Light x-ray film (Kodak, Rochester, NY).
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A.3 Results

Equal amounts of mTOR, eIF20 and S6 were present in both lanes. There was an

equal amount of phosphorylation at Ser2448 on mTOR for both the static and fluid shear

treatment. Phosphorylation at Ser2481 was up-regulated by fluid shear. S6 did not

appear to be activated by either the static or fluid shear treatments. eIF20 was

phosphorylated in both treatment groups.

Flow - +

mTOR --

P-mTOR (Ser2448) --
PrmTOR (Ser2481) ---

S6

P-S6

eIF20 - -

perzo “- -

Figure A.2: Activation of translational checkpoints. mTOR was phosphorylated at Ser2448
regardless of the treatment, but phosphorylation at Ser2481 was up-regulated by fluid shear. S6
did not appear to be active for either treatment, and elF2a was phosphorylated by both
treatmentS.

A.4 Discussion

The objective of this study was to determine how the activity of translational

checkpoints was affected by mechanical loading. mTOR and e■ R20 appeared to be

active, but their activity was not entirely a result of the mechanical loading.

Phosphorylation of mTOR at Ser2481 was up-regulated as a result of the fluid shear
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treatment. This may be a potential intersection for mechanotransduction with

translational regulation.

Phosphorylation of mTOR at Ser2448 indicates that it was activated by a

mitogenic pathway [113, 200]. Serum starvation for 24 hours in 0.25% FBS may not

have been sufficient to quench the mitogenic signaling, so mTOR was phosphorylated at

Ser2448 in both treatment groups. As a result, any phosphorylization of mTOR at this

residue as a result of fluid shear may have been masked by the mitogenic cross-talk.

S6 is a ribosomal protein that is phosphorylated to enhance the translation of

genes for growth and proliferation [60]. It was not activated in either treatment groups.

Furthermore, eIF20 was phosphorylated in both treatment groups, which suggests that

survival genes were being produced and proliferation was down-regulated [120]. eIF20.

was active in the static controls, so the cells were likely under biochemical stresses.

Additional activation of eIF20 by the mechanical stress would have been masked by the

activation from biochemical stresses.

Phosphorylation of mTOR at Ser2481 has not been widely reported. It was

identified as an autophosphorylation site that is sufficient to activate downstream targets

and enhanced by mitogens [229]. The present study suggests that mechanical stimuli

may also enhance the autophosphorylation of Ser2481 to activate mTOR when the cell is

under mechanical stress. This residue is part of a hydrophobic region on mTOR, so

autophosphorylation may be enhanced by the direct mechanical manipulation by

hydrophobic regions of cytoskeletal proteins interacting with mTOR interacts [274]. It

may also be activated by a constituent of a mechanotransduction pathway with an

interaction that has yet to be identified. However, an in vivo study on muscle tissue
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demonstrated that mechanical stretch was not sufficient to up-regulate phosphorylation of

Ser2481 in muscle [121].

This study represents a preliminary investigation into translational activation by

mechanical loading. Although phosphorylation of mTOR at Ser2448 and eIF20 may

have been masked by crosstalk from other pathways, it appears that phosphorylation of

mTOR at Ser2481 was enhanced by fluid shear. Therefore, mTOR may play a role in up

regulating the translation of cytoskeletal proteins when the cell is under mechanical

stress. Further investigation is warranted to characterize the mechanotransduction

pathways that interact with mTOR at Ser2481 and to determine whether eFI2O is also

sensitive to mechanical stress. These studies could elucidate the mechanisms that initiate

translation of cytoskeletal genes for cellular mechanoprotection.
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B. DEVELOPMENT OF A 2-D MICROSTRUCTURAL MODEL OF THE CYTOSKELETONAS A
CELLULAR SOLID

B.1 Introduction

The stiffness of the cytoskeleton depends heavily on the concentration of

crosslinking proteins in the cytoskeleton [288, 289, 299, 324]. The crosslinking proteins

also interact synergistically to enhance their mechanical effects on the cytoskeleton [291].

Therefore, the mechanical behavior of the cell can be changed substantially by making

small modifications to the concentration of crosslinking proteins that are interacting with

the cytoskeletal network [90, 289, 291]. This dissertation included a method that can be

used to detect changes to the amount of crosslinking proteins in the cytoskeleton (See

Chapter 3), and this method was used to observe changes to the cytoskeletal composition

in osteoblasts after exposure to fluid shear (See Chapter 4). The overall goal of this

appendix was to develop a model that can be used to predict how the changes in the

cytoskeletal composition will affect the stiffness of the cytoskeletal network. The

specific objectives were to 1) Develop a microstructural model of the cytoskeleton as a

cellular solid that uses the crosslinking proteins as biological inputs; 2) Compare the

model predictions to experimental data, and 3) Investigate the sensitivity of the model

predictions to the biological inputs.
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B.2 Model Development

B.2.1 The apparent modulus of the cellular solid

The cytoskeleton has been previously identified as having a microstructure that is

suitable to be modeled as a cellular solid [253]. A simplified 2-D representation of the

cytoskeleton can modeled as the following cellular structure:

For simplicity, all of the intersections between the filaments were assumed to be fixed at

right angles. The apparent stiffness of this cellular solid may be described by

determining the effect of loading on a repeated unit cell. Consider an apparent stress that

is applied to the top of this cellular solid structure:

_Oºk

9,999 -
The load on this cell is determined from the apparent stress using the following

relationship:

P = O *l COS 6) (eq B.1)

Therefore, the loads and moments on a single element of the cell may be represented in a

free body diagram, and it can be simplified by representing this element as a cantilever

beam in bending:
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The equation for the displacement of the bent beam due to a load is given by:

Pl?
- - eq B.2

" 3EI (eq B.2)

Where El=K, the bending stiffness of the beam. The equation for the displacement of the

beam due to a moment is given by:

MI’
* 2EI (eq B.3)

Combining these equations yields the total displacement of the beam due to the combined

load and moment:

-

Pl'cosé_ Ml’ Pl’ cosé
3EI 4EI 12EI

Ó" Such that M = PlcoS 6 (eq B.4)

For this model, it was assumed that the deformation due to filament compression

was negligible compared to bending. The component of the beam’s displacement in the

vertical direction is given by:

3 , 2

g_Pl'cos?i.6 (eq B.5)

The apparent strain on the cell is given by:

|28
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£4 = y such that Ah = 26 (eq B.6)

The apparent strain may be rewritten as:

£4 = such that h = 2l cosó (eq B.7)
lcos 6

The apparent modulus may be determined from the apparent stress and apparent strain:

a * 12xE* = – =−
e * ■ º cos’ 6 (eq B.8)

Since the angle in this model is fixed at 45°, the apparent modulus may be simplified to:

E* = 24; (eq B.9)

B.2.2 Modeling the length with the fractional change of network forming crosslinkers

The length of the bending elements is determined by the average distance between

cross-links and may be related to the number of networking proteins by a geometric

relation. Consider the following control areas for that each contain a different number of

cells:

N = 0.5 N = 2 N = 8 N = 32

The number of cells in the area, N, is equal to the number of networking proteins present.

If all the control areas are the same size with side length L, the length of the length of the

elements in each cell, l, may be determined in terms of L. Furthermore, the total length

of filament present in the area, A, may also be determined in terms of L:
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1(N) = and A(N)=2LVN (eq B.10)
L

2VN

Now, consider that N = f', N., where No is the initial number of networking proteins, and

f is the fractional change in networking proteins. When fº = 1, then:

=l, and A(i)=2|NN = 4, (eq B.11)
L

l(1) = —=
(1) 2VN

Therefore, we may rewrite the equations in terms of only fin:

(■ o-º. and A(f)=A.V■ , (eq B.12)N

B.2.3 Modeling bending stiffness with the fractional change of bundling crosslinkers

The bending stiffness is determined by the average number of wn filaments that

are bundled together throughout the cytoskeleton and may be related to the number of

bundling proteins by a geometric relation. Consider the following cross-sectional areas

of actin bundles:

b=1 b=7

Here, b represents the number of actin filaments bundled together. The bending stiffness

of one actin filament has been determined experimentally. It is possible to approximate

the bending stiffness of the actin bundles using composite beam analysis. The bending

stiffness can be related to the number of filaments in the bundle according to the

following equation:
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k(b) = x,bº" (eq B.13)

The number of filaments in a bundle may be related to the number of bundling proteins

according to the following relationship:

b = f; bo (eq B.14)

Where f is the fractional increase in filaments per bundle, and bo is the original number

of filaments in each bundle. The number of filaments in a bundle is not a trivial

experimental output. However, it is possible to derive the bending stiffness using the

fractional increase in bundling proteins, fb:

b(fa) F of abo (eq B.15)

The coefficient of is necessary to relate the fractional increase in bundling proteins

to the factional increase of filaments in a bundle. From this relationship, it is possible to

write an equation for the bending stiffness that depends on the fractional increase in

bundling protein:

K(fa) = x, (of,b)* (eq B.16)

B.2.4 Modeling the conservation of filaments in the unit cell

The previous two sections have developed relationships between the element

length and stiffness in the cell and the fractional increase of networking and bundling

proteins. These two parameters are related to each other because they both influence the

total amount of filament that is needed to generate the structure in the unit cell, (), which

can be determined by the length of the elements multiplied by the number of filaments
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that are bundled together in that element by Ó = Ab. Substituting the equations B.10 and

B.16 for land b, ■ º can be solved for in terms offs and fe:

o(f, ■ ,)=A.V■ , (of, b) (eq B.17)

Assuming that Ø–0, when f\ and fºr 1, then:

Ø(1,1) = A,(ob)= 0, (eq B.18)

And, Ø(fN,fp) may be rewritten as:

90■ , f.)= f0. W■ , (eq B.19)

According to this relationship, the activity of one type of crosslinking protein is

dependent on the activity of the other, which does not accurately describe the behavior of

the cytoskeleton. Rather, there is a tradeoff in the cytoskeleton that is dependent on the

number of filaments. If the crosslinkers interact to create structures that require a lot of

filament, there can be fewer identical structures present to handle a given load.

Alternatively, if the crosslinkers create structures that do not require as many filaments,

there will be more identical structures that will be load bearing. This relationship is

modeled by assuming that there are n identical structures in each unit cell, and the total

amount of filament in the unit cell is given by F = n(). If f, is the fractional increase in

the number of identical structures, then n = fano and F can be rewritten in terms of J. , fN

and fe:

FC■ , f.■ .)= ■ .■ .n.0,V■ , (eq B.20)

Finally, if F = F, when f\,fb and J. = 1, then F(fNfb.f.) may be rewritten as:

F(f, fy, fa)=f, fa F. fw (eq B.21)
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If there is the same amount of filament present before and after any changes in the

amount of crosslinkers, F( J. fy, fa)= F. For this condition to be met, then:

Jo■ h fy = 1 (eq B.22)

Since fn and fis are provided as biological inputs, fo may be solved for by:

1
f, =* f \■ f,

Each identical structure is assumed to bear an equal share of the load, and can therefore

(eq B.23)

be modeled as springs in parallel. The contribution of the identical structures to the

apparent modulus may be described by:

E* = nE*' (eq B.24)

Where E*’ is the apparent modulus of a cell with one structure, and n is the number of

identical structures present.

B.2.6 Solving for the apparent modulus using fractional changes of the biological inputs

The apparent modulus of the unit cell is given by Equation B.9, and the length

and bending stiffness of the elements in the unit cells related to fractional change of

networking and bundling crosslinkers by Equations B.12 and B.16. Using the

relationship, n = f_no, is is possible to express E* in terms of f, and the biological

inputs, fN and fe:

3. K. b 2.05E.J. ■ .■ .)-2n■ , ■ º- (eq B.25)
0

Assuming that E*= E,” when fin, f, and f, = 1, then:

2.05

E*(1,1,1) = 24no * - = E. (eq B.26)
0
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Therefore, E*(fN, fº, fo) may be rewritten as:

E*(f, ■ ,■ ,)=ff;"f, E. (eq B.27)

Since fo depends on the biological inputs fin, and fis according to Equation B.23, E* may

be written in terms of only biological inputs by:

E + (■ wife )= fy ;"E. (eq B.28)

B.3 Model Predictions

The model predictions for the stiffness of cytoskeletal networks were compared to

experimental data (Figure B.1) [288, 291]. The model was able to predict the synergistic

effect of adding equal concentrations of bundling and network forming crosslinking

proteins. The model predicts that there is a wide range of network stiffness would be

possible using the same concentration of total crosslinking proteins but by varying the

ratio of bundling and network forming crosslinking proteins (Figure B.2). The

synergistic effect of combining the two types of crosslinking proteins is enhanced as the

total concentration of crosslinking proteins increases.
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Figure B.1: Comparison of model predictions to experimental data. The concentration of filament
and the combined concentration of crosslinking proteins was the same for all the groups. The
model could predict the synergistic effect when there was an equal concentration of network
forming and bundling crosslinking proteins. Eo was equal to the stiffness of a cytoskeletal
reconstitution without any crosslinking proteins (0.5 Pa). Experimental data from (288, 291].

B.4 Discussion

The overall goal of this appendix was to develop a microstructural model of the

cytoskeleton to predict how changes in the cytoskeletal composition would alter the

stiffness of the cytoskeletal network. The cytoskeleton was modeled as a simple 2-D

cellular solid model that used the fractional change of the network forming and bundling

crosslinking proteins as biological inputs. These types of crosslinking proteins have a

synergistic effect on the mechanical behavior of the cytoskeleton, and the cellular solid

model could predict that the stiffness of the cytoskeleton would be enhanced by

combinations of the crosslinkers. Finally, the model was able to predict the changes in

cytoskeletal stiffness that had been observed in experimental studies, though it appeared

to overestimate the effect of adding bundling crosslinkers.
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Figure B.2: Model predictions of how crosslinking proteins alter the elastic modulus of
cytoskeletal networks. Although the total concentration of crosslinking proteins was constant
along each curve, there was a substantial increase in the network stiffness when there was a
combination of bundling and network forming crosslinkers. The effect of the crosslinking proteins
was enhanced as the total concentration of crosslinkers increased.

Other models have been proposed to describe the stiffness of the cytoskeleton in

terms of the crosslinker concentrations. Two continuum models have been developed

using statistical mechanics to demonstrate that the cytoskeletal network stiffness depends

on the average distance between crosslinking proteins [209, 219]. However, these

theoretical models were not developed to use experimental inputs to predict cytoskeletal

stiffness. A finite element model has also been developed to describe the network

stiffness of cytoskeletal filaments using known concentration of crosslinking proteins, but

it underestimates the synergistic effect of combining the bundling and network forming

crosslinking proteins [291].

The model described in this appendix is a simplified representation of the

cytoskeletal network. It assumes the effects of the crosslinking proteins are averaged

throughout the cytoskeleton and can be predicted using single unit cell. It also assumes

there is a fixed amount of cytoskeletal filaments in the cell. Future modifications to the
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model could better predict how the bundling proteins alter stiffness by improving the

geometric relationship between the fractional increase of bundling proteins and the

stiffness of the bundle. The model predictions might also be improved using a three

dimensional cellular solid to describe the cytoskeletal network. However, the current

model is sufficient to make estimates of how the crosslinking proteins will alter the

stiffness of the cytoskeleton and demonstrates the interaction of bundling and network

forming crosslinkers.
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C.1 Cell Culture Protocols

Berkeley Orthopaedic Biomechanics Laboratory
Richmond Field Station

The University of California, Berkeley

Standard Operating Procedure

Cell Culture Protocols

Creation Date: 19.Jul■ )2
Revision Date: 24Jan()4

Author: Wesley M. Jackson
Principal Investigator: Tony M. Keaveny

Summary: Immortalized cell lines should be maintained in tissue culture flasks. When
these cells are nearly confluent, they are lifted off the surface with trypsin and
transferred to new culture vessels. A new tissue flask should be seeded at a
low surface density to continue the cell line. The remaining cells can be
seeded into vessels that are appropriate for specific experiments. All surfaces
except polystyrene tissue treated for culture treated should be coated with
collagen prior to seeding cells.

Keywords: Cell Biology, Cell Culture, Cell Seeding

Materials: 70% Isopropanol or 70% Ethanol in ddWater
0.25% (w/v) Trypsin with 0.25% (w/v) EDTA (Gibco)
420 pug collagen (BD Biosciences) in 0.01 M HCl
Phosphate Buffered Saline (Gibco)
MC3T3-E1 Growth Medium:

Earls omEM (Cell Grow) with 1% Pen/Strep (Gibco) and 10% Fetal
Bovine Serum (Gibco)

hFOB Growth Medium:
Hams Medium F12 at 1:1 ratio (Gibco) with 50 mg/mL G418 (Sigma) and
10 Fetal Bovine Serum (Gibco)

Culture vessels: T25 or T75 filter capped tissue culture flasks (Falcon), 6 or
10 cm petri dishes (Corning), 6 or 12 well plates (Falcon), 18 or 25 mm
coverslips, No. 2 (VWR)

15 or 1.5 mL centrifuge tubes (VWR)
Serological Pipettes (VWR) and Micropipette Tips (USA Scientific)
Trypan Blue (Gibco)
Hemacytometer (VWR)
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1)

2)

3)

4)

I. COVERSLIP CLEANING AND STERILIZING

Clean the back sides of the coverslips
a. Place one coverslip in each well
b. Add enough alcohol solution to cover each coverslip
c. Incubate under UV for 15 minutes (do not put the cover on the plate)

Clean the front sides of the coverslips
a. Turn over each coverslip
b. Incubate under UV for 15 minutes

Wash the coverslip with alcohol
a. Aspirate the alcohol solution
b. Add alcohol to well again
c. Incubate under UV for 5 minutes

Wash 3x with ddWater to remove all of the alcohol Solution

II: COLLAGEN DEPOSITION

1) Add the collagen Solution to the culture surface according to the table below:
Dish Size Surface Area Solution Volume Density

(cm”) (mL) (ug/cm3)
12 well 3.5 0.4 5.3
6 well 9.6 1 4.9
6 cm 28.3 3 5.0
10 cm 78.5 9 5.4

2)

3)

4)

1)
2)

Incubate the solution in on the surface for 2 hours at 37°C

If using immediately, wash once with PBS before adding media

Dry the surface for later use by leaving it to dry overnight in a sterile hood. Surfaces may
be sterilized by exposing them to UV in the hood overnight. Wash once with PBS before
adding media or seeding cells.

III: SUBCULTURING AND CELL SEEDING

Wash adherent cells
Trypsinize the cells

a. Aspirate the medium
b. Incubate cells with the trypsin solution for 20 seconds
c. Aspirate all but a few drops of the typsin solution
d. Incubate the cells for 3-5 minutes at 37°C
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3) Quench the trypsin
Tap the sides and bottom of the flask to loosen cells
Look under a microscope to ensure all the cells are in suspension
Adding growth medium to quench the trypsin
Wash the cells off the surface with the medium (3x)
Pipette the cell suspension up and down a few times to break up clumps
Transfer the cells to a 15 mL centrifuge tube

i
4) Exchange the medium

a. Centrifuge the cells for 10 minutes at 1500 RPM
b. Remove the medium
c. Resuspend the cells in 1 mL of growth medium

5) Count the cells
a. Remove 25 pull of the cell suspension to a 1.5 mL microfuge tube
b. Add 25 pull trypan blue to the microfuge tube
c. Place 10 pull of the cell/trypan blue solution onto the hemacytometer
d. Count the cells in 8 grids
e. Determine cell viability
f. Determine the cell concentration of the cell suspention according to the equation:

[cell] = 2x Total Number of Cells Counted x 10"
Number of Grids Counted

6) Seed cells
a. Add the appropriate amount of growth media to the culture vessel
b. Determine the volume of cell suspension required for the desired number of cells
c. Add the appropriate volume of cell suspension to the growth media in the culture

vessel

7) Incubate cells at 37°C in 5% CO2

8) Alternate method of seeing: Do not centrifuge the cell suspension. Determine the volume
of cell suspension to add to each culture vessel using the following table:

Split Ratio Chart
Plate Descritpion Area mL of Cell Suspension for Split Ratio Total Volume

[cmº, 1:1 1:1.5 1:2 1:3 (mL)
T-75 Flask 75 6.00 5.00 4.00 3.00 12.0
T-25 Flask 25 2.00 1.75 1.50 1.00 4.0
6 cm Dish 25 2.00 1.75 1.50 1.00 4.0
6 well plate (1 well) 10 0.75

-
0.50

-
1.5

12 Well Plate (1 well) 3.5 0.25
-

0.20
-

1.0

207



C.2 Cell Fixation Protocol

Berkeley Orthopaedic Biomechanics Laboratory
Richmond Field Station

The University of California, Berkeley

Standard Operating Procedure

Cell Fixation

Creation Date: 28Jun()4
Revision Date: 23 Nov04

Author: Wesley M. Jackson
Principal Investigator: Tony M. Keaveny

Summary: Cell must be fixed prior to permeablization for staining with antibodies and
cytoskeletal probes. Fixation may be performed with paraformaldehyde (non
denaturing) or methanol (denaturing). Different epitopes will be exposed
depending on the method of fixation, so both methods should be tried when
assaying new antibodies. Non-denaturing works better with phalloidin probes
for actin microfilaments. Permeablization generates holes in the cell
membrane so the probes can enter the cells and reach their epitopes.

Keywords: Cell Biology, Cell Fixation

Materials: Phosphate Buffered Saline (Gibco)
Cytoskeleton Buffer (4x, Stored at 4°C):

40 mM MES, pH 6.1, 276 mM KCl, 6 mM MgCl, 4 mM EGTA (All
reagents from Sigma)

1.92 M Sucrose solution (6x)
Fixation Buffer:

1x Cytosleleton buffer (1:4 dilution), 1x Sucrose solution (1:6 dilution),
3% Paraformaldehyde (Sigma)

Permeablization Buffer:
0.4% Triton-X 100 (Sigma) in PBS

Optional: Methanol (VWR)
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PROTOCOL

1) Fix the cells
a. Aspirate the media
b. Incubate the cells with Fixation Buffer for 20 minutes
c. Wash cells once with PBS

2) Permeablized the cells
a. Incubate the cells with Permeablization Buffer for 5 minutes
b. Wash cells with PBS (3x)

After washing, the cells are ready to be stained

Note: An alternate method of fixation is to incubate the cells with cold methanol. This
method immobilizes the proteins inside the cell by denaturing them. Some antibodies are
able to better recognize their epitopes after fixation with this method:

1) Fix the cells
a. Aspirate the media
b. Incubate the cells in —20°C Methanol for 90 seconds
c. Wash the cells once with PBS
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C.3 Immunostaining Protocol

Berkeley Orthopaedic Biomechanics Laboratory
Richmond Field Station

The University of California, Berkeley

Standard Operating Procedure

Immunostaining

Creation Date: 2Feb04

Author: Wesley M. Jackson
Principal Investigator: Tony M. Keaveny

Summary:

Keywords:

The location of specific cellular structures can be localized in fixed cells by
immunostaining. The must blocked with BSA to minimized non-specific
staining by the antibody probes. The primary antibodies will bind to their
specific protein epitopes. The secondary antibodies have the fluorescent
probes and amplify the signal by binding to the primary antibodies. The
coverslip containing the cells should be mounted in Vectorshield to preserve
the slide and enhance the fluorescent stains.

Cell Biology, Staining

Materials: Phosphate Buffered Saline (PBS, Gibco)
Blocking Solution:

2% Bovine Serum Albumin (BSA, Sigma) in PBS
Primary Antibodies:

o-actinin and fl-actin (Sigma), filamin (AB Cam)
Donkey IgG blocking antibody
FITC conjugated secondary antibodies (Jackson Immunoresearch)
Hoechst nuclear stain (Molecular Probes)
Rhodamine Phalloidin (Molecular Probes)
Vectorshield or Vectorshield Hardset (Vector Labs)
Glass Microscope Slides (VWR)
1.5 centrifuge tubes
Orbital Shaker
Aluminum Foil

Forceps and Scalpel (for handling the coverslips – slide the scalpel under
the coverslips and pick them up with the forceps)
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PROTOCOL

1) Apply the AB Blocking Solution
d.

b.
C.

d.

Aspirate the PBS
Add the blocking solution to the cells
Incubate for 20 minutes
Wash briefly 2x with PBS on an orbital shaker

2) Apply the Primary Antibody Solution
a.

b.
C.

i
Dilute the primary antibody in PBS (usually 1:100 — optimize as necessary)
Add 1:100 dilution of the blocking antibody
Place a drop of the primary antibody solution on a the lid of the plate (150 pull for
18 mm coverslips and 300 pull for 35 mm coverslips)
Remove the coverslip from its well and place it upside down on the drop
Incubate the cells 2 hours at room temperature or overnight at 4°C
Pipette 500 pull of PBS under the coverslip
Place the coverslip into a new well right side up
Wash with PBS for 5 minutes on an orbital shaker (3x)

3) Apply the Secondary Antibody Solution
d.

b.
C.

Dilute the primary antibody in PBS (usually 1:100 — optimize as necessary)
Add 1:100 dilution of rhodamine phalloidin and 1:1000 dilution of Hoechst
Place a drop of the secondary antibody solution on a the lid of the plate(150 pull
for 18 mm coverslips and 300 pull for 35 mm coverslips)
Remove the coverslip from its well and place it upside down on the drop
Place the coverslips under foil to avoid exposure to light
Incubate the cells 30 minutes at room temperature
Pipette 500 pull of PBS under the coverslip
Place the coverslip into a new well right side up
Wash with PBS for 5 minutes on an orbital shaker (3x)

4) Mount the coverslips on a slide

: Add a drop of Vectorshield on a slide
Flip the coverslip upside down in the drop
Aspirate out any excess mounting solution
Seal the slide with nail polish (this step is unnecessary with Vectorshield Hardset)
Place the slide in the folder and minimize exposure to light

5) Visualize the cells
a.

b.
Visualize the cells with fluorescent microscopy
Image the cells with the cooled CCD camera
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C.4 Differential Centrifugation Protocol

Berkeley Orthopaedic Biomechanics Laboratory
Richmond Field Station

The University of California, Berkeley

Standard Operating Procedure

Centrifugation Fractionation

Creation Date: 19.Jun()4
Revision Date: 4Dec{04

Author: Wesley M. Jackson
Principal Investigator: Tony M. Keaveny

Summary: Differential centrifugation (also called centrifugation fractionation or
centrifugal sedimentation) is a method to fractionate cellular components of
the lysate based on the rotational speed required to pull them out of solution.
The cytoskeleton is a large, supramolecular assembly that is sedimented at a
relatively low speed (approximately 10,000 RPM). The deoxychoratic acid
keeps the membrane and membrane associated proteins in the supernatant,
and the SDS helps to solublize the cytoskeleton once the supernatant has been
removed.

Keywords: Cell Biology, Cell Lysis, Fractionation

Materials: Tris Buffered Saline Solution (2X):
20 mM Tris, pH 7.4 (Sigma), 300 mM NaCl

30 mM EDTA Solution (6X, Sigma)
Lysis Buffer:

1x TBS (1:1 dilution), 5 mM EDTA (1:6 Dilution), 0.5% Triton-X 100
(Sigma), 0.5% Deoxychoratic Acid (Sigma)

Phosphatese Inhibitor Cocktail II (Sigma)
Protease Inhibitor Cocktail for Mammalian Tissue (Sigma)
10% SDS Solution (Biorad)
Cell Scraper (Corning)
1.5 mL Centrifuge Tubes
Refreez-a-Brick ice pack and ice bucket
23G Needles and 1 mL Syringes (BD Biosciences)
Vortex Mixer
Refrigerated Centrifuge
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1)

2)

3)

4)

5)

6)

7)

PROTOCOL

Add protease and phosphatase inhibitors to the lysis solution
a. Remove 0.5 mL per dish to another centrifuge tube
b. Add 25 pull of protease inhibitor cocktail per mL
c. Add 25 pull of phosphatase inhibitor cocktail per mL

Lyse the cells
Wash the cells briefly with PBS
Place the cells on a Refreez-a-Brick ice pack
Apply 500 pull of ice cold lysis buffer
Incubate for 1 minute
Scrape the bottom of the dish with a cell scraper

:
Transfer the lysate to a centrifuge tube

a. Pipette the lysate into a centrifuge tube labeled “cytoskeletal fraction”
b. Vortex the tube briefly
c. Gently pipette the solution up and down until it has become homogenous

Optional Step: Make Whole Lysate control
a. Transfer 250 pull of the lysate to a tube labeled “whole lysate”
b. Divided all the volumes for the rest of the protocol by 0.5 since the working

volume will be 250 pull rather than 500 pull

Centrifuge the Lysate
a. Place the tube into a refrigerated centrifuge (4°C)
b. Rotate at 15,000–20,000g for 30 minutes (12,500 RPM in the TOMY centrifuge)

Separate the cytoplasmic fraction
a. Remove the lysate from the centrifuge
b. Transfer the supernatant to a new tube labeled “cytoplasmic fraction”
c. Add 5 pull of 10% SDS to make a 0.1% solution

Resuspend the cytoskeletal fraction
a. Pipette 50 pull of Lysis buffer into the centrifuge tube
b. Add 5 pull of 10% SDS to make a 1% solution

Vortex and pipette the solution repeatedly
Add 450 pull of Lysis buffer to the centrifuge tube
Vortex the solution again to ensure it is well mixed
Draw the lysate through a 23G to needle shear apart the pellet.

:
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C.5 SDS-PAGE and Western Blotting Protocol

Berkeley Orthopaedic Biomechanics Laboratory
Richmond Field Station

The University of California, Berkeley

Standard Operating Procedure

SDS-PAGE and Western Blotting

Creation Date: 2Feb04
Revision Date: 28Jun()4

Author: Wesley M. Jackson
Principal Investigator: Tony M. Keaveny

Summary:

Keywords:

After the proteins in the cell have been collected in a lysate or in cellular
fractions, relative amounts of proteins may be compared with western blots.
The first step is to normalize the amount of protein by measuring the
concentration of protein in each lysate, then adjusting the concentrations to be
equal. Then, the lysates are mixed with sample buffer and boiled to denature
the proteins, cleave disulfide bonds, and give all the proteins and equal charge
to mass ratio. The proteins can then be separated by molecular weight in a
polyacrylamide gel. All the proteins can be stained in the gel, and the gel can
be preserved by drying. Specific proteins can be observed by transferring
them to a nitrocellulose membrane and western blotting. Primary antibodies
for specific proteins will attach to their epitopes on the memebrane, and
secondary antibodies conjugated with the enzyme HRP will bind to the
primary antibodies. When HRP is reacts with its substrate, a photon is
generated and captured with x-ray film to determine the location of the target
protein on the membrane. The density of the blot correlates to the amount of
protein that was present in the cell lysate.

Cell Biology, SDS-PAGE, Western Blotting

Materials: BCA Protein Quantification Kit (Pierce)
Laemmli Sample Buffer (4x):

125 mM Tris, pH 6.8 (Sigma), 8% SDS (Biorad), 20% B-mercaptoethanol
(Sigma), 0.04% Bromophenol Blue (Biorad), 40% Glycerol (Sigma)

Resolving Gel Buffer (4x, Biorad)
Pre-Stained Molecular Weight Standards (Biorad)
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Stacking Gel Buffer (4x, Biorad)
TEMED (Biorad)
30% Acrylamide/Bis Solution (37.5:1 mixture, Biorad #161-0158)
10% Ammonium Persulfide (APS, Biorad) Solution (Expires after 24 hrs)
Water saturated Butanol (Sigma)
Gel Drying Solution:

10% Glycerol (Sigma), 30% Methanol (Sigma)
Gelcode Blue Coommassie Blue Reagent (Pierce)
Tris/Glycine/SDS Running Buffer (10x, Biorad)
Tris/Glycine Transfer Buffer (10x, Biorad)
Methanol (VWR)
Tris Buffered Saline with Tween 20 (TBST, 10x):

200 mM Tris, pH 7.4 (Sigma), 5 M NaCl (Sigma),
0.1% Tween 20 (Biorad)

Ready Gel pre-made SDS-PAGE gels (Biorad, Optional)
Mini-PROTEAN 3 SDS-PAGE Electrophoresis Equipment (Biorad):

Gel casting stand and frames, 1 mm spacer plates, short plates, 10 well
combs, Buffer tank and Lid, Clamping frame and Electrode assembly

Mini-PROTEAN 3 Transfer Equiment (Biorad):
Gel holder cassettes, Fiber pads, Trans-blot electrode assembly, Bio-ice
cooling unit (ice tray)

Thick Blotting Paper (Sigma)
Nitrocellulose Membrane (0.45 pum pore size, Biorad)
Power Supply
DryEase Mini-Gel Drying System (Invitrogen #NI2387):

Gel drying frames, Framing base, Frame clamps, Cellophane sheets
1.5 mL Centrifuge Tubes and Clamps (VWR)
Bovine Serum Albumin (BSA, Sigma)
Non-Fat Powered Milk (Carnation)
Hot Plate and 1 L Beaker
Gel/Membrane Incubation Trays:

100 mm square polystyrene dishes (Falcon) or empty boxes for mini
pipette tips

245 mm square polystyrene dish (Falcon)
Parafilm
Primary Antibodies:

O-actinin, vimentin, talin, GFP and fl-actin (Sigma), filamin (AB Cam),
ERK (Santa Cruz Biotechnology)

Donkey IgG blocking antibody
Horse Radish Peroxidase (HRP) conjugated secondary antibodies (Jackson

Immunoresearch)
ECL Bio-Luminescence kit (Amersham)
ECL Plus Bio-Luminescence kit (when needed to enhance blots, Amersham)
Biomax Light X-Ray Film (Kodak)
X-Ray Exposure Cassette (VWR)
X-Ray Developer
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1)

2)

3)

4)

I. SDS-PAGE ELECTROPHORESIS

Set up the Mini-PROTEAN SDS-PAGE electrophoresis equipment
a. Use pre-made gels or cast hand made gels according to the manufacturer’s

instuctions
b. Clamp two gels into the clamping frame
c. Place the frame in the buffer tank and fill with Running Buffer (1x)

Prepare the protein samples
a. Determine the concentration of the protein lysates using the BCA kit
b. Normalize the protein concentrations as necessary
c. Dilute the Sample Buffer in a 1:4 ratio with the protein lysates in a new 1.5 mL

Centrifuge tube
d. Heat the samples at 100°C for 5 minutes (ensuring the caps are clamped closed)
e. Remove from heat and place on ice to cool
f. Vortex and Centrifuge briefly

Load the protein samples
a. Add as close to 25mg of protein without adding more than 25ml of solution to

each well (may require optimization)
b. Add 10 mL of molecular weight standard to the outside wells

Run the gels at 150V until the molecular weight standards equivalent to the proteins of
interest are completely spread in the gel.
(Alternatively, run the power supply at a constant of 10 mA per gel. It may be increased
to 20 mA per gel after the proteins have entered the resolving buffer).

5) Remove the gel from the electrophoresis unit
a. Turn off the power supply, remove the gel assemblies, and separate the two plates

carefully
b. Cut off the stacking gel, any unused portion of the resolving gel and the lower

right hand corner (to maintain proper orientation)
c. Place the gel in an incubation tray and with Transfer Buffer (1x)

II. MEMBRANE STAINING (Optional)

In lieu of western blotting, the total protein in the gel can be stained, and the gels can be
preserved by drying. The proteins cannot be transferred from the gel once they have been
dried.

1) Stain the gel (Follow the manufacturer’s instructions for GelCode Blue Coommassie
Staining Reagent

2) Dry the gel (Follow the manufacturer’s instructions for the DryEase Gel Drying System
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III. PROTEIN TRANSFER

1) Several hours prior to starting, fill the ice tray with water and place in the freezer

2) Incubate transfer components in transfer buffer
a. Keep the gel in Transfer Buffer for at least 15 minutes
b. For each gel, place in Transfer Buffer. One nitrocellulose membrane, Two fiber

pads, and, Two sheets of blotting paper

3) Assemble the gel cassette
a. Starting on the clear side of the cassette, layer the following transfer components:

Fiber pad, Blotting paper, Nitrocellulose membrane, Gel,Blotting paper, fiber pad
b. Ensure that there are no bubbles between the membrane and the gel
c. Remember: Proteins run away from black

4) Assemble the Trans-Blot unit
a. Place the gel cassette in the trans-blot unit so that the black sides are together
b. Place the trans-blot unit and the ice tray in the Buffer Tank
c. Completely Fill the Buffer Tank with Transfer Buffer (1x)

5) Run the transfer at 25 V overnight in the refrigerator at 4°C.
(Alternatively, the transfer can be run at high speed by placing the Buffer Tank in an ice
bucket in the refrigerator. Run the transfer at 250 mM for 1 hour per trans blot unit,
regardless of the number of gels in the unit. Double the time to transfer proteins with
molecular weight greater than approximately 150 kDa.)

6) Disassemble the transfer unit
a. Turn off the power supply and remove the gel cassettes
b. Remove the top fiber pad blotting paper
c. Carefully remove the gel, ensure that the pre-stained standards were transferred,

then discard the gel
d. Trim the unused edges of the membrane and the right hand corner (to maintain

proper orientation). Carefully remove the membrane with forceps and place in an
incubation tray with TBST

IV. WESTERN BLOTTING

1) Block the nitrocellulose membrane
a. Wash the membrane with TBST for 5-10 minutes
b. Block the membranes with Blotto (4% milk, 1% BSA in TBST) for 30 minutes

(Alternatively, if the membranes are going to be blotted for phosphor-specific
antibodies, blot with 5% BSA in TBST)

c. Wash with TBST (3x)
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2) Apply the 1% AB
Dilute the primary antibody in TBST (usually 1:100 — optimize as necessary)
Add 1:100 dilution of the blocking antibody
Place the membrane protein-side up on a piece of parafilm
Pour the -0.5 mL/cm of 1° AB solution onto each.
Incubate for 90-120 minutes at room temperature or overnight at 4°C
Wash in TBST (3x for 10 minutes)

(If the location of the proteins are known, the excess membrane may be trimmed to
minimize the amount of antibody solution that is needed. However, this should not
be done until the protein location has been verified for a particular antibody.)

i
3) Apply the 2"AB

a. Dilute the secondary antibody in TBST (usually 1:100 — optimize as necessary)
b. Place the membranes on a piece of parafilm

Pour the -2 mL of 2° AB solution onto each.
Incubate for 45 minutes at room temperature
Wash in TBST (3x for 10 minutes)

4) Apply the ECL luminescent solution (This step is light sensitive)
a. Place the membranes on a piece of parafilm
b. Apply ECL or ECL Plus according to the manufacturer’s instructions
c. Remove the membranes and allow them to dry
d. Wrap the membranes in Saran Wrap

5) Expose and Develop the X-Ray film
a. Place the membranes in the X-Ray Cassette and enter the dark room
b. Expose the film to the membranes in the cassette (Once for 5 seconds and a

second for 20–30 seconds. Place a third piece of film in the cassette and wait until
the first two are developed to determine whether a longer exposure time is
necessary. Use these three exposures to estimate the optimal exposure time.)

Note: After blotting, the antibodies may be stripped from the membrane by incubating them with
62.5 mM Tris, pH 6.7, 100 mM b-mercaptoethanol and 2% SDS-100 for 30 minutes. (The
membrane will become brittle after stripping.)
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C.6 DSP Extraction Protocol

Berkeley Orthopaedic Biomechanics Laboratory
Richmond Field Station

The University of California, Berkeley

Standard Operating Procedure

Extraction of DSP Stabilized Triton-X 100 Insoluble Cytoskeletons

Creation Date: 19Nov03
Revision Date: 7Jul()4

Author: Wesley M. Jackson
Principal Investigator: Tony M. Keaveny

Summary:

Keywords:

This protocol describes a method of stabilizing the cytoskeletons of cells and
extracting the soluble proteins. DSP is a membrane permeable, homo
bifunctional crosslinking molecule with two reactive ends that covalently bind
to proteins. Its spacer arm is short, so proteins must be physically close in the
cell to be crosslinked. The cytoskeletal structure will be stabilized with the
DSP, but proteins that are not interacting with the cytoskeleton will not be
close enough to be crosslinked to it. Treatment with detergent will dissolve
the cell membrane and release the soluble proteins from the cytoskeletal
residues. The extracted cytoskeletons and associated proteins can then be
fixed with DTSSP, a water soluble analogue of DSP. After fixation, the
cytoskeletons can be immunostained (See Figure 3.2).

Cell Biology, Cell Fixation, Cell Extraction

Materials: 20% Dithiobis(succinimidyl-propionate] (DSP, Pierce) in DMSO (sigma)
5% Sulfo-dithiobis(succinimidyl-propionate] (DTSSP, Pierce) Solution
Phosphate Buffered Saline (Gibco)
Cytoskeleton Buffer (4X, Stored at 4°C).

40 mM MES, pH 6.1, 276 mM KCl, 6 mM MgCl, 4 mM EGTA (All
reagents from Sigma)

1.92 M Sucrose solution (6X, Sigma)
DSP Permeablization Buffer:

1x Cytosleleton buffer (1:4 dilution), 1x Sucrose solution (1:6 dilution),
0.5% Triton-X 100

DSP Fixation Buffer:
1x Cytosleleton buffer (1:4 dilution), 1.x Sucrose solution (1:6 dilution),
1 mM DTSSP (diluted from 5% solution)

219



100 mM Glycine (Sigma) Solution
Bovine Serum Albumin (BSA, Sigma)

PROTOCOL

1) Aspirate the media and wash the cells briefly with PBS

2) Stabilize and extract the cytoskeletons
a. Dilute the 5% DSP Solution to 1 mM in PBS
b. Aspirate the DSP and incubate the cells with the DSP for 5 minutes at 37°C
c. Aspirate the DSP Stabilization Buffer and immediately apply the DSP

Permeablization Buffer for 5 minutes at 37°C

3) Fix the cells
a. Aspirate the DSP Permeablization Buffer and immediately apply the DSP Fixation

Buffer for 15 minutes at room temperature
b. Wash with PBS 5 minutes at room temperature

4) Quench the DSP and Block
Incubate with 100 mM Glycine for 10 minutes at room temperature (2x)
Wash with PBS 5 minutes
Incubate the cells with 2% BSA for 20 minutes while rocking
Wash with PBS 5 minutes (3x)

:
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C.7 DSP Fractionation

Berkeley Orthopaedic Biomechanics Laboratory
Richmond Field Station

The University of California, Berkeley

Standard Operating Procedure

Cellular Fractionation of DSP Stabilized Triton-X 100 Insoluble
Cytoskeletons

Creation Date: 2Feb04
Revision Date: 24 May04

Author: Wesley M. Jackson
Principal Investigator: Tony M. Keaveny

Summary: This protocol describes biochemical method of fractionating the cells. DSP is
a membrane permeable, homo-bifunctional crosslinking molecule with two
reactive ends that covalently bind to proteins. Its spacer arm is short, so
proteins must be physically close in the cell to be crosslinked. The
cytoskeletal structure will be stabilized with the DSP, but proteins that are not
interacting with the cytoskeleton will not be close enough to be crosslinked to
it. Treatment with detergent will dissolve the cell membrane and release the
soluble proteins from the cytoskeletal residues. The soluble proteins can be
collected as the Soluble Fraction, and the extracted cytoskeletons can be
collected as the cytoskeletal fraction with the associated proteins. The DSP
molecule contains a disulfide bond that is cleaved by the B-mercaptoethanol in
Laemmli Sample Buffer for SDS-PAGE. Therefore, the covalently crosslink
between proteins is removed before they are separated in by SDS-PAGE, and
they can be analyzed using western blots (See Figure 3.1).

Keywords: Cell Biology, Cell Lysis, Cell Fractionation

Materials: 20% Dithiobis(succinimidyl-propionate] (DSP, Pierce) in DMSO (sigma)
Phosphate Buffered Saline (Gibco)
Tris Buffered Saline Solution (2X):

20 mM Tris, pH 7.4 (Sigma), 300 mM NaCl
30 mM EDTA Solution (6X, Sigma):
DSP Fractionation Buffer:

1x TBS (1:1 dilution), 0.5% Triton-X 100 (Sigma)
Lysis buffer
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1x TBS (1:1 dilution), 0.5% Triton-X 100 (Sigma), 5 mM EDTA (1:6
Dilution)

Phosphatase Inhibitor Cocktail II (Sigma)
Protease Inhibitor Cocktail for Mammalian Tissue (Sigma)
10% SDS Solution (Biorad)
Cell Scraper (Corning)
1.5 mL Centrifuge Tubes (VWR)
Ice bucket and Refreez-a-brick
1.5 mL microfuge tubes
Cell scrapers
23G Needles and 1 mL syringes

PROTOCOL

1) Add protease and phosphatase inhibitors to the Fractionation and Lysis solutions
a. Remove 0.5 mL per dish to another centrifuge tube
b. Add 25 pull of protease inhibitor cocktail per mL
c. Add 25 pull of phosphatase inhibitor cocktail per mL

2) Apply the DSP Stabilization Buffer
a. Dilute the 5% DSP Solution to 1 mM in 1X Tris Solution
b. Aspirate the media and wash the cells briefly with PBS
c. Incubate the cells in 1 mM DSP for 5 minutes at 37°C

3) Extract the cytoplasmic fraction
a. Incubate the cells with DSP Fractionation Buffer for 7.5 minutes at 37°C (Use the

smallest volume possible – 250 pull is sufficient for a 6 cm petri dish. Some
optimization may be necessary for different culture vessels)

b. Aspirate the buffer and transfer to a 1.5 mL centrifuge tube
c. Wash the cells in an equal volume of DSP Fractionation Buffer and transfer the

wash to the same centrifuge tube (2x)
d. Dilute the EDTA solution to 1X in the tube wit the transferred Fractionation

Buffer (1:6 dilution – 100 pull added to 500 pull for a 6 cm dish).
e. Keep the tube on ice until it is ready to be used. This is the soluble fraction.

4) Collect the cytoskeletal fraction
a. Add 600 pull of ice cold Lysis Buffer to the cytoskeletal residue.
b. Scrape the bottom of the dish with a cell scraper until the solution is viscous
c. Transfer the lysate to a 1.5 mL centrifuge tube. This is the cytoskeletal fraction.

5) Homogenize the samples
a. Dilute SDS solution to 0.1% in each sample to make a 0.1% SDS solution
b. Vortex the sample for ~15 seconds
c. Draw the lysate through a 23G to needle until the lysate is homogenous
d. Keep the tube on ice until it is ready to be used
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C.8 Fluid Shear Protocol

Berkeley Orthopaedic Biomechanics Laboratory
Richmond Field Station

The University of California, Berkeley

Standard Operating Procedure

Setup of the Flow System and Parallel Plate Flow Chamber

Creation Date: 23Feb04
Revision Date: 15Apr()5

Author: Wesley M. Jackson
Principal Investigator: Tony M. Keaveny

Summary:

Keywords:

Shear stress can be applied to cell cultures using laminar flow through a
parallel plate flow chamber. The flow chamber has been described in detail in
Eric Nauman's dissertation [217], but this protocol describes how to set up the
chamber in a flow system to provide steady fluid shear. The chamber should
be set up first and perfused with media to remove the air from the flow field.
Next, the flow circuit should be filled and de-aired without the flow-chamber
in place. Finally, the flow chamber can be added to the flow circuit using the
quick-connect valves without introducing any air into the system. The flow
rate of the circuit is determined by the digitally controlled roller pump, which
drives media into the upper reservoir. When the system is in equilibrium, the
media flows out of the upper reservoir, through the chamber, and into the
lower reservoir at the same flow rate. This system uses the upper reservoir to
dampen the pulsatile flow from the roller pump and to trap bubbles before
they can flow through the chamber.

The flow chamber has two different attachments to hold the cells depending
on the type of experiment that is being performed. For staining experiments,
the cells should be plated on collagen coated 25 mm coverslips that fit into the
coverslip attachment for the flow chamber. For western blotting experiments,
the cells should be plated on polycarbonate sheets that have been treated with
oxygen plasma and coated with collagen. The flow plate clamps may be used
during cell seeding to reduce the amount of cell suspension that is needed to
achieve the desired seeding density. They may also be used during DSP
fractionation so the fractionation buffers are only applied to the cells that were
in the flow area.

Cell Biology, Fluid Shear Stress, Flow Chamber, Flow System
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Materials: 0.020" thick polycarbonate (Tap Plastics)
25 mm Coverslips, No. 2 (VWR)
10 cm petri dishes (Corning)
0.25” ID Platinum Silicone Tubing (Cole Palmer)
Quick Connect Stop-Flow Valves (Cole Palmer)
Quick Connect Valves (Cole Palmer)
Three-way Stop-Cocks (Cole Palmer)
60 mL Syringe (Falcon)
50 mL Centrifuge Tubes (VWR)
MasterFlex L/S Digitally Controlled Roller Pump (Cole Palmer)
70% Isopropanol or Ethanol (VWR)
Absorbent Pad (VWR)
Parallel Plate Flow Chamber
Coverslip Holder
Upper Reservior
Allen Wrech
Flow Media:

CO2 Independent Medium (Gibco), 10% Fetal Bovine Serum (FBS,
Gibco), 1% Pen/Strep (Gibco)

I. FLOW PLATE FABRICATION

1) Cut the polycarbonate to the correct size
a. The polycarbonate should be cut to the correct dimensions with scissors (also see

Figure C.8.1)
b. Remove the protective film from the polycarbonate and clean with alcohol

2.5"

% Material: Polycarbonate

04 | Thickness: 0.020"
- I Tolerance: +0.05"

—l
l

H 2.5"
0.4"

Figure C.8.1: Schematic of the Flow Plates. The polycarbonate sheets may be cut with scissors, and
cells will attach to the surface after it has been treated with oxygen plasma and coated with collagen
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2)

3)

4)

1)

2)

3)

Treat the plates with Oxygen Plasma
Refer to the manufacture's instructions for use of the oxygen plasma equipment
Pump down the chamber until the pressure is below 500 millitorr
Back fill the chamber to 700 millitorr with oxygen
Ignite the plasma and increase the power to 100 W
Treat the surface for 3 minutes (burn off the nitrogen before starting the timer)
Remove the plates with forceps and place each plate in a 10 cm petri dish

i
Treat the surfaces with collagen immediately after the plasma treatment for maximum
adsorption. Incubate the plates with the collagen solution under UV to maintain sterility.

Place the plates between the Flow Plate Clamps (Figure C.8.4) before seeding cells to
minimize the about of cell suspension that is needed to achieve the desired seeding
density. (Remove the plates 18-24 hours after seeding and allow the cells to grow
another 24 hours before apply fluid shear. This will avoid creating a wound at the edges
of the confluent culture that might cause the cells to delaminate when exposed to flow.)

II. FLOW CHAMBER ASSEMBLY

Set up the media loading system according to the following Figure C.8.2. Fill the syringe
with media and prime the inlet tubes with media by perfusing them with media until it
drips out of the chamber.

Assemble the flow chamber
a. Place the gasket in the groove on the top of the flow chamber
b. For coverslips: Make sure the gasket on the coverslip holder is completely seated

in its groove (Figure C.8.5). Place the coverslip in the recessed area and apply the
vacuum. Using the media primed in the inlet tubes, place a few drops of media on
the coverslip to ensure there are no breaks in the seal. Turn the coverslip holder
upside down on the top of the flow chamber.

c. For polycarbonate sheets: Place the cells face down on the top of the flow
chamber. Place the back of the flow chamber on top.

d. Turn the assembled flow chamber over and apply the clamps to either side.
e. Tighten the bolts by hand. Then, tighten the bolts a quarter turn with an Allen

wrench. DO NOT OVERTIGHTEN! The clamps will break.

De-air the chamber and fill it with media
Place the flow chamber on its side so both vents face up and the bottom faces out
Slowly evacuate the syringe and fill the flow field with medium
Tap the quick connects to free any air bubbles
Open the vent above the inlet until media bubbles through and close it tightly
Open the vent above the outlet until media bubbles through then close it
Turn the chamber so that the outlet and outlet vent are on top. Check that the
flow field and inlet tubes are filled with media and de-aired.

g. Remove the chamber from the loading system by releasing the quick connects

i
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Syringe

Flow Chamber Media Reservoir

Figure C.8.2: Diagram of the flow chamber in the media loading system.

1)
2)
3)

4)

5)

6)

III: FLOW SYSTEM ASSEMBLY

Prepare the incubator by turning on the fan and setting the thermostat to 37°C
Set up the flow system (Figure C.8.3), but do not place the flow chamber in the system.
Calibrate the pump according to the manufacturer's instructions using ddWater.

De-air the flow system
a. Press the prime button on the pump to quickly fill the upper reservoir.
b. Connect the outlet of the upper reservoir to the inlet of the lower reservoir (bypass

the flow chamber) to fill the inlet and outlet tubes with media. Check that the
system is de-aired. Tap the quick connects to ensure there are not bubbles trapped
in the valves. Then, disconnect the quick connects.

c. Fill the upper reservoir again until it is close to the equilibrium level of media
(some optimization may be necessary to estimate the equilibrium height for each
flow rate).

Place the flow chamber in line using the quick connects and immediately start the pump
at the desired flow rate. Ensure that the system reaches equilibrium state such that the
flow rate through the chamber is equal to the rate that media is pumped into the upper
reservoir. The shear stress is related to the flow rate by the following equation:

Flow Rate [ml/min) = 2.4 x Shear Stress [dynes/cm’ (eq. B.1)

Remove the flow chamber by turning off the pump and releasing the quick connects.
Immediately open the flow chamber. Remove the coverslips by releasing the vacuum
and place them in a 12-well plate. Remove the polycarbonate sheets and place them in
the clamps for cell lysis (Figure C.8.5 and Figure C.8.6)
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&B -- H Roller Pump
yringe

Figure C.8.3: Diagram of the flow system. The flow chamber is connected by quick-connect valves.
These quick-connects can also be used to complete the circuit without the flow chamber and de-air
the system.

7) Clean up: The flow chamber and tubing may be cleaned by flushing with alcohol and
allowing to them dry at 37°C. They may be sterilized periodically by autoclaving. The
tubing and quick connects can be replaced as necessary. The upper reservoir can be
flushed with alcohol and dried. A 50 mL centrifuge tube can be used for the lower
reservoir and disposed of after the experiment. The entire system should be assembled
on an absorbent pad to catch spills and replaced as necessary.
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A. Top - 0.25" diameter holes, couter bored for socket head bolts
B. Tissue Culture Frame

C. Bottom - 0.196"diameter holes, tapped for A-20 screws (Tap drill 9)
D. Flow Plate Clamp Assembly

Material: Polycarbonate
Thickness: 3/8"
Tolerance: + 0.01"

Figure C.8.4: Schematic of the Flow Plate Clamps. The Tissue Culture Frame (Part B) is the only
part that makes contact with the culture surface and should be autoclaved before each use. The Top
and Bottom of the clamp (Parts A and C) will become brittle when they are autoclaved. They can be
sterilized by spraying them with alcohol and leaving them under UV for 15–30 minutes.
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Figure C.8.5: Schematic of the Coverslip Holder Attachment. The port of the front of the attachment
can be attached to a vacuum line, and the gasket will form a seal with the coverslip. The coverslip is
held securely in its shallow recess to prevent it from disrupting the laminar flow.
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C.9 Plasmid Transfection Protocol

Berkeley Orthopaedic Biomechanics Laboratory
Richmond Field Station

The University of California, Berkeley

Standard Operating Procedure

Plasmid Transfection

Creation Date: 15Aug05

Author: Wesley M. Jackson
Principal Investigator: Tony M. Keaveny

Summary:

Keywords:

Plasmids are short, circular strands of DNA that contain specific genes. This
protocol describes a method to insert plasmids into a cell culture, which is
called transfection. A transfection agent called Lipofectamine 2000 is used to
surround the DNA with a lipid structure that will enable it to enter the cell and
travel into the nucleus where it can be transcribed into mRNA. The
Lipofectamine and plasmid must be dissolved in OptiMEM separately, and
then the solutions can be combined to allow the lipid/DNA construct to form.
Once the cells have been treated with the plasmid, they will express the genes
on the plasmid within 24 hours.

There are two different types of transfection depending on how the DNA is
transcribed. Initially, the transcriptional machinery is recruited to whatever
promoter sequence appears on the plasmid, which is usually causes the cell to
over-express the gene. As the cells replicate, they recognize the plasmid
foreign DNA and degrade it. In a small percentage of the cells, a plasmid will
incorporate itself into the genome. Since the transfected gene is no longer in a
plasmid, the cell does not degrade it, and it will be replicated with the rest of
the genome and passed onto the daughter cells. These cells are stability
transfected. Most plasmids contain a gene for resistance to a specific
antibiotic, so the stability transfected cells can be selected for by treating the
cells with that antibiotic. When the surviving cells are subcultured, the entire
population of cells will express the transfected gene.

Cell Biology, Plamsid, Transfection, Over-Expression
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Materials: OptiMEM (Gibco)

2)

3)

4)

5)

Lipofectamine 2000 (Invitrogen)
DNase free 1.5 Centrifuge Tubes (VWR)
DNase free Micropipette Tips (VWR)

PROTOCOL

Determine the amount of OptiMEM, plasmid and Lipofectamine required for the
transfection according to the instructions from Invitrogen. Some optimization may be
required. (Transfection of the GFP-a-actinin plasmid was optimized with 2 pil of DNA
and 3.75 pull of Lipofectamine per well in a 12 well plate.)

Dissolve the Lipofectamine in OptiMEM
a. Pipette half the total volume of OptiMEM into a 1.5 mL centrifuge tube
b. Add the correct volume of Lipofectamine to the OptiMEM
c. Mix the solution by gently inverting the tube
d. Incubate the solution 5 minutes at room temperature

Dissolve the Plasmid in OptiMEM
a. Pipette half the total volume of OptiMEM into a 1.5 mL centrifuge tube
b. Add the correct volume of plasmid to the OptiMEM

Mix the Lipofectamine and plasmid
a. Transfer the OptiMEM/Lipofectamine solution to the tube containing the

OptiMEM/Plasmid solution
b. Mix the solution by gently inverting the tube
c. Incubate the solution 20 minutes at room temperature

Transfect the cells
a. Add the correct volume of the OptiMEM/Lipofectamine/plasmid solution to each

cell culture

b. Mix by gently rocking the culture vessel back and forth
c. Incubate at standard culture conditions for 24 hours
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C.10 AFM Mechanical Testing Protocol

Berkeley Orthopaedic Biomechanics Laboratory
Richmond Field Station

The University of California, Berkeley

Standard Operating Procedure

AFM Mechanical Testing Protocols

Creation Date: 29Sept04
Revision Date: 1Jul()5

Author: Wesley M. Jackson
Principal Investigator: Tony M. Keaveny

Summary:

Keywords:

The AFM may be used to measure whole-cell mechanical behavior. First, it is
necessary to glue microspheres to the tips of the AFM cantilevers to measure
the whole-cell mechanical response. Then, defection sensitivity must be
determined to correlate the deflection of cantilever at the microsphere with the
voltage measured on the cantilever. This protocol also provides a method to
measure the bending stiffness of the cantilever by detecting its natural
frequency. Finally, there is a method to measure the whole-cell mechanical
behavior. The cells are initially loaded to determine the trigger deflection that
will ensure a minimum of 600 nm of cellular deflection. The cells are loaded
12 times to that deflection, and the force v. deformation curve is determined
by truncating the loading curve to the first 500 nm of cellular deformation.
Other measurements of mechanical behavior may be determined with post
hoc analysis of the force v. deformation curves.

Cell Biology, Whole-Cell Mechanical Testing, Atomic Force Microscopy

Materials: Tipless V-Shaped Cantilevers (Veeco NanoProbe Tips, #NP-OW)
2-Ton Clear Weld Epoxy (ITW Performance Polymers, #47609-31345)
25 pum diameter microspheres (Duke Scientific Corp., #XPR-860)
Gel Pack Boxes
StaticMaster■ " (VWR, Needs to be replaced every 6 months)
Glass slides (VWR)
Forceps
Mechanical Testing Media:

CO2 Independent media (Gibco), 10% Fetal Bovine Serum (FBS,Gibco),
1% Pen/Strep (Gibco), 8.3% ddWater

70% alcohol Solution
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I. GLUING MICROSPHERESTO THE AFM CANTILEVERS

1) Break off cantilevers from wafer
a. Clean two microscope slides with alcohol
b. Tape one of the microscope slides to the lab bench
c. Place wafer on the slide so that one row of cantilevers hangs over the edge of the

slide (make sure the gold slide is face up) and press on the overhanging row of
cantilevers with a pair of forceps to break it off

d. Place the row of cantilevers on the slide w one cantilever hang over the edge and
press on it with a pair of forceps to break it off

e. Collect the cantilevers on the other glass slide by moving them with forceps

2) Correctly orient the cantilevers
Ensure the cantilevers are all gold side up (Figure C.10.1)
Place the slide with the cantilevers on the microscope
Turn on the halogen lamp and look at the cantilevers under the bright-field
Inspect the cantilevers for dust on the ends that may interfere with laser (Dusty
cantilevers may be cleaned by submerging them in water with forceps and gently
moving them side to side.)

e. Arrange the cantilevers so that the stiffer cantilevers (thicker) are oriented away
from you, and the less stiff (thinner) cantilevers are oriented toward you

Note: This convention will be used whenever cantilevers are used and stored to
ensure that they are always in position to be easily loaded onto the AFM head.

:

º Gold Layer & Cantilevers—7–

Figure C.10.1: Properly oriented cantilevers. The gold layer should face up, and the narrow side of
the cantilever should face the microscope slide.

3) Prepare the AFM
a. Turn on the AFM (Turn on the power conditioner and the monitors first. Once

the computer is booted and logged in, turn on the AFM)
b. Load the Bioscope IIIa program
c. Put the AFM in STM mode

4) Prepare a side with epoxy
a. Clean a microscope slide with alcohol
b. Squeeze epoxy components onto a piece of scratch paper and mix thoroughly
c. With a cotton Swab, wipe the epoxy lightly over the slide to make several streaks
d. Set the slide on the microscope stage

5) Prepare a slide with microspheres
a. Clean a microscope slide with alcohol
b. Shake the vial of microspheres
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c. Remove the lid from the vial and tap the lid on the glass to shake out a few
microspheres

d. Set the slide on the microscope stage

6) Load a cantilever onto the AFM head
a. Place the cantilever holder on the loading jig
b. Pick up a cantilever from the slide and position it onto the holder so that the less

stiff cantilevers are facing out
Position the clamp over the cantilever to hold it in place
Connect the cantilever holder onto the AFM head
Mount the AFM head on the AFM stage
It is not necessary to connect the electronics of the AFM head since the laser will
not be used for this protocol

:
7) Position the cantilever in the microscope field

a. Position the flexible lamp so that it reflects off the mirror on the AFM head and
into the field of the microscope

b. Rotate the nosepiece to engage the 20x objective
Focus the microscope on the cantilever

d. Position the AFM stage so that the tip of the cantilever is positioned at one of the
intersections of the lines in the optical grid of the eye piece (Figure C.10.2)

C.

Figure C.10.2: Alignment of the eye-piece grid with the cantilever. It may be necessary to only use
only the eyepiece with the grid to eliminate stereo effects and check the centering

8) Apply glue to the cantilever
a. Move the slide with epoxy under the AFM head and refocus the microscope on

the top of the slide and the glue
b. Move the stage around to find a small droplet of epoxy (look towards the end of

the streaks). The ideal droplet size has a diameter that is 10-25% of the length of
one grid in the eyepiece (10–25 pum). It should be far enough from any other
droplets so the cantilever will only engage one droplet at a time.

c. Position the droplet so that it is centered on the same intersection of the eyepiece
grid that the cantilever is centered on

d. Stay focused on the glue, and use the AFM software to move the cantilever
towards the slide

i. Select the “Engage” button from the
ii. Select the “Manual” button from the window the appears
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iii. Pressing the “Approach” button will start the AFM moving down towards
the surface

As the cantilever begins to come into focus, slow its movement by pressing the
“Approach” button intermittently
When the cantilever touches the glue, the droplet will spread on its surface. The
cantilever may also appear to turn red due to a change in the reflection of the
light.
Move the cantilever away from the surface by pressing the “Withdraw” button.
Begin moving away slowly by pressing it intermittently. As the glue begins to
dry, it will get tacky and the cantilever will stick. Slowly withdrawing the
cantilever will help prevent damage to the cantilever caused by it sticking to the
slide.

Once the cantilever is off the surface, refocus the microscope on the cantilever to
ensure that there is epoxy on its tip
Remove the slide with epoxy from under the AFM head

9) Glue a microsphere to the cantilever
d.

b.
C.

d

Move the slide with microspheres under the AFM head
Refocus the microscope on the top of the slide and the microspheres
Move the stage to find a microsphere on the slide
Position the microsphere so that it is centered on the same intersection of the
eyepiece grid that the cantilever is centered on
Stay focused on the microsphere, and press the “Approach” button to move that
cantilever towards the slide
As the cantilever begins to come into focus, it slow its movement by pressing the
“Approach” button intermittently
When the cantilever touches the microsphere, the cantilever will appear to turn
red by reflecting the light differently
Move the cantilever away from the surface by pressing the “Withdraw from
Surface” button.
Once the cantilever is off the surface, refocus the microscope on the cantilever to
ensure that there is a microsphere on its tip. The sphere should be centered near
the base of the intersection of the V (Figure C.10.3).
Note: The position of the microsphere is critical to the quality of the deflection
data. The laser must be positioned precisely over the microsphere. Positioning
the microsphere at the base of the intersection will allow the laser to be centered
where the sum on the diode will be maximized. Also, if the microsphere is not
along the centerline of the cantilever, the cantilever will twist as it bends, which
will affect the data since it reflects deformation of the cantilever that is not
included in the analysis of the deflection.
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Figure C.10.3: The optimal location of the microsphere on the cantilever. (A) It should be centered on
the symmetric axis of the cantilever, near the base of the intersection of the V. (B) The center of the
microsphere should be within the range defined by the dotted lines to ensure the quality of the data.

10) Reposition the microsphere on the cantilever
d.

b.
C.

d.

f.

If the microsphere is already correctly positioned, skip to step h).
Focus the microscope on the slide
Press the “Approach button” to lower the AMF head until the microsphere is
touching the slide
Switch the stage controller to “Slow” and move the stage to reposition the
microsphere until it is correctly positioned
Move the cantilever away from the surface by pressing the “Withdraw from
Surface” button and check that the microsphere has been repositioned. Repeat
this process if the microsphere is still not correctly aligned.
Remove the slide with the microspheres out from under the AFM head.

11) Remove the cantilever from the holder, place the cantilever in the a gel pack box so it is
properly oriented, and record the information regarding the cantilever

II. SETTING THE DEFLECTION SENSITIVITY

1) Turn on the pressure to the air table and ensure that the pressure regulator on the table is
60 PSI (Ensure that there are no obstructions preventing the table from rising on its air
bearings).

2) Turn on the AFM (power conditioner, monitors then AFM) and open the NanoScope III
software

3) Prepare the AFM Stage

: Place the acrylic box on the AFM stage
Clean a microscope slide with EtOH and place it on the stage
Wave the Static-MasterTM over the slide
With the NanoScope III software, ensure that the mount for the AFM head is
raised to near the top of its range of motion

i. Press the “Approach the surface” button in the toolbar
ii. Press the “Withdraw” button 2-3 times
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4) Position the cantilever in the holder
a. Place the correctly oriented cantilever in the holder (may be the wet or dry holder,

depending on the type of experiment to be performed)
Place the cantilever holder onto the AFM head
Wave the Static-MasterTM over the cantilever
Mount the AFM head onto the stage
Place the Static-Master" on the stage so that it is pointing at the cantilever

:
5) Position the laser on the cantilever

a. Use the focusing knobs of the microscope to move the focal plane all the way to
the top (Turn the top of the knobs toward you)

b. Put the AFM into “STM” mode (the AFM head will not approach in contact mode
unless the sum is greater than 1)
Press the “Approach” button until the cantilever comes into focus
Put the AFM back into “Contact” mode

e. Using the positioning knobs on the side of the AFM head, move the laser so that it
is just below the centerline of the cantilever

f. Position the laser along the length of the cantilever until it is aligned vertically
with the microsphere

g. Move the laser towards the centerline of the cantilever while watching the sum on
the detectors. Position the laser in the direction to yield the greatest sum

h. Check to ensure that the laser is actually reflecting off the cantilever near the
center of the microsphere

Note: The AFM is most sensitive to the position of the laser along the length of the
cantilever. It must be directly over the microsphere in this direction to ensure that
the deflection of the cantilever is equal to the deflection of the material being probed.
Assuming that the microsphere is correctly positioned so as to minimize cantilever
twisting, misalignments of the laser and microsphere across the centerline of the
cantilever should be negligible. Therefore, across the centerline of the cantilever, the
laser should be positioned so that it will maximize the sum on the detectors.

i

6) Position the mirrors to align the laser reflection on the detector
a. The mirrors are positioned using the knobs on the top of the AFM head
b. Use the schematic of the mirrors in the Nanascope program to determine where

the laser is being reflected on the detector
c. Align the laser along the vertical line of the detector (~ 0.0 V)
d. Align the laser just below the horizontal line of the detector (~ -2.0 V)
e. Ensure that the deflection setpoint is at 0 V
Note: The deflection set-point is the vertical deflection value that the AFM measures
zero deflection. As the cantilever approaches the surface, a minimum amount of
deflection is necessary for the software to recognize when the tip has reached the
surface. The difference between the vertical alignment of the laser on the detector
and the deflection set-point needs to be high enough that the software can distinguish
between actual contact and variations (electrostatic, thermal, etc.) that may be
interpreted as contact by the software. This difference also needs to be small enough
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that the set-point voltage is not far away from the center of the detector where it is
most sensitive. The set-point is usually set 0.5-2 V above the vertical position of the
laser on the detector.

Also Note: The “Aux A" channel on the Signal Axis Module (Breakout Box) must be
switched to “Output.” The friction channel must be active, or the mirrors cannon be
correctly aligned (The laser reflection will only move diagonally across the detector).
Approach the surface and reposition the mirrors

f. Refocus the microscope so that the focal plane is very close to the surface of the
microscope slide

i. First, focus on the top surface of the microscope slide
ii. Ensure that the slide is clean and reposition if necessary

iii. Then move the focal plane away from the surface by rotating the fine a
focusing knob one turn

g. Move the cantilever into the focal plane
h. Tap the “Approach” button until the vertical position of the laser approaches the

top of the detector or disappears
-

i. Tap the “Withdraw” button until the vertical position of the laser returns below
0.0 V (The cantilever is just above, but not touching, the surface)

j. Reposition the reflection of the laser on the detector horizontally to ~ 0.0 V and
vertically to ~ -1.5 V

Note: As the cantilever approaches the surface, the laser reflection may change.
Closer to the surface, the laser may reflect off the glass so that it reaches the detector.
Repositioning the mirrors can account for this reflection. Also, as the cantilever is
very close to, but not touching the surface, the vertical position of the laser will
increase as the microsphere is repelled from the surface and slightly deforms the
cantilever. By realigning the mirrors while the cantilever is being deflected by static
charge, it is possible to correct for the contribution of the cantilever deflection due to
electrostatic charge. This will help the AFM to correctly detect the surface by
reducing effect of electrostatic charge to cause the software to prematurely detect the
surface.

7) Approach the surface with the cantilever
a. On the Signal Axis Module (Breakout Box) switch the “Aux A” channel to

“Input” (This will provide the unfiltered deflection data in the Friction Channel)
b. Set the Imaging parameters

i. Scan Size: 25 pum
ii. Scan Rate: 1 Hz

iii. Samples per Line: 512
iv. Lines: 64
v. Slow Scan Axis: Enabled

Press the “Approach the Surface” button from the toolbar
Press the “Manual” button

e. Press the “Ok” Button (The AFM head will ratchet down until it detects that the
cantilever is touching the surface)

i
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f. Determine whether the cantilever is actually touching the surface
1.

ii.

iii.

The image should be uniformly gray (detecting relatively little change in
height on the slide)
The laser reflection in the window should be steady and not jumping
around
The z-center position should be steady and not jumping around

g. If the three conditions above are met, then there are no electrostatic interactions
interfering with the measurement. The cantilever may be in contact with the
surface, so it is possible to proceed to the next step. If the above conditions are
not met, wait to see if the charge is dissipated after a few scans. It may be
necessary to remove the cantilever and use the StaticMaster on the glass and
microsphere to reduce the amount of charge on the surfaces.

8) Adjust the z-center position of the Piezo
a. Ensure that the voltage of the piezo is ~ -2.0 V
b. Adjust the position of the head to move the piezo voltage near the center of its

range if necessary
1.

ii.
iii.
iv.

V.

Select Motor -> Step Motor from the menu bar
Select the increment to 0.5 pum to move large distances > 20 V
Select the increment to 0.1 pum to move smaller distances < 20 V
Select “Tip Up” to decrease the piezo voltage
Select “Tip Down” to increase the piezo voltage

Note: At small step increments, it may be necessary to press the button several
times before the gears in the motor have engaged and the head begins to move

c. If the z-center begins to jump around while it is being centered, repeat steps 7 and
8, but set the scan size to 0.01 nm, and disable the slow scan axis before adjusting
Z-Center.

Note: The z-center is the average voltage of the piezo for all the samples along each
line. In imaging mode, the deflection of the cantilever is kept constant with a
feedback loop that changes the height of the piezo by altering the voltage. For a
surface as flat as the glass slide, the cantilever should not deflect very much so the
voltage of the piezo should remain relatively constant. The piezo is most sensitive
when the voltage is near zero, so it is preferable to adjust the height of the AFM head
so that the average height of the piezo is reached by providing it with a voltage close
to zero. Electrostatics will cause the z-center to jump around because it causes rapid
changes to the deflection of the cantilever that result in rapid changes to the height of
the piezo (the charge creates a false topography). This effect may self correct as the
feedback loop will dampen itself out over time and steady the z-center.

9) Put the AFM into force mode
a. Select View -> Force Mode -> Advanced from the menu bar
b. Select “Friction” in channel one (this is the unfiltered deflection data)
c. Ensure that the z-center is near the middle of the piezo range (Use the step motor

to move the z-center if necessary)
Note: The bar to the right of the force plot represents the range of the piezo's motion
in the z-direction. The blue line represents the voltage at z-center, which should be
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the height of the piezo when the cantilever first makes contact with the surface. The
z-center should be close to zero to ensure the data is taken in the most sensitive range
of the piezo. The white lines represent the top and bottom of the loading ramp.

10) Determine whether the cantilever is making contact with the surface
a. Set the Force Mode parameters

i. Ramp size: 2.0 pum
ii. Adjust z-start so that the loading ramp includes the z-center

b. Press the “Load once” button on the toolbar
c. Look at the force trace

i. The trace should look like Figure C.10.4

8 — Loading

`s –– Unloading

z-position
Figure C.10.4: The force trace when the cantilever contacts a rigid surface. The unloading curve dips
below the initial point of contact because van der Waals interactions between the microsphere and
the surface cause the cantilever to adhere to the glass

ii. If the cantilever is not touching the surface, the trace will look like Figure
C. 10.5

8 – Loading
–– Unloading

—l

z-position
Figure C.10.5: The force trace when the cantilever does not contact a surface. The cantilever
deflection is constant at zero.

iii. If the cantilever is stuck to the surface with static charge, the trace will
look like Figure C.10.6.
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8 – Loading
–– Unloading

z-position
Figure C.10.6: The force trace when the cantilever is stuck to the surface. The cantilever deflection is
constantly at the minimum value due to large negative deflections.

iv. If the trace does not look like the first example, repeat the steps 7–10
v. If the trace does not look like any of these examples, it is likely that there

is electrostatic interference. Use the StaticMaster to reduce the surface
charge.

11) Fine tune the force trace
a. Press the “Repeated Loading” button on the toolbar
b. Change the ramp size to 0.5 pum
c. Lower the “Z-Start” by 1.5 pum
d. Adjust the “Ramp Size” and “Z-Start” parameters to generate a trace such that the

deformation begins ~250 nm from the end of the trace and the an der Waals
interaction releases the cantilever from the surface within 500 nm from the end of
the trace (Figure C.10.7)

— Loading
–– Unloading

z-position
Figure C.10.7: The optimal force trace for determining the deflection sensitivity. The ramp size is 500
pum, and contact occurs when the z-position is approximately 250 pum.

e. If unloading and loading curve do not overlap, this is called “looping”
(Figure C.10.8)

-

— Loading
–– Unloading

z-position
Figure C.10.8: A force trace that is “looping". This is caused by the microsphere sliding along the
glass as the cantilever deflects and can be minimized by adjusting how the cantilever is rotated by the
piezo as it moves along the z-axis.
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f. To make the loading and loading curves overlapped, vary the “x-rotation” value
(the optimal value is usually between 20°-25")

Note: When the loading and unloading curves do not overlap, it is caused by sliding
of the microsphere along the surface of the glass as the cantilever deflects. To
account for this slippage, the one side of the piezo moves faster than the other over
the loading ramp. As a result, the cantilever rotates as it travels in the z-direction in
such a way that it that prevents the microsphere from slipping. The “x-rotation” is
the amount of cantilever rotation over the distance the piezo moves in the “z-
direction.”

12) Save three force traces
a. Select Capture -> Capture Filename
b. Press the “Capture Once” button three times (wait at least 1 second between each)
c. Ensure that three files were actually taken by making sure the current file number

is *.003 (or *.006 on the repeat)

13) Disengage by pressing “Withdraw from Surface” button and repeat steps 7-12. DO
NOT CHANGE THE POSITION OF THE LASER

14) Analyze the force traces to determine the deflection sensitivity
Press the “Imaging Mode” button from the toolbar
Press the “Offline Analysis Mode” button from the toolbar
Open the first file (*.000) from the file library window
Select View -> Graph from the menu bar and select “Sensitivity” on the graph
Move the triangles along the force trace to define the slope of the contact curve
(Figure C.10.9)

i. Position the first triangle so that it is ~ 25 nm from the point of contact
Note: If the loading and unloading curves are not overlapping at the point
of contact, place the triangle 25 nm from the point where curves begin to

:
overlap

ii. Position the second triangle so that it is ~50 nm to the left of the first
triangle:

8 — Loading
–– Unloading

-

T--~ |

z-position
Figure C.10.9: Analyzing the deflection sensitivity. The correlation between the cantilever deflection
and piezo voltage is determined between the two arrowheads.

f. Record the “Friction Sensitivity” (This is the unfiltered deflection sensitivity)
g. Repeat for each force trace file
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III. CALIBRATING THE CANTILEVER SPRING CONSTANT

1) Determine the unfiltered Deflection Sensitivity. DO NOT REPOSITION THE LASER
AFTER DETERMINING THE SENSITIVITY

2) False engage the cantilever
d.

b.

C.

Ensure that on the Signal Access Module, “Aux A” is set to “input”
Set the following parameters in imaging mode

Scan Size: 0.01 nm
Scan Rate: 61 Hz
Samples per Line: 512
Lines: 512
Deflection Setpoint: 0 V
Channel 1: Friction (unfiltered Deflection data)
Realtime Planefit: None
Offline Planefit: None

Initiate scanning in air
i. Press the “Approach the Surface” button from the toolbar

ii. Select “Manual,” then select “Ok”
iii. Press Control-F once the motor starts to perform a false engage

3) Start collecting data
d.

b.
C.

d. Collect 21 files. Remain silent during data collection (this step is very sensitive to

C.

f.

Ensure that the acrylic box is on the AFM stage
Select Capture -> Change Filename from the menu bar
Select Capture -> Capture Continuous from the menu bar

acoustic noise) and collect data until the current file reads “021”
Record the temperature while the data is being collected
Press the Withdraw from the Surface” button

4) Repeat the stiffness measurement two more times (Including the measurement of the
deflection sensitivity). Between each repeat, remove the cantilever holder from the AFM
head, and without actually removing the cantilever, reposition it slightly to change the
Deflection Sensitivite. Replace the cantilever holder back on the AFM head and repeat
steps 1-3.

5) Determine the cantilever spring constant
d.

b.
C.

Close the NanoScope III program (the program does complete the data files until
the program is closed) and open Matlab.
Run kcal/2.m
Ensure that there were no systematic changes in spring constant as a function of
data file number and record the data output from the program:

Troubleshooting the cantilever stiffness calibration:
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The Matlab program kcal2.m requires an estimate of the resonate frequency peak in order to fit
the plot. If these estimates are not close to the actual values, the fit does not converge on the
data. Also, may be another peak derived from noise that interferes with the fit for the natural
frequency peak (this peak will be sharper than the natural frequency peak). It may be necessary
to vary the parameters of the estimate before the program can fit the data. The following steps
describe how this can be done for a 25 pum microsphere. (The process is identical for other
microsphere sizes, but the line references will be different). Line 141 contains the initial
estimates for the Lorentz fit in the array X0 with the parameters in the following order: [height,
width, natural frequency, y-offset]. Not all of these troubleshooting steps may be necessary to
ensure that kcal2.m can properly fit the data.

1) Look at the Power Spectral Density plot.
a.

b.

Ensure that there is a natural frequency peak. If there isn't one, it may be
necessary to repeat the calibration.
Look for any other peaks near the natural frequency peak that may interfere with
the Lorentz fit.
Make estimates of the natural frequency, height of the natural frequency peak and
the width of the natural frequency peak at half height.

2) Adjust the estimate of the natural frequency by changing the parameters in the array X0

3) If another peak is interfering with the peak, adjust the boundaries of the fit on lines 139
and 140 to exclude any other peaks. The boundaries should remain approximately 5000
Hz apart to allow the fit to work.

IV. WHOLE-CELL MECHANICAL TESTING

1) Turn on the air table

2) Load the cantilever into the liquid holder. Fluid may be drawn up the holes of the liquid
holder and short out the piezo. It is critical that the holder be kept as dry as possible to
minimize the likelihood of fluid damage.

3) Determine the deflection sensitivity of the cantilever in liquid
a.

b
C.

d

C.

Place a large drop of PBS on a clean glass slide
. Place the AFM head back on the stage

Gently lower the cantilever into the drop.
. If a bubble forms between the cantilver and the holder, remove the cantilever, blot

it dry with a Kemwipe, and try again.
Once the cantilever is seated in the PBS, determine the Deflection Sensitivity,
remove the AFM head from the stage

Note: Be sure that the z-center position remains close to zero at all times while the
cantilever is in the fluid. As the z-center moves to the top or bottom, the voltage
required becomes very large (more than 2007), and increases the likelihood of
shorting out the piezo. It is important to use the modified parameters when engaging
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the surface to avoid the need for high voltages to make the piezo reach a large scan
size. This will decrease the likelihood of shorting out the piezo.

4) Place the acrylic box on the stage and turn on the stage heater
a. Turn on the controller box
b. Set the heater range to high
c. Ensure the set point is at 39°C

5) Place a petri dish with media or PBS on the AFM stage and turn on the vacuum (Ensure
that the vacuum pump is not transferring any vibrational noise to the isolation table).

6) Place the AFM head back onto the stage
a. Gently lower the cantilever into the drop.
b. If necessary, put the AFM in STM mode, and manually advance the head until the

cantilever has entered the drop.
c. If a bubble forms between the cantilver and the holder, remove the cantilever, blot

it dry with a Kemwipe, and try again.
d. Move the stage so the center of the microsphere is aligned with an intersection of

the eyepiece grid
e. Wait 20 minutes for the temperature of the media and the cantilever to equilibrate,

then replace the petri dish with one containing the cells

7) Set up the Advanced Force mode
a. While the cantilever is still disengaged, open the Advanced Force Mode view
b. Change the Capture Filename
c. Set the loading parameters

i. Ramp size: 2.000 pum
ii. Scan rate: 1 Hz

iii. Auto Start: Disabled
d. Change the view back to imaging mode

8) Engage the cantilever on a cell
a position a cell under the cantilever using the eyepiece grid
b. Set the following parameters:

i. Deflection Setpoint: ~0.5V
ii. Scan Size: 0.01 nm

iii. Scan Rate: 1 Hz
iv. Slow Scan Axis: Disable

Select Manual Engage
Set the focal plane of the microscope slightly above the cells
Advance the cantilever until it comes into focus
Press “OK”
When the cantilever engages the cell use the step motor to set the z-center to 25V
Change to the Advance Force Mode view

i
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9) Determine the correct trigger deflection
a. Press the “Load Once” button
b. Observe the loading curve to make sure there is at least 500 nm of deflection

(Figure C.10.10). If there is not enough deflection, adjust the step motor to
increase the cantilever defection. (If the shape of the curve is not appropriate,
disengage, reposition the cell, and re-engage)

- Loading
-- Unloading

z-postion

Figure C.10.10: Force trace of a loaded cell. The cantilever begins to defect on the cell when the z
position is approximately 1 um. There should be at least 500 nm of cantilever defection.

c. If the loading curves are reasonable capture three loading curves
i. Press “Load Continuous”

ii. Allow 2 cycles for preconditioning
iii. Press “Capture” three times to capture cycles 3-5
iv. Press “Stop Loading”

d. Open MATLAB and run afm inital.m and record the trigger deflection output

10) Set up the trigger deflection
a. In the “Scan Mode” control box, input the following parameters:

i. Trigger Mode: Relative
ii. Trigger Channel: Deflection

iii. Trigger Thresholds: Value output in step 9
b. Input the following parameters the “Main Controls” Box

i. Scan Size: 2 pum
ii. Scan Rate: 1 Hz

c. Change the capture filename

11) Cyclic load the cells
a. Select “Capture Continuous”
b. Press “Load Continuous”
c. Withdraw the cantilever after the current file is at 012

12) Check the loading curves
a. Run afm-initial.m on the files
b. If all curves reach at least 500 nm deflection, repeat the process on another cell
c. If any the curves reach failed to reach 500 nm deflection, repeat the measurement
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