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A B STRACT

Mechanical stimulation has been shown to play an imponant role in the regulation

and maintenance of bone cell phenotype. The equilibrium between strain-induced

mechanisms is critical for determining the behavior of bone cells. Hence, an

understanding of strain at the cellulü level, including strain t¡ansduction events into

cellula¡ function is of crucial imponance in bone related physiological processes. The aim

of this work was to study the effects of strain on: l) signal transduction pathways, 2)

behavior of cytoskeletal proteins and 3) regulation of integrin subunit proteins in bone

cells in vitro. To study these srain-induced mechanisms of bone cell regulation, we have

used the Flexercell System apparatus. This system is capable of controlling strain

parameters delivered to the cells tluough deformation of the cell-substrate relationship.

During the course of this study, rat and human bone cells were intermittently

strained for different periods of time, and unstrained cells were used as cont¡ols.

Preliminary observations confi.rmed that strain at the cellula¡ level by demonstrating the

ability of the Flexercell apparatus to effectively change cell shape and "fooçrint" area.

SigraJing transduction pathways in stimulated cells indicated that the phosphatydilinositol

pathway responds much quickly, contrary to what was originally regarded as a oAMP-

regulated response. Vy'e suggested that this pathway may be more useful in transducing

mechanical signals inracellularly. The role of the cytoskeleton in ou¡ studies has indicated

that strain plays an active role in the rearrangement of focal contact protein relationships.

Increases in strain-induced vinculin and talin synthesis and thei¡ immunolocalization

distribution changes appeared to indicate that a primary response to strain may lay in an

augmentation of focal contact plaques, thus increasing cell-subsrrate attachment.

Rearrangement of actin miøofilaments and vimentin intemrediate filaments also suggested

an active role of the cytoskeleton in strain-mediated bone response. Finally, activation of

strain pathways could be partly explained by the selective stimulation of integrin subunir

receptor proteins. As a result of some of these studies, a model for srain-induced

response in bone cells has been proposed
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General Introduction



GENERAL INTRoDUcTIoN

Mechanical stimulation applied to the skeleton partly determines the metabolic

response of bone cells. Discrete and large adaptations of osteoprogenito¡ cells and/or

osteoblasts to physiological usage are responsible for overall homeostasis of the skeleton.

Studlng the effects of mechanical strain in living tissue is a means of investigating the well

known concept "function dictates form", also known as Wölff 's Law (Wölffl 1892). First

described by Wölff, this concept of mechanical function correlated to bone adaptation

postulates that form and function of bone will depend on changes of its intemal a¡chitecture

according to self-o¡dered mathematical rules @ubin and Hausman, 1988). Since then such

changes have been accepted as physiological modifications; meaning that mechanical srrain

may be responsible for remodeling changes in bone strucrure due to function.

Modifications in bone a¡chitectue or bone remodeling are thought to be continually

influenced by the level and distribution of functional strains generated within the bone

(Rubin, 1984; Rubin and Lanyon, 1985; Frost, 1988; Rubin and Hausman, 1988; Frost,

1990; Lanyon, 1991). This applies to specific morphologic variations that are present in

different areas of the body, and the degree in bone formation is dependent on the load

bearing characteristics of each area. Thus, the morphology of diffe¡ent skeletal

components seems to be continuously under load tension.

The general overall strain applied to the skeleton has some morphologic directives

or derivations, such as bending moments (Rubin, 1984) degree of bone curvatu¡e @ubin er

a|,,1990) and behavior modifications such as gait (Rubin and Lanyon, 1982; Rubin ¿¡ ¿/.,

1990). In addition, mo¡phologic aspects of bone such as bone curvature seem to

accentuate the skeletal strain. It appears, however, that minimization of sfain is not ideal

fo¡ bone adaptation (Rubin et a/., 1990), but a resultant form of srain or a cell responsive

strain frequency. Consequently, if the cells are i¡deed more sensitive to a specific strain

frequency, the remodeling process would primarily depend on changes of stimulation from

the same a¡ea,



Changes in bone architecn¡re a¡e attributed to three mechanisms: growth, modeli¡g

and remodeling (F¡ost, 1988). It appears that these mechanisms respond to mechanical

usage, however, little is k¡own about how they do it. As bone is loaded, the minimum

expected threshold for adaptive changes determi¡es which mechanism will take place.

Such observations describe the changes in volume and a¡ea of bone. Three main

pa¡ameters a¡e present in bone stimulation: magritude, frequency and periodicity of the

applied force or load. However, force application within bone tissue is characterized by the

phenomenon of st¡ain, defined as deformation per unit of original a¡ea. Earlier studies

suggested that the quantity of new bone formation is directly proponional to strain applied

to the tissue (Langrot et al., 1969; Hert et al., 1971; O'Connor et al., Lg82). Although

several studies have reported that an increase in functional activity will lead to an increase i¡
bone mass (Chamay and Tschantz, 1972; Goodship et al., L979: Lanyon et al., 1982;

Lanyon, 1987; Rubin and Hausman, 1988), bone architectural changes do not generally

seem to be associated with a¡eas of highest strains, o¡ peak strains (Rubin e¡ al., 1990;

Brown et al., 1990). However, it has been observed that minimum underloading strains

caused remodeling changes, while overloading caused modeling adaptation (Frost, 1986;

F¡ost, 1988). Cellula¡ processes for bone adaptation also appear to be "satu¡ated" at

relatively low levels of strain (Rubin and Lanyon, 1985; Lanyon, l99l). Consequently,

there may be a strain derivative in the cells to determine a range of stimulation to which the

cells may respond and establish a continuation of the message. Rubin and Hausman

(1988) have suggested that this range or "frequency" would be transmitted to the

canalicular system to which bone cell memb¡anes are susceptible, in the form of low pulse

fluid fluxes. In fact it appears that a maximum response can be triggered by a relatively

short "osteogenic" stimulation rather than a repetitive cumulative stimulus (Rubin and

Hausman, 1988; Mclæod et al.,1990; Gordon, 1991).

The nature of applied strain in biological systems has been primarily divided into

continuous and intermittent. Application of static loads does not elicit significant response



(KJein-Nullend et al.,7986; Rubin ¿¡ ¿/., 1990), and in some cases rhese loads are ignored

as a stimulus (Rubin and Hausman, 1988; Rubin et al., 1990; B¡own e, al., 1991). The

optimal cell response appears to be favored by an intermittent rather than continuous

mechanics (Lanyon etal., 1986;Yen et al., 1989; Rubin etal., 1990; Lanyon, 1991). In

contrast, normal a¡chitectural changes in bone tissue appear to be continuous in character,

and in spite of activation by biomechanical stimulation (i.e. baseline g¡o\rth), mechanical

usage induces an intemrpted response as the tissue is stimulated. Incidently there seems to

be a dual behavior in which the tissue may or may not respond to mechanical usage, and

when in fact a response occurs it may proceed at variable rates (Frost, 1988). Even

though, this could be partly explained by the fact that values of srain under th¡eshold levels

do not seem to elicit a response (Frost, 1986), bone cell recognition of the stimulus a¡d

response to "no¡mal" functional usage is critical to basic processes of bone tissue

adaptation, However, molecula¡ mechanisms of cell response to mechanical strain are

poorly understood. Studies on parameters of bone adaptation that are mostly influenced by

mechanical strain and those of st¡ain-induced signal transduction mechanisms are

invaluable to understanding the relationship between function and cellular response.

There are a variety of sensory functions such as touch, hearing, barorecepdon,

proprioception and gravity sensation which function as input to modify the range of

unconscious smooth and coordinated motion (Wang et al., 1993). Some of the

mechanisms underlying these phenomena may possibly involve di¡ect matrix-cell and cell-

cell stimulation by mechanical sÍain via specialized mechanical transduction mechanisms.

To assume that mechanical strain messages a¡e transmined to cells, some mechanism must

convert these mechanical messages into signals to which cells can perceive and respond. It

is likely though, that several different "transducers" may be present and some may

potentiate or inhibit the others. To date the best characterized receptor-activated signal

Eansducers are the adenylate cyclase and phosphatidylinositol pathways.



Adenylate cyclase pathway through G-protein regulation (guanine nucleotide

binding protein) is involved in several second messenger responses. This pathway is

responsible for production of cyclic adenosine monophosphate (cAMP) which acts in a

variety of biological processes. According to Mills er a/. (190) the repetitive deformation

of the cell membrane by mechanical stimulation may affect adenylate cyclase and,/or G-

proteins directly. This system may also be a modulator of cell growth (Letsou et al., 1990)

and in osteoblasts may be potentiated by prostaglandins (81 and Ez) and pa¡arhy¡oid

hormone (PTH) (Binderman et al., 1988; Sandy et al., 1989a; Sandy er al., 1991). ln a

simila¡ fashion, the guanylate cyclase pathway produces cyclic guanosine monophosphate

(oGMP), but its function remains unclear (Boume et a1.,7989). The phosphatidylinositol

(PI) pathway is also a G-protein dependent pathway. Enzymes such as phospholipase C

(PLC) and phospholipase A2 (PLA2) are important for PI degradation. Phospholipase C

acts primarily on phosphatidylinositol-4,5 bisphosphate (PIP) to generare inositol- 1,4,5

trisphosphate (IPÐ a¡d diacylglycerol (DG). IP3 can mobilize intracellular Ca2+ while DG

can activate protein kinase C (PKC) (Jones and Schlübbers, 1987; Jones et al., 1991;

Sumpio, 1991). In addition, the IP3 pathway may provide Ca2* for the stimularion of

PLA2. The action of the latter causes hydrolysis of a¡achidonic acid which is a precursor of

a variety of eicosanoid mediato¡s which may regulate cellular response (Sumpio, 1991).

Second messenge¡ molecules such as ttre cyclic nucleotides, cAMP and cGMP have

long been considered as primary signaling molecules (White er a/., 1969; Rod,an et al.,

1975). These "messengers" have been suggested to convert memb¡ane stimulation into

cellnlar activity (Ha¡dman and Sutherland, 1969; Rod¿n et a1.,1975). Since the regulation

of their activity ¡eflects enhanced cellular metabolism (White et al., 1969; Hardman and

Sutherland, 1969; Rubin a¡d Hausman, 1988; Burger et al., 1992), thei¡ concentration

might panicipate in the mechanical srain-induced cell response. However, studies suggest

that cyclic nucleotides are not the primary mediator to respond and activate cellular response

(Jones and Schlübbers, 1987; Sandy et al., 1989b; Jones ¿t al., 1991). Despite their



intraceilula¡ activity, their ubiquitous distribution may not be indicative that a particular

response is taking place, rather than an ove¡all increase in cellular activity. Jones and

Schlübbe¡s (1987) suggested that the PI pathway, through PLC and PKC, may be

activated by mechanical strain prior to any changes in cyclic nucleotides (Iones et a1.,1991;

Sandy er al., L993), Furthermore, PLC-dependent IP3 increase has been reponed in

endothelial cells exposed to shea¡ stresses (Nollen et a/., 1990) and the cycle PI-PLC-PKC

has also been shown to stimulate prosøglandin synthesis (Iones et a1.,1991). IP3 as well

as its counterpart DG, acts not only as second messenger but also as an intermediate for

many different cellular cycles (Sumpio, 1991; Sandy et al., 1993). In any case, the

mechanism by which mechanical stimulation activates cellula¡ metabolism appears to be

initiated by a deformation of the plasma memb¡ane which takes place prior to a secondary

activator o¡ "messenger" of cellular response.

Potential to respond to cell memb,¡ane deforrnation appears to be a characteristic of

cells subjected to mechanical constraints, independently of the type of stimulation.

Assuming that ùe receptor-activated cell response has a chemical component in the form of

second messengers, one may hypothesize that the process of srain tra¡sduction may reside

in both a chemical and a physical mechanism. Since any form of second messenger

response appears to take place downstream of this initiation of cell activation, the question

a¡ises as to what component is the real transducer of strain.

There is some evidence for the presence of specialized channels called mecha¡o-

transducen (Guharay and Sachs, 1984). In fact a role for these components in controlling

cell division has been reported in oocytes (Yang and Sachs, 1987). When compared to

other similar transduction mechanisms, the idea of these channels refers to a specific

sensory system which potentiates extracellula¡ stimulation as usable energy (Sachs, 1988).

The latter can be seen clearly in cells such as those of the vestibular system of the inner ea¡

(Bialek, 1987). These cells, capable of detecting minimal physical energy, are specialized

epithelial cells or hair cells containing tufts of mechanically sensitive cilia (Ding et al.,



1991). If mechano-transducers in fact exist, they might behave as stretch activated

channels, There are reports that ion membra¡e channels behave as strain-sensitive cha¡nels

(Guharey and Sachs, 1984; Lansman et al., 1987 Jones e¡ al., 7991; Davidson, 1993).

Sachs (1988) classified ion channels into th¡ee distinct categories based on Íhe dominanr

source of energy for gating: voltage-sensitive, ligand-sensitive and tension-sensitive

channels. Some of the evidence that the so-called mechano-transducers are in fact

responsive to strain, comes from patch-clamp experiments, which demonstrated that in

long periods of activity the only possible source of energy to open the channels is the

sretch derived from membrane strain (Guharey and Sachs, 1984; Sachs, 1988; Sokabe er

al., 1991; Davies, 1991; Sigurdson et al., L993; Yang and Sachs, 1993).

Since Rodan et al. (197 5) have demonstrated that mecha¡ical strain stimulated not

only second messenger systems, but also the movement of relatively impermeable cations

such as Ca*2 and K* through bone cell membrane, there have been a number of studies

showing the presence of so-called mechanotransducer channels. Channels sensitive to K+

have been demonstrated in endothelial cells (Davies, 1991), astrocytes (Bowman er ø/.,

1992), myocytes (Bustamante et al., 7991; Ruknudin et al., 1993) and osteoblasts (Jones

et al., 7991: Ypey et al., 1992; Davidson, 1993). Ir seems rhat these channels control the

t¡ansmembrane flux of K+ ions as a function of shea¡ strain @avies, 1991) and may also

represent an adaptation of strain associated with mechanical loading (Davidson, 1993). In

addition, changes in extracellula¡ Ca2+ concentration have been shown to modulate

behavior of stretch-activated cha¡nels (Cooper et al., 1986). The latter seems due to a

partial blockage of Ca2* in Na+ and K+ binding (Sachs, 1988; Ruknudin et al., 1993).

Although, there is some evidence that Ca2* concentration increases intracellularly before

charges in other signaling pathways (Jones et a1.,1991, Sigurdson et al., 1993; Arora a¡d

McCulloch, 1994), Ca2+ alone may nor consritute a distinct signaling mechanism (Guharey

and Sachs, 1985; Wi¡z and Dobbs, 1990; Charles etal., l99ll Jones ¿r a/., 1991). For

instance, mechanical saain has been shown to increæe ion permeabilty through membrane



deformation (Sigurdson and Morris, 1987; Sigurdson et a1.,1992; Sachs, 1988; Davidson,

1993; Ruknudin et al., 1993; Sigurdson et al., L993; Bell and Holmes, 1994), even though

intracellular communication does not require an increase in ca2+ concentration (charles er

al., l99l). Mechanically-induced Ca2* flux may also be regulated by Ip3 and tyrosine

kinase signaling mechanisms (Cha¡les et al., 1997; A¡ora and McCulloch, 1993), as most

of the intracellula¡ Ca2* is ¡eleased by IP3 from intracellula¡ stores after mechanical strain

(Charles et al., 1991). IP3 is also important in cell-cell signaling through gap junctions

(Sanderson et al., 1990; Charles et al., 1991; Schirrmachet et al., 1992). ç72*, however,

night be considered as a second messenger in helping maintain the channels in an open

state, simila¡ to CGMP inactivation of Na+ channels in light activated rod retinal cells

(Bourne et al., 1989). Be that as it may, the concentration of Ca2*, Na+ and K+ seems to

undoubtedly influence channel behavior. changes in intercellula¡ Na+ concentration may

lead to the key stimulation for stretch cha¡nels in cases of skeletal and ca¡diac muscle

hypertrophy (Vandenburgh and Kaufman, 1979; Vandenburgh and Kaufman, 1981;

Sachs, 1988; Bustamante et al.,7991).

The idea of channels as mechano-transducèrs is appealing. However, as Cooper er

a/. (1986) pointed out, channel conductance seems to be independent of membrane tension,

which would exclude the possibility of a direct mecha¡ical stimulation of the channel,

forcing it to open. On the other hand, some degree of pressure may be present by changes

in ion flow (sachs, 1988). considering the mechanical strain-induced memb¡ane tension

in cells from tissues like bone and muscle, the activity of the so-called mechanom¡rsducers

may indeed panicipate on the processes of srain transduction. However, in spite of any

Iinkage between memb¡ane tension and strai¡-sensitive channels, the assumption that

st¡etch-channels are entirely responsible for strain transduction is at best, premature.

Sokabe e¡ ¿/. (1991) indicated that channel activity can be measu¡ed as a function of the

proportionality between pressure and tension (Sokabe er a1.,1991). While this relationship

has been described as in the case of an elastic model (Sachs, 1989 for a review) there is no



data available on the direct measurement of such tension. Thus, there a¡e few conclusive

results to show which biological processes may be regulated by any stretch-activated ion

changes (Watson, 1991). Studies have suggested that the patch-clamping technique may

enhance cell permeability, producing stretch-activated channels measu¡able as afifacts

(Morris and Horn, 1991). However, an absence of inducible Ca2* flux in mechanically

stimulated cells without such cha¡nels suggests that ion permeability constitutes a specif,ic

response to strain (Sigurdson et al., 1992). Notwithstanding the merits of stretch-

channels, addiúonal work is required before the ¡ole of such stn¡ctures can be precisely

determined.

Strain-induced celÌ.signaling is not, however, solely present at the membrane level,

but may affect the entire cell. Stretch-channels have not been investigated here; their srudy

requires special techniques not available to us. Their potential role, however, cannot be

ruled out in the milieu of cellular response. An indication for this is based on the evidence

for coupling of stretch-activated cha¡nels to the cytoskeleton (Sokabe et al., l99l; Bibby

and McCulloch, 1994). Changes in channel-induced intracellular osmolarity have also

shown that swelling of certain cell types ¡esults in the ¡eversible disassembly of

cytoskeleton proteins flVaston, 1991; Bibby and McCulloch, 1994). Therefore, interaction

of both ext¡acellula¡ and intracellular mechanisms may play an imponant role in

maintenance of cell activity and conformation. In particular, we emphasize the relationship

of cell-cell and cell-extracellular matrix (ECM) in mechanically-induced cellular response.

ECM participates actively in processes of strain transduction and consequently may

influence the extent a¡d natu¡e of the cellular response @odan er a/., 1985; Lanyon, 1987;

Rubin and Hausman, 1988; Ingber, 1991; Ingber, 1993). It is, however, the culmination

of a cascade of connecting proteins a¡d biochemical pathways that will determi¡e the srain

signals. Mechanical strain-mediated cell response constitutes a unique form of cellula¡

activity, what may potentially be regulated by many factors. It has been observed that

attachment of cells in a variety of substrata initiates mechanically-induced signal



transduotion @unn and Brown, 1986; Ben-7¿'ev,1991; Hush and Overall, 1991; Watson,

1991; Oakley a¡d Brunette, 1993). In such a situation, although there is no obvious

agonist-receptor binding at the membrane level of bone cells, such as in hormone-induced

response (Pead et al., 1988), cell-ECM attachment ¡eceptors may provide a link between

ECM and cell deformation and cellular function (Meghji, 1992). The best characterized

mechanisms of strain tra¡sduction through the cell membrane into cell function appears to

involve the integrins and associated proteins (Tidball, 1991; Ingber, 1991, Watson, 1991;

Ben-7-e'ev,1991; Hynes, L992; Meghji, 1992; Ingber, 1993; Vouri and Ruoslahti, 1994).

Integrins are ubiquitous receptors that span the cell membrane as heterodimers (Hynes,

1992 for a review). These dime¡s a¡e formed by ap subunits and according to their

combination confer cell specificity to a variety of ECM proteins such as fibronectin (Clover

et al., 1992) and vitronectin (Fath et al., 1989) to name but a few. Presently, a total of

more tlan 20 combinations have been identified, from the dimerization of one of 14

different a units with one of 8 distinct p subunits (Vinanen et al., 1990; Hynes, 1992;

Vou¡i and Ruoslahti, 1994). This large variety of specific receptors has transformed the

potential function of integrins from simply "integrating molecules of ECM and

c¡oskeleton", to a complex structure capable of reguJating multiple cellular functions. The

interaction of regulatory intracellula¡ and extracellular proteins with integrin receptors has

cha¡acterized not only a physical link in tissue formation, but also a pathway for signal

transduction mechanisms activating the expression of genes involved in processes of

growth, development and maintenance of cellular phenotype.

Integrins connect the cytoskeleton through specialized areas of the membra¡e

termed focal contacts (Burridge et al., 1988; Fath et al., 1989; Burridge et al., 1990;

Dowrick et al., 1991). These areas form strong "adhesive" contacts connecting the ECM

with the terminal end of cytoskeletal actin fibers (Mueller et al., 7989: Burridge et a/.,

1990; Pavalko et al., L989 for a review). Abundantly p¡esent in focal contacts, integrins

associate most prominently with proteins such as vinculin (Burridge and Mangeat, 1984;

l0



Geiger et al.,1985) and talin (Burridge and Mangeat, 1984; Fath et al., L989; Burridge el

al., 1990; Dowrick et al.,7991). Other imponant proteins are û-actinin (Tidball, 1991),

tensin (Davies et al.,1991; Hynes, 1992), paxillin (Turner et aI., 1990; Stossel, 1993) and

filamin (La¡gan ger et al., 1984; Pavalko et al., 1989). Interaction of integrins with the

underlying cytoskeletal proteins may potentially determine the tra¡smembrane transduction

of signals from the extracellular envi¡onment to c¿llula¡ functional regulatory mechanisms.

The properties of integrin-associated signal transduction have been described in

detail (Ingber, 1991; lilatson, 1991; Damsþ and Werb, 1992; Ingber, 1993; Sastry and

Horwitz, 1993; Ingber, 1993). The close association of integrin receptors with the

cytoskeleton has been shown in many biological processes (Benya er a/., 1988; Geiger,

1989; Mueller et al., 1989; Ingber, 1990; Ben-Ze'ev,1991 for a review). For instance,

areas of focal contacts possess several signal transduction molecules, such as tyrosine

kinases, PKC, Ca2*-dependent proteases and va¡ious pfoto-oncogenes and oncogene

products (Beckerle, 1990 for a review). Moreover, p integrin subunit and the focal contact

proteins talin, vinculin and paxillin can be modified through phosphorylation mechanisms

(Fath et al., 1989; Beckerle, 1990; Ben-Zn'ev, 1991; Dervenøi et al., 7992). Furthermore,

the closeness of the integrin-cytoskeleton interaction is further supported by studies

showing rhat propagation of intracellula¡ signals is impaired if a discontinuity occurs

between these components. The latter was observed in studies of cell migration and

chemotaxis (Mueller et al., L989; Letsou ¿f al,, 1990; Ben-Ze'ev, 1991; Meghji, 1992).

Mechanical strain is followed by cytoskeletal rearrangement and cell-shape changes (Hong

and Brunette, 1987; Buckley et al.,1988; Sumpio and Banes, 1988; Ben-Zp'ev,1991; Iba

and Sumpio, 1991; Pender and McCulloch, 1991), and such changes would involve

integrins. Thus, coordination of cellula¡ functions by mechanical stimulation will likely

involve the development, assembly and maintenance of specific cytoskeletal protein

netwo¡ks and the respective integrin-ECM inte¡acúons. Furthermore, taking into account

the variety of mechanical stimulation transmitted through cell membranes, underlying

l1



mechanisms responsible for the corresponding cellular functions must have a degree of

specialization and specificity to deal with individual responses. This may also be appl-icable

to a recepto¡ mediated nuclear response as a regulatory mechanism, in addition to any

combinations of ion channel/second messenge¡/structural deformation which might be

takin g place concomitandy.

In summa¡y, there is strong evidence ûo suggest that mechanical deformation of cell

structure initiates cell specific signal transduction (Meikle et al,, 1989 for a review).

Moreover, binding of attachment receptors to ECM proteins can elicit changes in cellular

shape as a consequence of cellula¡ biochemical mechanisms (Watson, 1991). In fact the

parallel between mechanisms of strain transduction and the mechanism of ligand binding to

specific cell membrane receptors wich have been well characterized is clear. However, the

complexity of the latter pathways suggests that mechanical strain transduction may be

equally complex. More imponantly, the diverse range of information which has arisen

from studies of ligand-receptor interactions suggests that a similar wealth of information

may be derived from examination of the mechano-receptor route. Thus, both the vital

importance and complexity of strain-induced cell response clearly requires further

investigation.

The overall hypothesis in this series of studies is that transduction of mechanical

strain by bone cells occurs through specific signaling transduction pathways involving

structual receptor and cytoskeleton proteins. The main objectives are: 1o) to srudy the

regulation of mechanical stimulation of AC and PI pathways in bone cells,2o) to study the

effects of strain on changes in disribution and synthesis of cell cytoskeleton proteins, 3o) to

study the effects of strain on changes in distribution and synthesis of integrins and 40) to

study the regulation of strain-induced molecular response of distinct integrin subunits.
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INTRODUcTIoN

Traditionally culture techniques have employed cell monolayers attached to a

negatively charged substrate to study metåbolic responses to hormones or factors. These

techniques have provided valuable information on cellula¡ metâbolic requirements and

interactions that could be expected to occur in the intact tissue. Nevenheless, extrapolation

from the in vitro situation to the conespondtng in vivo environment is problematic in many

tissues since, other than passive stimuli acting on the tissue, many organs and their

constituent tissues also experience mechanical forces. Without doubt, these forces affect

lhei¡ function. Compression and tension forces on bone (Bellows et al., 1986i Frost,

1990; Jones and Schlübbe¡s, 1987; Lanyon, 1991), contraction forces on muscles

(Vilmann et al., 1985; Wein¡aub et al., 1989) and expansion forces on lung cells (Riley et

al., 1990) are likely to play important roles in cell function (Wirtz and Dobbs, 1990).

Numerous recent studies which use mechanical inducers to study fo¡ce effects on tissues

indicate a wide interest in the role of force application in cell function. Introduction of a

computer-contolled vacuum appamtus (Fiexcell Co¡poration, McKeesport, PA) has greatly

improved the abi-lity of investigators to simulate in vivo mechanical strain situations. This

system is used in conjunction with multiwell culrure plates with a flexible silastic membra¡e

to which the cells attach and subsequently will replicate and gtow. Howeve¡ a major

criticism of this apparatus is that cells which are initially attached to the silastic membrane

may not, during strain of the membrane, in fact be srained at all. Rather any measurable

effect may only be due to localized damage to the cell membrane if the cells separate from

the well substrate. Using three different cell types under investigation in our laboratory,

this srudy was therefore undertaken fi¡sdy to determine if sEaining of the silastic memb¡ane

to which the cells are attached alteß cell membrane perrneabiÏty as measured by trypan blue

sþining and the active uptake of a fluorescent dye. Secondly the extent of cell strain was

demonstrated and measured under the same conditions as applied above.
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MATERIALS, METHODS AND RESULTS

Adult male Sprague-Dawley rats were used as the source of bone cells after

Bellows ¿¡ ¿/. (1986) while New Zealand White timed-pregnant rabbits were used to isolate

fetal lung type tr cells (Scon er a/., 1983; Scott, 1992; Scott et al., 1993) and fetal muscle

cells (Anderson et al., 1993). Figure 1A-lC shows the typical uptake and distribution of

diacetyl fluorescein/ethidium bromide by fetal rabbit cells. Living cells are able to

hydrolyze diaceryl fluorescein and the¡efore fluo¡esce green (Rotman and Papermaster,

1966) (Figure 1A). In contrast, ethidium b¡omide binds to DNA of dead or highly

permeable cells which fluoresce ¡ed (Figures 18 and 1C). Srain did not alter the apparent

incidence of dead cells in monolayers of any of the th¡ee cell types used herein (compare

Figures 1A and iB), whereas brief exposure to glutaraldehyde produced uniform red

fluorescence (Figure 1C). All cultu¡es, including those which were not strained contained

occasional dead cells as determined by their red fluo¡escence (Ftgure 1B). Fluorescent dye

uptake was identical in the muscle a¡rd bone cells and a¡e therefore not shown. Trypan blue

uptake was not altered by straining the cells for 24 hours. Strain did not alter the general

histologic appearance of bone, or fetal muscle or lung cells in vitro (Fig:re 1D-1F).

Comparison of photographs of strained and unstrained cell monolayers showed that size

changes were very difficult to detect on a subjective basis. Howeve¡ microscopic

examination as vacuum was applied to the silastic membrane clearly showed that the

monolayer was being strained as cells were appreciably enlarged during snain.

Morphometric analyses (Table 1) co¡rfì¡rned that defonnation of the silastic membrane was

¡eflected in strain of tlìe cells. Measurements of individual cells showed that ci¡cumference

was significantly increased (p<0.01) by 4-6 Vo while a¡ea was approximately 7 Eo greatet

(p<0.01) while the cells were unde¡ strain. Diameters of individual cells of each type

measured in the direction of the ¡adius of strain ûom the periphery towa¡ds the center of the

membrane were significantly increased (p<0.01) by approximately 3 % compared to the
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corresponding control cells Ctable 1). ln addition diameters measured at right angles to the

radius also showed a significant increase (p<0.01) in size.
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DISCUSSION

Many cell types experience mechanical perrurbations which may affect their

functional characterisrics. While it is not entirely ciear how compressing or straining a cell

induces changes, preliminary studies have implicated several transduction pathways in

transmitting deformation stimuli to the cell interior (Riley er al., 1990). The recent

development of cell isolation procedures togethe¡ with the inroduction of the computer-

controlled Flexe¡cell apparatus (Flexcell Corporation, McKeesport, PA.) has enabled

straining of monolayers of single cell types as well as single cells and thereby allowed

investigation of cellular responses to mechanical forces. This has particular significance in

study of the three cell types chosen for this srudy. Bone cells experience deformation at

low rates which may affect the rate of mineralization, tissue mass or a¡chitecture (Lanyon,

1991). Differentiating muscle cells undoubtedly undergo strain during fetal movements

after 8 weeks gestational age (Arey, 1965). Similarly fetal lung cells in utero experience

expansion-compression forces which may occu¡ at very high rates (up to 49 cycles per

minute, Lanyon and Rubin, 1984; Lanyon, 1991). Previous methods of modelling the

effects of these forces using materials which apply a constant but low frequency force have

been diff,rcult to control. ln addition, particularly in the case of muscle and lung cells, these

methods have been unable to model either the sporadic nature or the high frequency of the

in vivo strain conditions. Using the apparatus in the present study we have presented

preliminary evidence that strain induces changes in metabolic functions in these th¡ee cell

types (Yen et al., 1992; Anderson et al., L993; Scott et al., 1993). However f¡om these

studies, it remained a possibility that ttre cells were not undergoing mechanical defomlation

but rather the observations were the result of damage to the cell memb¡ane. The present

results show that as strain is applied to the silastic membrane to which the cells are

attached, a conesponding degree of strain is experienced by the cells. Furthermore

straining does not change the trypan blue staining or the fluorescent dye uptake of the cells

which, should these be altered, would indicate cell damage.
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Recent studies by tWirtz and Dobbs (1990) using a single strain of adult alveolar

type II cells in vi¡ro showed that cell sulface a¡ea was increased approximately 25 Vo upon

straining however the pressu¡e used to bring about this degree of strain was not indicated.

The present study shows that the distention applied to cells using 20 kPa (kilopascals),

which is quoted as applying less than I 7o distention to cells (Flexcell Corporation),

actually induces a measurable increase of approximat ely 3 Eo al aPoint midway between the

center and periphery of the culrure dish which is in close agreement with calculations done

on the membranes of these dishes assuming a mean chord length increase of | 4a and

average vertical displacement of 0 cm. The small differences in strain-induced size of the

th¡ee cell types may reflect funcrional differences or the types of intercellula¡ attachments

established within the cell monolayers. Indeed shape differences are frequently used as

initial identifying criteria and are readily aPpalent btween the rapezoidal shape of the bone

cells, the irregular muscle myotubes and the typical cobble-stone appearance of the

epithelial ceils. In addition that stage of development of the fetal cells used hereir may also

be reflected in the ability to respond to strain in one di¡ection. For example, a cell type that

typically attaches and is elongated in vivo in a proximo-distal orientation such as skeletal

muscle, may differentiate to withstand or adapt to lengthwise sEain between tendons while

strain at right angles may induce cell damage. By comparison an epithelial cell such as the

alveolar type tr cells would likely attach alound the perimeter to seal an epithelial layer and

may be more adapted to distribute strain forces in a radial distribution. Bone cells jn vivo

would be expected to distribute mechanical forces over their entùe area to provide

compressive srength. Funhermore as the present study was carried out on three cell types

under st¡ain for 24 hou¡s, it is not known whether the same degtee of deformation would

be demonsuated in cells srained for longer time periods. The response to chronic sEain

may promote further distinctions in cell orientation to strain and celi differentiation

(Anderson et al., 1993) in addition to the effects of greater or lesser differences in the

degree of cell strain.
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We conclude that using the apparatus described in the present study, bone, lung and

muscle cells anach to the collagen-coated silastic membrane suffrciently to allow memb¡ane-

applied strain to be transmitted to the cells. As shown within the parameters used here,

strain does not damage the cells. This system will be used in subsequent studies using

these cell types to examine strain effects on cellular and biochemical development and

metabolic function.
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Figure 1. Bone cells were isolated from mandibles and maxillae as describ€d by Bellows

et al. (L990) and plated into 5.00 cm2 Flexcell collagen-coated multiwell plates

(Flexcell Corporation, McKeesport, PA.). Cells were grown to confluence (7

days). Fetal skeletal muscle cells were isolated and gtown as described

(Anderson et a/., 1993), plated into identical multiwell plates and incubated for

5 days. Fetal lung type fI alveola¡ cells were isolated as described previously

(Scon et al., 1983; Scott, 1992; Scott et ¿/., 1993), and grown to confluence

(2-3 days) ín 70 Vo carbon-stripped fetal bovine serum, Viability of the cells

after straining was established by exclusion of aypan blue dye and fluorescent

dye uptake (Rotman and Papermaster, 1966). After reaching confluence, cells

\{ere strained at 20 kPa at 3 cycles per minute (cpm, 10 se¡onds strain, 10

seconds relaxed) for muscle and bone cells or 50 cpm (0.6 s/0.6 s) for lung

cells. The rate for the lung cells was chosen since it approximates the breathing

rate of the human fetus (Patrick et al., 197 8; Patrick e¡ ø/., 1980). Identical

unstrained monolayer cultures served as controls. Aftet 24 hours, membranes

(with attached cells) were incubated ì,vith diacetyl fluoresceiry'ethidium b¡omide

(DFÆB; 25 ¡tglr:d;2.5 llglnù) as described by Ronnan and Papermaster (1966)

and viewed under a Zeiss fluorescence microscope. Living cells fluoresce

green (495 nm excitation wavelength, BG12 filter; 525 nm emission

wavelength) while nuclei of dead cells appear red (495-520 nm excitation

wavelength, BP5 46n ñ\eÍ,580 nm emission wavelength). (A) Typical pattem

of DFÆB uptake in cells strained for 24 hou¡s. This field shows confluenr

fetal rabbit type II alveolar cells exposed to straining at 50 cpm. Cells were

photographed under blue light (excitation 495 nm, Zeiss BG12 filte¡ emission

525 nm). Virtually all cells display green fluorescence indicating they are

viable, X 200. (B) Typical red fluorescence (495-520 nm excitation, Zeiss

BP546n filteç 580 nm emission) in cultu¡ed fetal rabbit cells. Sporadic dead
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cells are discemible in the field (arrow). Other cells which took up the diacetyl

fluorescein dye, representative of living cells a¡e not visible under this

wavelength of light. Unstrained monolayers also showed sporadic dead cells,

X 50. (C) FetaÌ type II alveolar cells exposed to 7 Vo glutaraldehyde in

phosphate buffer for 2 minutes prior to incubation with DFÆB and

photographed under green light displayed red fluo¡escence (ethidium b¡omide

binding) indicating tha¡ the cells are dead. No fluo¡escence was visible unde¡

blue light, X 50. @) Typical appearance of fetal r¿bbit muscle cells isolated on

the 24lh gestational day, grown for 5 days on silastic membranes, strained at 3

cpm for 24 hours and viewed under phase contast. Note the multinucleated

character of the cell (arrow) as well as the cell in mitosis (double arrow), X

240. (E) Fetal alveola¡ type II cells (a¡row) isolated on the 24th gestationâl

day, grown for 2-3 days invitro on silastic memb¡anes, strained at 50 cpm for

24 hours and viewed under phase contrast. Few fibroblasts are present in the

culture (double arrow), X 240. (F) Mixed mandibular ald maxillary alveola¡

bone cells f¡om adult rats after growing for 7 days in vitro on silastic

membranes and straining fo¡ 24 hou¡s at 3 cpm. Bone cells displaying typical

trapezoidal shape are indicated (a¡row), X 240.
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Table 1. Effect of st¡ain on circumference, a¡ea and radial and circumferential cell

diameters (Mean percentage increase under strain conditions + SD)."

Measu¡ement Muscle Lung Bone

A. Circwrderence

Are¿

4.44 t 132*

7.89 ! 4.20

6.25 + 0.22

8.lz t 3.21

6.95 X 1.20

6.52 ! 0.42

Diameters

Radial Circw¡ferential

B. Lung cells

Muscle cells

Bone cells

3.45 + 0.10"

3.40 r 0.06

3.64 r 0.10

3.62 ! 0.11

3.98 È 0.06

5.90 t 0.50

oln all measurements, cells were used at confluence. Flex plates were mounted in a

specially designed adaptor constructed of Rubbertex (LewisCraft, Toronto, ON) which

held a single 6-well culture plate. Vacuum (20 kPa, 3 PSI), which provides over l0 Vo

deformation at the periphery \ryas applied to plates exactly as used in the Flex mat during

culture. Regions of the membrane at the midpoint bet\ryeen the center and lip of the plastic

dish were viewed at l00X and photographed under unstrained and strained conditions.

Prints (10X enlargements) were prepa¡ed and analyzed with the SigmaScan morphometics

pro$am (Jandel Scientific, San Rafael, CA). Cell circumferences, diamerers (along radius

and perpendicular to radius) and areas r,ve¡e meastrred. A minimum of 9 measurements
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were done. A. Ci¡cumference a¡d a¡ea refer to the outlined distance and computed area of

the same cell under srained and unstrained conditions. B. Radial ¡efers to a cell diameter in

the di¡ection of a radius from the periphery to the center point of the membrane.

Ci¡cumferential refers to the cell diameter at a right angle to the radial diameter.

*all 
statistical evaluations, calculated using the raw data, showed that measurements of

cells under strain \¡/ere significantly greater (p<0.01) compared to the unstrained control

cells as determined using the repeated measures ANOVA.

36



Chapter THREE

S timulation of S i gnal Transductíon
Pathways in Osteoblasts by Mechanical

Straín Potentiated by Paratlryroíd Hormone

Carvalho RS, Scott JE, Suga DM and yen EHK

Joumal of Bone and Mineral Resea¡ch
9:999-1011,1994.



AB STRACT

Second messenger systems have been implicated to tra¡smit mechanical stimulation

into cellula¡ signals, however, there is no information on how mechanical stimulation is

affected by systemic factors such as parathyroid honnone (PTH). Regulation of adenylyl

cyclase and phosphatidylinositol pathways in rat dentoalveola¡ bone cells by mechanical

strain and PTH was investigated. Two different cell populations were isolated after

sequential enzyme digestions from dentoalveola¡ bone (group I and group II) in order to

srudy potential diffe¡ences in response. Mechanical strain was applied with 20 KPa of

vacuum intermittently at 0.05 Hz for periods of 0.5, 1, 5, 10 and 30 minutes and 1, 3 a¡d

7 days using the Flexercell System. lævels of cAMP, measured by RIA, and levels of

inositol 1,4,5-triphosphate (P.) and protein kinase C activity (PKC), measured by assay

systems, inc¡eased with mechanical strain. When PTH was added to the cells, the¡e was a

significant increase in levels of all the i¡tracellular signals, which appeared to potentiate the

response to mechanical strain. IP, levels (0.5 min) peaked before those of PKC activiry (5

min) which in turn peaked before those of cAMP (10 min). Group II cells showed higher

levels of cAMP and IP. than the group I cells. This suggess that the former may ulrimately

play the predominant roles in skeletal remodeling in response to su'ain. Immunolocalization

of the cytoskeleton proteins vimentin and c¡-actinin, focal contact protein vinculin and PKC

showed a marked difference between strained and non-strained cells. However, the

addition of PTH did not cause any significant effect in cytoskeleton reorganizarion.

Staining of PKC and vimentin, d-actinin and vinculin suggests that PKC panicipates

actively in the transduction of mechanical signals to the cell through focal adhesions and the

cytoskeleton, although only PKC seemed to change with shon dme periods of strain. In

conclusion, dentoalveolar osteoblasts responded to mechanical srain initially through

increase in levels of IP3, PKC activiry and later cAMP and this response was potentiated

when PTH was applied together with mechanical stain.
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INTRoDUcTIoN

Mechanical strain or physical activity applied to the skeleton has be¿n shown to alter

the metabolism of bone cells (Lanyon, 1984; Mcleod et al., L987). The mechanism

controlling the adaptations of osteoprogenitor cells and osteoblasts to physical st¡ain is

poorly understood. It is known tlat bone cells respond to physical stimulation in a ma¡ner

which is dependent on the periodiciry or frequency of the applied stimulus (lttlcLeod et al.,

1987). Osteogenic cellular synthesis of bone proteins appears to be activated preferentially

by interminent rather than continuous srain @ubin, 1984) and frequency appears to be as

important to remodeling as is the range of strain applied to bone (Rubin et al., 1989).

Studies have also reported that an increase in functional activity leåds to an inc¡ease in bone

mass (Lanyon, 1987; Rubin and Haussman, 1988). However, the intracellular

mechanisms by which the cells sense the stimulation are not known. Several second

messenger systems (Sandy, 1989; Brighton et al., 7991; Sandy and Farndale, 1991;

Watson, 1991; Brighton et al.,7992) have been implicated in the role of transducing

mecha¡ical strain-derived signals in bone. However, variations in strain parameters and

the interactions between the signaling pathways (Houslay, 1991) have complicated

elucidation of force-induced signals.

Evidence indicates that the adenylyl cyclase pathway is involved in signal

transduction in mechanically stimulated bone cells (Davidovitch et al., l9B4). Although

increased oAMP levels a¡e often correlated with cellular proliferation and matrix synthesis

as a ¡esult of mechanical strain (Copny et al., 1985), this doe s not appear to be the primary

response in mechanical cellula¡ stimulation (Iones and Schlübbe¡s, 1987; Jones er a/.,

1991). Altemarive pathways, other than the adenylyl cyclase pathway, have been rerently

considered as the immediate signal transduction ¡esponse in mechanically strained

osteoblasts (Brighton et al.,1997; Jones and Schlübbers, 1987; Jones et al.,l99l),

Jones a¡d Schlübbers (1987) first suggested that the phosphoinositide pathway is

the prime affector mechanism to transmit strain stimulation to bone cells. This is a dual
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signaling pathway in which a membrane enzyme, phospholipase C (PLC) hydrolyses

membrane-bound phosphatidylinositol-4,5-bisphosphate (PIPr) to inositol-1,4,5-

risphosphate (IPr) and diacylglycerol (DG). IP3 and DG mobilize Ca2*-dependent and/or

kinase-dependent @KC) systems in bone. IP, appears to increase within 20 seconds of the

application of mechanical strain and together with PKC, peaks after about 2 minutes of

stimulation (Jones er al., l99l). This is similar to the activation of phospholipase 42,

which seems to respond directly to mechanical strain (Binderman et al., 1988). These

changes occur earlier than changes in messengen such as prostaglandin E2 (PGEz) which

are only detected after 10 minutes of srain (lones et a|.,1991), even though PGE2 may be

derived from DG formation or phospholipase Az activity (Nollert er ø/., 1990). Therefore,

increase in prostaglandin levels may not be related to inidal cellular activating messenger

systems but occur as a secondary response (Jones et al., 1991; Binderman et al., 1988).

However, it is important to keep in mind that PGE2 synthesis may well be from multiple

sources, and that there may be a dependency in signaling pathways as a ¡esult of strain.

Nevertheless, it is suggested that there a¡e diffe¡ent levels of response, and that the fi¡st

¡esponse may not be dependent on the oAMP pathway (lones et al,, 1991; Binderman el

a/., 1988).

Hormonal changes may also determine the degree to which the bone cell

populations respond to strain (Rubin and Haussman, 1988). This response may be

dependent to a g¡eate¡ extent on autocrine and paracrine hormones. However, endocrine

hormones will also play an important mle in the process of srain stimulation. In particular

parathyroid hormone (PTH) which regulates bone-related Ca2* metabolism may be

mediated by both adenylyl cyclase and phospholipase C-dependent hydrolysis of

phosphatidylinositol in osteoblast cells (Fujimon et al., 1992). In addition, even though

strain-induced alteration of the cell shape may cause signifïcant c¡oskeleton rearrangement

(Pender and McCulloch, 1991), the association of transduction signals with the cellular

cytoskeleton are poorly understood. The present study examines the effects of mechanical
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strain on two different alveolar bone cell populations. Specifically the effects of

intermittent mechanical strain on cellula¡ levels of cAMP, PKC and IP, in the presence or

absence of PTH are studied shortly after the iniriadon of strain, since the mechanism of

signal transduction seems to occur very quickly (Jones and Bingman, l99l, Jones et al.,

1991; Brighton et al., 1992). The cell strain levels which induce changes in cAMP, PKC

and IP, are used to determine if the cell response to strain can be correlated with cha¡ges in

the i¡termediate filament proteins vimentin and o-actinin and the focal contact protein

vinculin.
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MATERIALS AND METHoDS

Cell culwe technique

Bone cells were isolated according to Bellows et al. (1986) from the alveola¡

processes of maxillae and mandibles ¡emoved aseptically ftom Sprague-Dawley rats. The

maxillae and mandibles were carefully extracted, cleaned, washed fou¡ times in MEM, and

the alveolar processes minced and placed in tubes with an enzyme mixture comprised ofi

clostridial collagenase (3 mglntl), elastase (6.25 U/mt), chond¡oitin sulfate (6 mg/rnl) and

D-sorbitol (18.22 mglnl) in K¡ebs buffered solution @H 7.2) with agitation in a water bath

at 37oC. The minced pieces of tissue were incubated fo¡ different time periods to yield two

groups of bone cell populations (Bellows et al., 1986). The supernatant afte¡ the frst 20

minute incubation was disca¡ded to avoid contamination by fibroblasts. The tissue was

treated for two digestions of 20 and one of 30 minutes. The supernatants from these

incubations were pooled and called group I cells. Three subsequent digestions of 30

minutes each, were also pooled and called group II cells. After harvesting, the cell

suspension was mixed with an equal volume of fetal calf serum (Gibco, ON) and

centrifuged at 250 g for 8 minutes at room temperature to collect the cells. Osteoblastic

cells of both groups I and tr were characterized by alkaline phosphatase activity, cAMP and

their ability to form bone nodules ir¡ vitro as evidenced by Von Kossa silver nitrate stain

(not shown) (Yen et al., 1993). Isolated cells were resuspended in standard minimum

essential medium (cr-MEM) supplemented with 15 Vo FBS (Gibco, Burlignton, ON), 0.3

Églnrl Fungizone (Flow Laboratories, Mclean, VA), 100 pglml Penicillin G, 10 mM B-

glycerophosphate, 50 pglrrJ ascorbic acid a¡d 10-r0 M dexamethasone (all from Sigma,

Chemical Co., St. Louis, MO). Cells were plated at a density of 2 X 104 cellsrcm2 in 35

mm dishes and maintained in a humidified aunosphere consisfing of 95 Vo 02 urd 5 Vo CO2

at 370C.
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M ec hani cal s tr ain method

Primary cultures were trypsinized afte¡ confluency at 1 week afte¡ initial extraction,

collected by centrifugation, washed and plated into collagen-coated Flex type I dishes and

grown for 1 week to confluency prior to being mechanically strained. These plates were

strained using the Flexercell Unit (Flexcell Corp., McKeesport, PA). This computer-

controlled apparatus is capable of applying mechanical defonnation to the cells (Sumpio

a¡d Banes, 1988; Anderson et al., 1992; Canalho et al., 1993).

Mecha¡ical strain was applied using a p¡essu¡e of 20 kPa at 3 cycles per minute

(0.05 Hz) with i0 seconds of strain followed by 10 seconds of ¡elaxation. The force

applied resulted in <7 7o to 24 Va of strain to the dish bottom (Gilbert et al., l99l).

Howeve¡ most of the area of the dish fell within <1 % of srain (or 10,000 ltstrains) with a

frequency of the stimulus of 0.05 Hz.

Experimental dishes were strained for periods of 0.5, 1, 5, 10 or 30 min as well as

longer periods of 1, 3 or 7 days. Control cultures were cultivated for the same time periods

using rigid-bottomed collagen-coated Flex type tr dishes. In addition, controis we¡e used

to test for the effect of the movement of medium in the diffusion boundary between

medium and the cell as suggested by Stoker (1973). To this end, selected dishes from both

cell groups I and II were carefully agitated to account for this fluid movement,

approximately with the same frequency of that of the Flexercell apparatus. These

experiments were repeated for assays of PKC and cAMP with similar time periods

(described below) to determine if isolated fluid movement had any effect on cell signaling

systems.

Alkaline phosphatase actívity and cell number counts

Bone forming cells were identiJied by the alkaline phosphatase reaction (McCulloch

et al., 1990). The staining medium used was 0.1 Vo Fast Blue salt, 0.3 7o Naphthol AS-

lnlS phosphate alkaline solution, Mayer's hematoxylin solution and Citrate concentrated

solurion (all from Sigma, St. l,ouis, MO). Cells anached to the bottom of the wells were
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incubated with a mixture of Fast Blue salt and naphthol for 40 min at ¡oom temperature,

washed with deionized water and incubated with hematoxylin solution for 10 minutes prior

1o washing thoroughly in running water for I h. Alkaline phosphatase-positive cells were

photographed using a Zeiss Opúc photomicroscope (Zeiss, Germany).

Cell counts were taken after periods of I,2, 3, and 7 days in culture. Strained and

unstrÂined wells for both cell populations, were washed 3 times in PBS and incubated with

trypsin (Gibco, Burlington, ON) fo¡ 5 minutes at 37oC. Cells were washed a¡d transferred

to a tube containing fetal calf serum (Gibco, Burlington, Og and cenrifuged at 250 g for 8

minutes. Supematant was disca¡ded and the pellet rcsuspended, washed in Hank's buffer

and aliquots were cor¡nted electronically in a Coulþr Counte¡ (Model ßI, Hialeah, USA).

PTH studies

Confluent cell cultures were pre-incubated with 10'e M PTH (Sigma) in MEM in the

presence of 10 mM 3-isobutyl- l-methylxanthine (IBMX). The concentration of PTH was

optimized in previous experiments in our laboratory for cAMP production in bone cells

(data not shown). This concentration was comparable to other studies (Buckley er al.,

1988). Cells were exposed to the conditions for 30 min prior to mechanical strai¡ in MEM

with no FCS. Controls consisted of identical cultures in MEM with no FCS and 10 mM

IBMX without the application of mecha¡ical strain. The Ìemaining samples were removed

at the times indicated above according to the strain periods and the reaction was stopped

with a 10 70 solution of trichloroacetic acid (TCA), 20 Vo perchlonc acid (PCA) or PKC

buffer (50 mM Tris/HCl (pH 7.5), 5 mM EDTA, 10 mM EGTA,0.3Va wlv þ-

mercaptoethanol, 10 mM benzamidine and 50 pglml phenylmethylsulphonyl fluoride).

PTH was used both in biochemical experiments and in immunolocalization of cytoskeletal

proteins, focai contact protein and PKC described below. In some experiments, in addition

to FfH, cells were incubated in complete medium with 14 ¡rM indomethacin (Sigma) for

30 min prior to the application of mechanical strain. Control unstrained culrures we¡e also

treated with 14 pM indomethacin.



I mrrutnofl uor e s c enc e lab e li n g

Cells grown in collagen-coated Flexercell dishes we¡e rinsed with PBS contâining

0.1 M glycine (to quench intrinsic fluo¡escence due to fixation) and fixed by incubation

with 4 Vo paraformaldehyde in PBS for 10 minutes. After seve¡al washings with PBS,

cells we¡e permeabi-lized by incubation with 0.3 Vo ltiton X-100 with I 7o normal goat

serum (NGS) in PBS for t hou¡ at 22oC (room temperature). Cells we¡e washed again and

incubated ovemight at 4oC',vith primary antibodies for vimentin, vinculin, cr-actinin and

PKC. These were diluted in PBS with l7o NGS an-d 0.3 7o Triton X-100. Thereafter,

samples were extensively washed in PBS and incubated with FTIC rabbit anti-mouse IgG,

rabbit anti-mouse IgM or TRITC conjugated goat and-rabbit IgG secondary antibodies for

2 hours at 22oC. For vimentin and a-actinin the cell cultures were fixed with

methanovacetone (1:1) for 5 minutes and nonspecific binding was blocked with 17o BSA i¡

PBS. After the last rinse in PBS, the silastic bottoms of the dishes were removed and

mounted with 90 Vo glycerol-10 Vo PBS, supplemented with 0.1 7o phenylenediamine

(Sigma, St. Louis, MO) to prevent rapid quenching of the fluorescence. Positive and

negative controls for all the antibodies were performed (not shown). Cultures were

photographed using a Zeiss epi-fluorescence microscope (filters of 45G490 nm excitation).

Due to the gradient pattern of strain bi-axially in the silastic bottoms (1 to24 Va of strain),

in order to study the effects of controlled levels of strain, all the photomicrographs were

taken from the most cental arca (<1Vo strain) of the bottoms. Monoclonal antibodies a¡ti-

vimentin, anti-vinculin, FTTC a¡d TR[IC-conjugated antibodies we¡e from Sigma (St.

l,ouis, MO) and monoclonal anti-PKC 1.3-1was from Gibco (Burlingron, ON).

Btochemical assays þr cAMP, PKC and IP j
To determine cAMP , l0 7o TCA was added to the samples and these were vortexed

and incubated ovemight at 4oC. Samples were centrifuged (3,000 g for 15 min) and the

supematants were extracted with water-satu¡ated ether, the lower phase was collected and

d¡ied under ai¡. Samples were resuspended with 0.05 mM sodium acetate buffer (pH 6.2),
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serially diluted and assayed for cAMP by radioimmunoassay as described by Steiner

(1970) using the kit ftom New England Nuclea¡ (Boston, MA). This RIA kit has been

extensively tested for 70 of cross-reactivity with very low levels of (<0.01 Vo) for cGMP,

GMP, ATP, ADP, AMP and theophylline. The protein content of bone cell cultures was

measured by the method of l,owry et al. (1954) and the cellular cAMP concentration was

calculated in pm/mg of protein. To determine PKC activity, experimental and control

cultu¡es were incubated with PKC buffer and centrifuged at 3,000 g for 15 min at 4oC.

Pellets were resuspended in PKC buffer and sonicated for 5 min. PKC was measured in

serial dilutions of the samples using the kit (Amersham, Oakville, ON) in which the

transfer of [32P] from ¡rzp1t-¡ta to a synthetic peptide is measured. Suitable blanks a¡d

controls, including the omission of the L-c-phosphatidylserine component to account for

the non-protein kinase C-dependent phosphorylation were prepared. Specificity has been

previously determined as in 7o of PKC activity with no cross-reactivity with other kinases.

PKC measurements are expressed in pm/mg of cell proteiny'min of incubation time. To

assay for IP3, the experimental and control cultu¡es were exposed to 20 Vo perchlonc acid

and placed on ice for 20 min. Samples were cenrifuged at 2,000 g for 15 min ar 4oC and

supemata¡ts were titrated to pH 7.5 with 10 N KOH and kept on ice. Suitable bla¡ks and

controls were prepared and IP3 was measured by a competitive binding assay (Amersham,

Oakville, Ol9. The specificity for this assay shows 100 7o c¡oss-¡eactivity with D-myo-

Inositol 1 ,4,5-trisphosphate IP3 and very low amounts (<0.01 Eo) ro other ¡elated

compounds such as IP, IP¡ and IP2; <l Vo to IP¿, IPs, IP6 and <0.001 Vo to cyclic lP,

ATP, GTP a¡d Inositol. The results are expressed in pry'mg of bone cell protein.

Statistical analysis

The values obtained fo¡ all the strained and unstrained cell populations were

subjected to a two-way analysis of variance with Tukey's multiple comparison test. T-tests

with the Bonferroni co¡rection were also used to compare the sEained and unsrained cells

in the presence or absence of PTFL
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RESULTS

Alkaline phosphatase acrivity in mechanically straíned alveolar bone cells

Alkaline phosphatase activity in cells isolated from the mandibular and maxillary

alveola¡ bones is shown in Fig. 1. Application of mechanical strain hduced a progressive

increase in alkaline phosphaøse staining on days 1, 3 and 7 when compared with untreated

cell cultu¡es. Cell numbers also increased significantly with the application of strain for

each time period when compared with unstrained conrols (fable 1). Culrures subjected to

mechanical srâin did not show any sig:rificant degree of cell death as evidenced by trypan

blue exclusion (not shown).

cAMP, PKC and lP3rcsponse to mechanical strain and PTH

Figure 2 shows the cAMP levels in sfained and unstrained cells in the presence or

absence of PTT{. No significant effect of srain was detected in either cell population in the

absence of PTH (Fig. 2a). On the other hand when PTH was added, significantly higher

levels of cAMP (p<0.05) were present in both the group I and group tr cells strained for 10

minutes compared with unstrained cells (Fig. 2b). cAMP levels in the presence of PTH in

group II ceils strained for 1 minute and in both cell groups strained for 5 and 10 minures

were significantly greater (p<0.05) when compared to their counterparts that were not

exposed to PTH (Figs. 2a attd 2b).

Figure 3 shows the IP, levels in strained and unstrained cells with or without PTH.

In the absence of PTH, IP3 levels were increased significantly (p<0.05) in both groups of

cells strained fo¡ 1 minute when compared with unsrained cells. When PIT{ was added to

the cultures there was a similar pattem of response for both groups of cells, with a

significant increase in IP, levels (p<0.01) at 1 minute of srain. In addition, both PTH-

treated g¡oup I and group II cells showed significantly greater (p<0.05) IP, levels than

those not treated with PTH after 1 minute of strain.



PKC activity (Fig. 4) in strained cells was significantly greater (p<0.05) compa¡ed

to control levels in PTH-treated cultures after 5 minutes of strain, and reverted to control

levels at later times studied (Fig. 4b). Furthermore, strain for 5 minutes in the presence of

PTH produced a significant increase (p<0.05) in PKC activity compared to samples not

exposed to PTH. In addition, PKC activity in unstrained g¡oups treated with PTH was

increased th¡ee times (p<0.05) f¡om the PKC activity levels of the g¡oups not exposed to

PTH. The levels of IPr, cAMP and PKC activity were measu¡ed in both strained and

unstrained cell groups that were with the absence of FCS.

The time periods which showed increased PKC activity and cAMP levels with

mechanical strain r,vere selected to test for the possible effects of perturbation in the

diffusion bounda¡y between medium and cells. The effects of medium movement tested by

agitating the cultures showed no significant change in PKC activity and cAMP levels

compared to control values. Therefore, the effects of diffusion boundary perturbation in

úris system were not significant. Values for agitated and conEol cultu¡es as well as stained

and unstrained cultures are shown in Table 2.

In order to rule out the possibility that the activation of signal transduction pathways

by PTH in this model was eicosanoid driven, strained and unstrained cultures were

incubated with PTH in the presence of 14 ¡tM indomethacin which inhibits PGE,

production. The same time periods used for diffusion boundary penurbation experimgnts

were used to study indomethacin response. The values for cAMP levels and PKC

synthesis in Table 3 show that addirion of the inhibitor did not alter cAMP or PKC levels in

the presence of PTH.

Cytoskeleton organization ín mechanícally strained alveolar bone cells

In this study we examined the cytoskeletal organization in two groups of alveolar

bone cells. Both cell $oups showed no changes in cytoskeletal labeling for the different

antibodies after periods of 1 and 10 minutes of mechanical strain. Fu¡thermore there wete

no obvious differences between the two cell populations studied. The earliest change in
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cytoskeletal o¡ganization was noted at 30 minutes after initiation of snain as shown by

vimentin and vinculin staining (Fig. 5). The distribution of vimentin staining changed

considerably in cells subjected to long periods of strain (1 to 7 days), showing a change in

the orientation of the cells relative to the axis of the mechanical strain (Fig. 5c and 5d). The

intensity of the stain in strained cells (Figs. 5b, 5c and 5d) was grearer compared to

unstrained cells (Fig. 5a). It is also notewonhy that i¡ cell cultures strained for longer

periods, there was a phenotypic change from cuboidal osteoblast-like cells to elongated

fibroblasçlike cells. To determine if strain also alte¡ed focal contact proteins, antibodies

against vinculin were used. No noticeable changes were observed in the localization o¡ tle

intensity of staining for vinculin until 30 minutes of stimulation (Fig. 5Ð. A difference in

staining intensity was also noted between unstrained and strained cultures together with a

change in the orientrtion pattern of response ffig. 5e and 5f respectively).

Finally staining of c-actinin appeared to co-localize with vinculin and vimentin.

Although, d-actinin is thought to be localized between foca.l contacts and the cytoskeleton,

in this study we have noticed that its distribution did not change noticeably in suained (Fig.

59) compared with unstrained cells (Fig. 5h). However, the distribution of a-actinin in

unstrained cells was more concentrated perinuclearly. When mechanical strain was

applied, the stain for c-actinin appeared to distribute in the periphery of the cell.

PKC-y localization in strained alveolar bone cells

There have been no previous reports on the localization of PKC in strained cells.

Immunolabeling of plveolar bone cells showed that the distribution of PKC changed as

strain was applied (Fig. 6). No differences were detected in PKC staining ar 1 minute of

strain. However, by 5 minutes of strain application the¡e was a change in the staining

pattern in which discrete condensations of PKC were observed instead of continuous

filamentous pattems (Fig. 6b). This observation seemed to co¡respond to the biochemical

measurement of PKC observed for the same cell populations. After 10 o¡ 30 minutes of
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strain, PKC labeling was reduced which resembled the PKC localization in unstrained

control cultures Fig. 6c and 6d).
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DISCUSSIoN

To date much is known about cellula¡ membrane signaling and how information is

t¡a¡smitted through a cascade of intracellular components, although there a¡e considerable

gaps in the understanding of specific responses. This is still the case in the cell response to

mechanical strain. In this study it is reponed that: (1) bone cells respond to mechanical

strain by an increase in both cell proliferation and alkaline phosphatase activity in cultures

of 1, 3 and 7 days, (2) IP, is activated very quickly after the application of strain, (3) PTH

added to the cell cultu¡es causes a significant increase in cAMP, IP, and PKC after different

periods of strain and (4) the distribution and expression of certain cytoskeletal proteins

appears to change with mechanical srain when compared with unsrained cultu¡es.

The application of mechanical sEain i¿ vilro is known to increase cell response in

terms of proliferation (Sömjem et al., 1990t Brighton et al., 1991; Brighton et al., 1992),

DNA synthesis (Brunette, 1984; Hasegawa et al., 1985; Sandy, 1989; Sömjem er a/.,

1980; Sandy, 1993), collagen synthesis (Meikle et al., 1982; Kollros ¿t al., 1987),

cytoskeleton organization (Pender and McCulloch, 1991), cAMP levels (Davidovitch et ai.,

1977; Davidovitch et al., 1984) and more recently IP, levels and PKC activity (Boume el

al., L989; Britghton et al.,7991). It can be assumed that all these factors are related in the

cellular response to strain. However, this paper focused on effects of srain on signal

transduction pathways in the presence or absence of stimulation by PTH.

The inc¡ease in alkaline phosphatase activity seen he¡e has been used to show the

ability of the system to form bone-like tissue (Fig. 1). Similarly, cell number inc¡ease has

been observed in the cultures of 1, 3 a¡d 7 days (table l), although this did not occur ar

the short time periods of 0.5, 1, 5, 10, and 30 minutes (not shown). This increase in

staining for alkaline phosphaøse suggests a stimulation of mineralized matrix formation.

The effects of mechanical strain on signal ransduction in relation to cell proliferation have

not þen studied here; however, it has þen reported that cell proliferation as a ¡esult of

strain is probably mediated by the phosphatidylinositol pathway though phospholipase C

51



and PKC activity (Sömjem et al., 1990). This agrees with reports showing rhar the

blocking of this pathway causes an inhibition of cell proliferation (Brighton etal., 1992).

Yamaguchi et al. (1988) have also shown that the cAMP signaling sysrem is

antiproliferative with respect to osteoblast function. Although, addition of PTH caused

stimulation of DNA synthesis mediated by cAMP in the chick epiphysial growth plate

chondroprogenitor cells (Sömjem et a1.,1989), this was the only cell rype reported to have

PTH-dependent oAMP proliferative activity. On the other hand, non PTH-dependenr

cAMP may act as a mitogen in epidermal cells, epithelial cells and keratinocytes, but not in

bone cells (Pines and Hurwitz, 1988). According to Sömjem et al. (1990) rhe latte¡

provides evidence fo¡ a mechanism of PTH activation of both phosphatidylinositol and

adenylyl cyclase signaling pathways. These divene results may represent not onJy those of

different cell types but also those ofusing different concentration of PTH in the cultures.

The inositol phosphate pathway has only recently been correlated with mechanical

strain in bone cells in vitro. It has been reponed that application of mecha¡ical strain

caused a rapid increase in rhis pathway almost immediately after the application of sEain

(Jones and Schlübbers, 1987; Brighton et a1.,7992). In fact cell response through an

increase in IP, levels may be initiated in seconds (Brighton et al.,1991). However, since

phosphatidylinositol-4,S bisphosphate hydrolysis depends on rhe activation of the

membrane bound enzyme phospholipase C, the peak in IP, levels may be in the range of

the one minute of cellula¡ stimulation (unpublished results). Such response is also

evidenced by the specific activity of PKC, itself a result of phospholipase C activation

(Bourne et al., 1989). ln this study, IP, levels were significantly g¡eater one minure after

initiation of strain compared with late¡ periods of 10 and 30 minutes (Figs. 3a and 3b),

whereas PKC did not reach a peak before 5 minutes of srain, decreasing after that (Figs.

4a and 4b). It is importanr to mention that alrhough the two arms of the

phosphatidylinositol pathway have independent functions, IP, and PKC may act

52



synergistically to heighten cellula¡ response, as has been shown in the induction of

serolonin secretion in plateleß (Morgan, 1989).

It has been shown that changes in cell response may be also caused by an increase

in fluid movement peffurbing the local concentration gradient and ultimately altering the

growth of the cells (Stoker, 1973; Stoker and Piggot, 1974). ln this study, fluid

perhrbarion of the diffusion boundary layer to which the surface of the cell is subjected did

not seem to cause the same effects observed by mechanical strain, for either cell counts,

cAMP levels or PKC activity (Iable 2). Although, any increase in medium velocity may

reduce the diffusion boundary layer, the¡efore limiting the upmke of critical nutrients or

growrh factors from the medium (Stoker, 1973), the osteoblastic cells studied he¡e

appeared to adapt to this effect and still respond to mechanical strain. However, the

changes in the microenvironment ofcell boundary need mo¡e ca¡eful attention in further

studies.

Strain induced stimulation of adenylyl cyclase has also been shown to occur in

osteoblast cells, although in this study the level of cAMP only reached its peak ar 10

minutes of strain. Jones and Schlübbers (1987) found a simila¡ response, which

contradicts ea¡lier studies that focused on cAMP as the primary signal in strained cells

(Davidovitch etø1., 1977i Davidovitch et a1.,1984; Copray et al., 1985). This relatively

late response of the increase in oAMP levels to mechanical stimulation, suggests that cAMP

is probably one of seve¡al secondary cell responses to strain, which may include ion

changes across the membrane and possibly the involvement of the c¡oskeleton (Surdy and

Fa¡ndale, 1991). Fo¡ instance, Ca2+ changes across the membrane a¡e found within

seconds of mechanical stimulation, however such changes may not constitute a sepa¡ate

pathway of response (unpublished results).

Additional drugs for the stimulation of the pathways reported (i.e. TPA for PKC

and forskolin for cAMP) were not used ir this study. It has b€en shown that the activation

of cAMP with fo¡skolin did not seem to affect the phosphatidylinositol pathway (Famdale
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et al., 1988). Yet the pathways of adenylyl cyclase and phosphatidylinositol both

responded to mechanical strain and to PTTI. PTH has been shown to stimulate cell

proliferation flMhitfield et al.,1979),DNA synthesis in osteoblast cells in cultu¡e (Van der

Plas et a1.,1985) and bone apposition rate when combined with Vitamin D (Slovik et a/.,

1986; Sömjem et al., 1990). Depending on its application PTH may also cause bone

resorption in conjunction with its regulation of Ca2* homeosøsis (Sömjem et al., 1990),

and in high concentrations may inhibit cell proliferation (Famdale ¿r 4/., 1988). More

recently, studies on signal transduction mechanisms and PTTI action have been undertaken

(Far¡dafe et al., 1988; Sömjem et al,, 1990; Fujimori et a/., 1992). However, to date there

are no reports on the effects of mechanical strain together with PTH in signaling

mechanisms. The effects of PTH in osteoblast cells in culn¡¡e have been previously shown

to cause an increase in inositol phosphates and cAMP (Famdale et a1.,1988). In this study

we have demonst¡ated that PTH is capable of potentiating the activity of the cells as

evidenced by an increase in the levels of cAMP (Figs. 2a and 2b), IP, (Figs. 3a and 3b)

and in the activity of PKC (Figs. 4a and 4b) when strain is applied. Moreover, we have

shown that these effects a¡e not due to the eicosanoid production stimulated by mechanical

strain Clable 3).

Farndale et al. (1988) showed that the addition of PGQ gave a similar response to

PTH in both inositol and adenylyl cyclase pathways studied. In addition, the elevation of

cAMP levels was dependent on the dosage used. However, the dosages of PTH that

caused maximum stimulation of cAMP did not coincide with those that caused maximum

response of IPr, even though the same dosages of PGE2 produced maximal responses for

both cAMP and IPr. It is interesting to note that the dosages did not coincide for PTH,

since osteoblast cells have been shown to carry PTH receptors directly bound with the G-

proteins of both cAMP and IP, pathways (Fujimori et al., 1992). In addition, PGE, may

itself be a derived product of the inositol pathway as a metabolite of a¡achidonic acid

stimulation (Binderman, 1984; Brighton et al., 1992). This dependency may constitute a
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crosslinkjng of both pathways for PGE, stimulation as opposed ro rhat of PTH. In rhis

study, we have noticed that blocking of PGE, stimulation with indomethacin did not alter

significantly the response of PTH with mechanical strain, suggesting that the effect

observed for PTH stimulation was not eicosanoid driven (Table 3). This agrees with

results previously reported, in which the activities of PTH and PGQ are comparable but

not wholly coincident (Boland et a1.,1986). Q¿z+ elevation has been shown to inctease as

a result of PTH but not PGE2 stimulation (Boland et al., 1986), while PTH stimulation

may have been dependent on extracellula¡ Ca2* (Fundale et a/., 1988). In addition, strain

is thought to stimulate PGQ production and to raise intracellular messenger levels (Steiner,

1970; Reich and Frangos, 1991), in acco¡dance with our experiments with indomethacin,

which showed a reduction of PKC activity and cAMP levels when no PTII was added (not

shown). Further studies using PGE2 stimulation in addition to mechanical strain to

investigate the inte¡action of PTH and PGQ are warrarted.

Changes in dosage of PTH may be comparable to changes in the magnitude of

strain applied. To ou¡ knowledge, there a¡e few studies that attempted to establish

physiological values of strain applied to the cytoskeleton. In vívo studies were mostly

done through the placement of srain gauges directly to the bones of animals to measure

Iocal srain. Brighton et al. (1997) revtewed some of these studies which attributed ¡¿ viyo

values of strain for the lowest strain ¡ange at 400 psrains (O'Connor et al., 1982) and the

highest strain around 3,000 pstrains (Rubin, 1984; Rubin and Lanyon, 1985). On the

other hand, only two studies attempted to investigate similar strain langes to bone cells i¿

vi¡ra, with values ranging from 200 to 1,000 pstrains @righton et a1.,7991) and from 300

to 10,000 pstrains (Jones and Schlübbers, 1987). In this study only the higher levels of

strain were used, such as 10,000 pstrains. This was estimated from the increase of the cell

circumfe¡ence when compared before and afte¡ the srain application (Anderson et a/.,

L992). ln the system used he¡e, fo¡ the mechanical bi-axial srain applied in the ¡ange of <

I 7o strain, the amount ofcell elongation was reported to be increased by approximately 3
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Va comparc.d to non-strained controls (Anderson et al., 1992). Although the levels of strain

reported here a¡e much higher than others published previously, the responses of signal

tra¡rsduction are fairly comparable, and the autho¡s believe that such higher strain values are

more indicadve of force systems developed during tooth movement. Admittedly, one can

not directly determine which strain may be experienced by bone cells eithe¡ at the periosteal

or the periodontal surface or within the calci-fied matrix, although attempts have been made

using finite element models for periodontal ligament (lanne et a|.,1988) and craniofacial

skeleton (Tanne et al., 1989). In the craniofacial study the maximum bone displacement

was 3 ¡rm. If one assumes an average of 10-15 ¡rm for bone diameters (Marom et al.,

1976) this would create about 10-15 Vo sÍun which is well beyond the elongation of bone

cells in the system used in this study (Anderson et al., 1992). In addition, the use of

cyclical or intermittent loading is appropriate in this model when one considers that

dentoalveolar bone is subjected to intermittent loading during mastication, swallowing and

parafunction, all of which ove¡ extended periods (Ecarot-Charrie¡ et al., 1983).

Orthodontic force is then superimposed upon this force system. Because orthodontic

appliances have high load deflection ratios, high forces æe created upon activation wirh

rapid decay. This is then repeated with each activation (weakly to monúly) thus creating

"interminent" effect.

Until recently only fetal tissue derived cells had been used to test osteogenic

differentiation in vitro (Ecarot-Charier et al., 1983; Bellows et al., L986). However, more

differentiated tissue has been demonstrated to have the same potential as that of fetal tissue

in vitro with the advantage of allowing the study of factors such as the effect of age of the

donor on the expression of osteogenesis (Kasugai er a/., 1991).

Both osteoblastic cell populations in this study responded to mechanical strain with

similar responses, and although the later digestions which we¡e called group II cells

seemed to have a higher response than that of the group I cells, these differences were not

significant. These data disagree with previously published ¡esults in "periosteal" and



"haversian" cell populations isolated from long bones of cows (Jones et al., 1991).

According to Jones et al. (1991), the stimulation necessary to produce a response in the

periosteal-type cells was minimal as evidenced by the changes in IP, when compared to

haversian-type cells. These contradictions with our study may be due to differences in

bone cell populations despite the use of simila¡ classifications. The cell populations of

Iones et al. (1991) were grown out ftom explants dissected from periosteal and haversian

zones, while group I and group II cell populations in this study were digested sequentially

and tested after one subculnre.

No changes in cytoskeletal morphology of the cells studied here was noted for the

strain levels of 0.5, 1, 5 and 10 minutes as evidenced by vinculin, vimentin and s-actinin

staining, but some change in the alignment of the cytoskeleton seemed to be present at

periods of 30 minutes and 1, 3 and 7 days (Fig. 5). The latter was in agreement with

ea¡lier studies which showed osteoblastic alignment perpendicular to the di¡ection of strain

(Buckley et al., 1988). The preliminary information on the cytoskeleton rearrangement

reported here due to mechanical strain has shown that subtle changes in the cellular

environment are not suffrcient for an immediate response in cellula¡ architectu¡e. However,

changes in PKC staining were evident by 5 minutes of strain (Fig. 6b), which decreased in

later periods of stimulation when compared with unstrained cells (Fig. 6a). This agrees

with the biochemical data showing an i¡crease in PKC activity as early as 5 minutes (Fig.

4).

PKC (Beckerle, 1990; Woods and Couchman, 1992) and other signal transduction

derived messengers such as cAMP dependent kinases (Tumer et al., 7989; Woods and

Couchman, 1992) arc known to phosphorylate integral cell membrane and cytoskeletal

proteins. The activation of PKC determines the formation of the focal adhesion @urridge,

1986; Burridge et al., 1988) changes in the aggregation of the cytoskeleton (Burridge and

Connel, 1983; Burridge et al., 1988) and membrane binding specificity to different

substrates (Derventzi et a1.,1992). However, it has been sho\ryn that inacrivation ofPKC-
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mediated phosphorylation caused an inhibition of focal contact o¡ganization, which did not

occu¡ when oAMP kinase phosphorylation was inhibited (Woods and Couchman, 1992).

In this study we have shown that the localization of focal contact protein vinculin changed

with periods of srain of 30 minutes (Fig. 5f) and I day (not shown), however, this

occur¡ed at a later time tha¡ those of PKC. It is conceivable that st¡ain enhances the

tra¡slocation of PKC to focal adhesion sites, although this di¡ect effect was not measu¡ed.

The exact role of PKC i¡ the formation of focal adhesions is not yet known, however, it is

thought that PKC rnây serve to stabiüze the initial associations of the cytoskeleton with the

focal contacts a¡d with the membrane receptor proteins ftVoods and Couchman, 1992).

The manne¡ in which the mechanical strain applied he¡e is transmitted to the

osteoblast cells is open to question. Although in this study there'flere no significant

diffe¡ences between cell groups, the location of different osteogenic populations may

determine the presence of the so-called "strain-sensitive cells". These cells would yield

strain-induced, or related potentials to be measured as physiological signals (Basset er a/.,

1964; Guharey and Sachs, 1984). Additional study is necessary to identify the cells which

could ultimately play the primary roles in skeletal remodeling in response to strain.

Membrane or conformational changes in specialized membrane receptors linked to

stimulatory G-proteins (Gs) may also characterize an integral pan of this parhway

(Brighton and McCluskey, 1988; Rubin and Haussman, 1988). Such is the case of rhe

adenylyl cyclase, an enzyme stimulated by heterotrimeric G proteins to control the signal

from the receptor to the effector (Taylor, 1990). There are currently two models for the

kinetics of receptor-effector binding. These a¡e the "precoupled" and the "collision

coupling" models (Leviøki and Ba¡-Sinai, 1991). While the former predicts a proponionai

¡eduction of the extent but not the rate of activation, the laner predicts a reduction of the rate

but not the extent of activation (Levitzki and Ba¡-Sinai, 1991). P¡evious studies have

shown that regulation of adenylyl cyclase follows a monoexponencial cu¡ve in which the

catalytic subunit of the Gs protein can be regarded as a single effecto¡ unit (Gross and
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Lohse, 1991). While catalytic activation by Gs follows the coliision coupling, the

precoupled model assumes a fixed coupling of effectors by receptors (Gross and Lohse,

1991). However, the interaction between receptor and effectors depends on thei¡ access,

since mobilty of receptor in the memb¡ane is slow. This may contribute to a limiøtion of

the catalytic effect of Gs. On the othe¡ hand, the application of mechanical srain in the

presence of PTH in the cells studied as shown by the changes in cytoskeleton distribution,

may increase the receptor diffusion process. Although, there may also be an inc¡ease in

ligand-receptor occupancy with mechanical strain, this can not be accounted for in this

study.

Signal uansduction by structural deformation of the membrane components may be

partly explained by the presence of the so-called membrane mechanotransducers (Guharey

and Sachs, 1984; Sachs, 1988). Ion membrane channels may in fact behave as strain-

sensitive channels (Guharey and Sachs, 1984; Lansman et al., 1987; Jones er al., 1991)

and it has been suggested that in long periods of activity the only possible source of energy

to open the channels is the stretch derived from the membrane sfain (Guharey and Sachs,

1984; Sachs, 1988). Howeve¡, these channels have been recently suggested as a.rtifacts

resnlting from the patch-clamping technique (Jones et a1.,1991; Mo¡ris and Hom, 199i).

Although the mechanisms for recognition of mechanical stimulation by osteoblasts

are not known, it has been shown that the short terrn changes in CAMP, PKC and IP,

levels can play a role in cellula¡ response. In addition, the monitoring of specific

membrane-bound protein changes may be paramount fo¡ the elucidation of the missing link

between stimulation and response. Therefore, fu¡ther studies on the activity of the p¡oteins

that participate in this process and in the structue of the cellular cytoskeleton are i¡dicated

to befte¡ cha¡acterize the relationship between mechanical strain and cell response.
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Figure 1. Photomicrographs of group II alveola¡ bone cells showing alkaline phosphatase

positive staining. (a) Control unstrained cells show lower levels of alkaline

phosphatase activity when compared to strained cells of 1 day (b),3 days (c)

and 7 days (d). There were no appa¡ent differences between group I and group

II cells for alkaline phosphatase activity. Cells were strained for 20 Kpa at 3

cycles/min. Arrow indicates the di¡ection of strain. Magnifications (a-d) X 80.
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Figure 2. Effects of mechanical seain and parathyroid hormone on the cAMP levels in ¡at

alveolar bone cells. Osteoblast cells attrched to Flexercell dishes were g¡own to

confluency for one week a¡d strained (20 Kpa at 3 cycles/min) for time periods

of 1, 5, 10 or 30 minutes. cAMP values were measured by RIA in cells

strained in the absence (a) or presence of PTH (10'e M) G). IBMX (10 mM)

was also added to the cultu¡es. Values a¡e means t standard deviation f¡om at

least 6 samples. * indicates significant difference (p<0.05) between cells of

different groups but same PTTI treatrnent. t indicates significant difference

(p<0,05) between cells of same group but reated differently with PTH.
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Figure 3. IP, levels in srained and unstrained cells in the absence (a) or presence (b) of

PTH. (a) IP3 increased very quickly with strain application (20 Kpa at 3

cycles/min) as shown at 1 minute without PTH (* p<0.05), decreasing after

that. 0) Addition of PTH potentiated the effect of strain that was significantly

different (p<0.01) after I minute of srai¡ i¡ FrfH treated (10'e M) compared to

unst¡ai¡ed cultures. Values are means t standard deviation of at least 6

samples. * indicates significant difference (p<0.05) between cells of different

groups but same PTH treatment. f indicates significant difference (p<0.05)

between cells of same group but æated differently with PTH.
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Figure 4. Effect of mecha¡ical srain and PTH in PKC acriviry of rat alveolar bone cells.

Cells were exposed to strain (20 Kpa at 3 cycles/min) with (b) or without (a)

PTH (10-e M). Strain did not increase significantly the activity of pKC in

cultu¡es not exposed to PTH (a). Addition of PTH caused an increase in

response at 5 minutes of strain decreasing after that (b). Values are means I
standard deviation from at least 6 samples. * indicates significant difference

(p<0.05) between cells of different groups but same PTII trearment. I
indicates significant difference þ<0.05) between cells of same group but treated

differently with PTII.
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Figure 5. Immunofluorescence staining of mechanically strained group I (20 Kpa at 3

cycles/min) a¡d unstrained group II alveola¡ bone cells grown iz vitro. Cells

were fixed in 4 Vo pataformaldehyde, blocked and permeabilizeÅ, with I Va

NGS/I 7o BSA and 0.3 7o Triton X-100. The cells were then incubated with 1o

antibodies, washed and incubated with 2o antibodies FTTC conjugated and,/or

with 2o antibodies TRITC conjugated Cells we¡e t]ren washed and coversliped

with glycerol:PBS with phenylendiamine, and photographed in epifluorescent

optics with a Zeiss mic¡oscope. Cytoskeletal staining of group I osteoblast-like

cells with immunolocalization of vimentin (a-d), vincr¡lin (e-Ð and o-actinin (g-

h). Non strained group I osteoblast-lil(e cells are shown in (a, e and g) and

mecha¡ically strained cells in (b, c, d, f and h). Note that periods of time of 30

minutes (b) show different staining distribution of vimentin when compared

with those of periods of 24 hou¡s (c) and 7 days (d). Nore that these cells

orient themselves perpendicular (double white arrows) to the long axis of the

applied mechanical strain (white arrow). Also note that there was change in the

focal contact protein vinculin disribution in 30 minutes of mechanical strain (Ð

a¡d that the distribution of c-actinin did change considerably with mechanical

stimulation (h). White ar¡ows indicate the direcrion of strain. Magnifìcations

(a-d) X 500 a¡d (e-h) X 1250.





Figure 6. Immunofluorescent localization of PKC Ln unstrained (a) and mechanically

suained (20 Kpa at 3 cycles/min) g¡oup tr alveolar bone cells (b, c and d).

Mechanical strain was applied for 5 minutes (b), 10 minutes (c) and 30 minutes

(d). Notice the striated pattern (arrows) in cells mechanically stimulated for 5

minutes (b). Arrow indicates the direction of strain. Magnifìcations (a-d) X

1250.
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Table 1. Effect of mechanical strain on the mean cell number of two populations of

osteoblast cells in vitro."

1 Day 2.46 ! 0.57 1.87 r 0.22 NS 2.63 + O.2t 13 r 0.n 0.05

2Days 3.U ! 0.2r 3.35 I 0.15 NS 3.31 + 0.25 Z.4t + O.gO NS

3 Days 5.79 !. 0.46 3.62 r 036 0.05 5.90 + 0.40 3.gS + 0.43 0.01

? Davs 9.3? t 0.62 6.62 + 0,70 0.0r 10.95 r 0.14 6.65 È 0.56 0.ol

, "Vulues are expressed in mean t standa¡d deviation of at least 6 cultu¡es for each time

: period studied. Osteoblast cell groups isolated from rat alveola¡ bone were subjected to

' mechanical strain intermittently at rates of 20 KPa of vacuum at 3 cycleymin and unstrained

; cells were used as controls. Cell count values a¡e X 10a fo¡ total cell numbe¡. NS, not

; significant.

Group I Cells Grouo II Cells

Straiñcd Unst g!*d __-____p Snained Unstained D
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Table 2. Effects of diffusion barrier pemubation in camp levels and PKC activity from

two populations of osteoblast cells in vitro."

cAM P*

Croup I Cells Group tr Cells

Fluid Motion

Controi Value

1 Minute

5 Minutes

l0 Minutes

0.93 + 0.30

1.1 t 0.1

1.08 r 0.24

t.26 + 0.1I

1.03 + 0.15

0s6 ! 0.3't

1.33 f 0.15

1.25 t O.2"1

PKC' Ftuid Motion

Control Value

I Minute

5 Minùtes

10 Minutes

7.33 r 1.98

6.82!2.U

6.47 + 1.19

5.36 + 1.27

6.32 !1.45

6.65 + 1.37

6.48 ! 1.32

5.76 ! Lt1

"Values are expressed in mean * standa¡d deviation of at least 6 cultu¡es for each time

period studied. Osteoblast cell groups isolated from rat alveolar bone were g¡own in

cultu¡e and subjected to agitation at rates similar to those used in the Flexercell system.

cAMP levels and PKC activity are indicated in prn/mg of total cell protein, 'Values a¡e not

significantly different.
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Table 3. The effecs of mechanical strain with the presence of PTH and indomethacin in

Two populations of osteoblast cells in vitro.a

Group I Cells Group II Cells

cAMP PTHI

Indomethacin
PTH PTHI

Indomethacin
PTH

Strained I Minutê 1.33 t 0.15

5 Minuæs 0.87 I 0.15

10 Minutes 1.91 f 0.60

l]nstroi¡ad Contol 1.26 t 0.31

r.27 ! 0.06 NS

0.6r t 0.39 NS

2.17 + 0.51 NS

1.47 + 0.15 NS

1.83 r 0.71 1.10 + 0.26 NS

0.76 1 0.30 0.76 t 0.12 NS

3.90 l 0.20 4.02 ! 0.4r NS

1.25 ! 0.07 l .2l ! 0.12 NS

PKC PTHI

Indomethacín
PTH

PTHI

Indonuthacin
PTH

Stahed I Minute 7.66 t 0.88 8.18 t t.88 NS 6.76!2.01 9.53 t 1.10 0.05

5 Minutes 16.78 t 3.95 20.46 t 4.34 0.05 19.01 I 1.99 19.01 t 5.09 NS

10 Minutes 6.24 ! 1.89 7.36 ! 3.59 NS 8.61 ! 2.21 6.24 ! 1.89 NS

Cont¡ol 7.95 !2.88 9.16+ 1.96 NS 7.01 t2.27 10.19 !2.U 0.05Urstrained

¡Values are expressed in mean + standard deviation of at least 6 cultures fo¡ each time

period studied. Osteoblast cell groups isolated from ¡at alveolar bone were subjected to

mechanical strain intemiftently at rates of 20 KPa of vacuum at 3 cycleVmin and unstrained

cells were used as controls. NS, not significant, cAMP levels and PKC activity are

indicated in pm/mg of total cell protein.
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AB STRA CT

The effects of mechanical strain on the cytoskeleton of osteoblasts are poorly

understood. While changes in the cytoskeleton distribution of mechanically strained cells

have been reported, linle is known about the signal transduction pathways responsible for

these changes. The aim of this work was to study the effects of strain on the synthesis and

distribution of specific integrins and cytoskeleton proteins. These are possibly correlated

with signal transduction mechanisms by mechanical stain in osteoblasts. HOS TE-85

were cultured in DMEMÆ-l2 and grown to confluency in Flexercell Type I dishes in a

humidified incubator with 5 7o COz and 95 Vo ur. Intermittent srain (3 cycles/min) was

applied to the cells using the Flexercell Strain Unit System for periods of 6 and 24 hours

and non-stressed cells were used as conbols. Immunocytochemical localization for both

experimentaì and control cultures was performed for the receptor proteins c2, a3, cç and B1

integrins, focal adhesion proteins talin and vinculin and intermediate protein vimentin.

Quantitation for the synthesis of the same proteins was performed by immunoprecipitation.

The results showed that mechanical st¡ain siglificantly increased the synthesis of integrins

dc, %, s" and B,, talin and vinculin. Strain also affected the distribution of all the proteins

studied. The response of HOS cells to mechanical strain demonstrates that the cytoskeleton

adapts to strain in association with increased synthesis of specific integrins, thus

suggesting that integrins and related cytoskeleton proteins provide a possible pathway

through which mechanical strain is transmitted to the osteoblætic-like cells.
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INTR oDUcTIoN

The processes of bone apposition and resorption in orthodontic patients are based

on the principles that the mechanical environment of clinically applied forces a¡e tra¡rsferred

to bone cells which tra¡slate these forces into a cell response. However, little is known

about cell signaling in mechanically strained bone cells.

The mechanical stimulation of bone cells has been shown to incrcase the levels of

inracellular second messengers cAMP, IP3 and PKC @avidovttch et a1.,1988; Brighton er

al., 1988, Iones et al., 1991; Ca¡valho ¿t al., 1994). Although these messengers as well as

eicosanoids (Sandy and Harris, 1984), phospholipid metabolites and Ca2* (Brighron ¿r d/.,

1988, Jones et at.,7991) can mediate parts of mechanical deformation in bone, the effects

of strain can not be explained by any one of these pathways alone (Sandy et al., 1993;

Ca¡valho et al., 1994). Rather, the¡e seems to exist a synergistic and/or antagonistic

cooperation between these pathways. For example, PTH is thought to mediate an increase

in inositol phosphates as well as PGE2 @arndale et al., 7988), however, more recent

studies have shown that the ¡oles of PTH and PGE2 may be comparable but not wholly

coincident in mechanically strained cells (Carvalho et al., 1994). Inflammatory cell

metabolites such as cytokines, interleukins and leukotrienes have also been thought to

influence strained cell response (Davidovitch et al., 7988; Sandy er al., 1993). Fot

mechanical strain to stimulate these responses a mechanotra¡sduction pathway that would

involve cell structural changes could be hypothesized.

Bone cells, like most other cell types, attach to the extracellular matrix through cell-

surface receptors for specific matrix proteins. These "ligands" bridge the exracellular

nerwork to the intracellular cytoskeleton as an integral path to the signal transduction f¡om

matrix to cell function. Many of these receptors belong to the integ n superfamily

(Virtanen et al., 1990). All integrins are formed by two subunits, an a and a p, and ro date

at least 14 a and 8 o¡ mo¡e p have been characte¡ized CVi¡tanen et a1.,7990; Hynes, 1992;

Iuliano and Haskill, 1993). Different combinations of the subunits function as recepto¡s
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for attachment of different cell types to different extracellular proteins (Clover et al., 1992).

Each subunit is divided into a large extracellula¡ domain, a transmembrane domain a¡d a

short cytoplasmic domain (Gatlit et al., 1993). The cytoplasmic region interacts with the

actin network indirectly tkough other proteins such as talin, vinculin and tensin (Bu¡ridge

et at.,1988; Otey et a|.,1990) and is known to concentrate within attachment sites called

focal contacts or focal adhesions (Burridge et al., 1988). It has been shown that the

integrins subunits that are expressed in bone cells a¡e s\, az, rl4, c¿, and Fr (Clovet et al,,

1992). These differ f¡om those of osteoclasts (Horton and Davies, 1989; Honon et al.,

1991), which indicate that the combinations of these subunits within the extracellular matrix

is likely to be critical in cell function. The integrin receptor o,pt binds to collagen and

laminin while capl binds to collagen and laminin and also fibronectin (Clover et al., L992:

Gailit et a!.,1993). The d2 and c" subunits also combine with B¡ to bind a wider range of

ligands including vitronectin and von Willebrand's factor, osteopontin, bone sialoprotein

and fibrinogen (JMroyle et a1.,1Ð1; Hynes, 1992).

The application of mechanical strain has been shown to cause an alteration of the

cell shape (Buckley et al., 1988; Pende¡ and McCulloch, 1991) with significant actin

reaÍangement. In contrast, there is very little information on mechanical sEain effects on

integrin subunit changes (Virtanen et al., 1990), although, oxidative stress has been shown

to redistribute and to dysfunction integrins from ¡enal cells in vitro (Gaalit et al., 1993).

Since strain causes the changes in intracellula¡ messenger levels and in cytoskeleton

re¿ulangement, it seems appropriate that a pathway be described to link these observed

cellular phenomena. The aim of the present study was to examine the effects of mechanical

strain on the change in distribution and synthesis of integrins, vi¡culin, talin and vimentin

in human osteosarcoma cells in culture. The Flexercell system was used to provide strain

cycles of the magnitude that would be simila¡ to those found in orthodontically-strained

periodontal tissues. A human osteosarcoma GIOS) ce line TE-85 provided a reproducible
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supply of bone-lil(e cells, in order to develop a cell strain model useful for cytoskeletal

studies.
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MATERIALS AND METHoDS

Cell cultwe teclnique

HOS TE-85 were obtained from the American type culture colecrion (ATCC,

Rockville, MD). Cells were maintained in DMEWF-l2 (Ham) medium (1:1) (Sigma, St.

Louis, MO) supplemented with 5 Vo FBS (Gibco, Burlignton, Ol.I), 25 units/ml of

Penicillin G,25 ¡tg/rnl of streptomycin and 100 ¡rg/rnl ascorbic acid (atl from Sigma).

Cells were plated at a density of 2 X lOa cells/cm2 in 35 rrn dishes a¡d maintained in a

humidified atmosphere consisting of 5 Vo CO2 and 95 Vo aft. Cell cultu¡es we¡e

subcultu¡ed every two days and were photographed using a phase-contrast Zeiss Optic

photomicroscope (Zeiss, Germany).

M e c hanical strain met ho d

Cultu¡es were plated into collagen-coated Flex type I dishes and grown for 2 days

to confluency prior to being mechanically strained. These dishes were strained using the

Flexercell Strain Unit system (Flexcell Corp., McKeesporr, PA). This apparatus applies

mechanical strain to cells as reported previously (Anderson et al., 1992; CawaJho et al.,

1994). Mechanical strain was applied using a pressure of 20 kPa at 3 cycles per minute

(0.05 Hz).

Experimental and control cultures were t¡ansferred to serum-free medium

containing DMEM/F- 12 (1:l) supplemented with I ¡rg/ml insulin and 100 ¡rglnrl BSA and

100 mglrnl ascorbic acid. Dishes were strained for periods of 6 a¡d 24 hou¡s. Cell

cultu¡es grown for periods of 1, 2, 7, 14,21 and 28 days were also strained for 24 hours

prior to hawesting. Conrol cultures were cultivated for the same time periods using rigid-

bonomed (no strain) collagen-coated Flex type [I dishes. All cell cultu¡es were serum

starved 24 hn prior to the straining period or the equivalent time for the control cultu¡es.
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Von Kossa stain and cell number counts

HOS TE-85 cells were fixed in buffe¡ed formalin fo¡ 3 hours, and stained in silver

nirate for 30 minutes in the da¡k. The dishes were then washed th¡ee times with distilled

water and the cells were incubated with 5 Vo sodium ca¡bonatel25 Vo formaldehyde solution

for 2 minutes, followed by a gentle wash in running water. The samples were d¡ied and

photographed.

Cell counts were taken at the same experimental and control periods as described

above. Strained and unstrained dishes for both cell populations were washed 3 times in

PBS and incubated with rypsin for 5 minutes at 37oC. Cells we¡e washed and transferred

to a tube containing FBS and centrifuged. The supematant was disca¡ded and the pellet

resuspended, washed in Ha¡k's buffer and aliquots were counted electronically in a

Coulter Counter (Model ZBI, Hialeah, USA).

I mmunofl uor e s c e nce labe li ng

Strained and unstrained HOS TE-85 cells were rinsed with PBS and fixed by

incubation with 4 7o paraformaldehyde in PBS for 10 minutes. After several washings

with PBS, cells were permeabilized by incubation witJr 0.5 Va Triton X-100 in PBS for 20

minutes at room tempe¡atu¡e. Cells were washed again in PBS and incubated fo¡ I hour

with primary a¡tibodies (diluted in PBS with I 70 BSA) for vimentin, vinculin, talin,

tensin, c,-integrin, c2-integrin, ca-integrin and Bt-integrin. Thereafter, samples were

extensively washed in PBS and incubated with goat Cy3 conjugated anti-mouse IgG or

goat FITC conjugated anti-mouse IgC secondary antibodies for 40 minutes at 22oC in

PBS/I Vo BSA. Culrures were rinsed in PBS and after the last rinse, the silastic bottoms of

the dishes were removed and mounted with mounting medium while recording strain and

cell orientation. Controls for all the antibodies were performed. Cultures were

photographed using a Zeiss epi-fluorescence microscope. Due to the gradient pattem of

strain bi-axially in the silastic bottoms (l n 24 Vo of strain), in order to study the effects of

controlled levels of srain, all the photomicrographs v¡ere taken from the most central area
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(<1 7o strain) of the silastic membra¡e. Monoclonal andbodies anti-vimentin, anri-vinculin,

anti-talin, FTIC and Cy3-conjugated antibodies were from Sigma (St. Louis, MO) and

monoclonal anti-d,-integrin, and-d2-integrin, anti-cr3-integrin and anti-p,-integrin were

from Gibco @urlington, ON). Monoclonal antibody anti-tensin was a generous gift from

Dr. L.B. Chen (Harvard Medical School, Boston, MA).

I mmunopre cip itatio n as s ay

For immunoprecipitation, cells were washed in ice-cold PBS and incubated with

lysis buffer containing 50 mM Tris, 150 mM NaCl, 1 mM phenylmethylsulphonyl

fluoride, 1 7o Nonidet P-40, I pglml Aprotinin and 0,02 % Na Azide. Cells were

microcentrifuged and the pellet discarded. The supernatant was pre-cleared with rabbit

normal serum and formalin-fixed staphylococcus aureus (Sigma) for 2 hours on ice.

Samples were again centrifuged and purified monoclonal antibodies for vinculin, vimentin

or talin (Sigma, St. Louis, MO) or for c"-integrin, c2-integrin, c¡integrin or p¡-integrin

(Gibco, Burlington, ON) were added to the samples of the lysate and incubated overnighr

at 4oC with rocking. The antibody-protein complexes were precipitated by addition of a 10

7o solution of Protein A-sepharose beads 4 B (Sigma) in lysis buffer, and incubated for I

hour at 4oC with rocking. The beads we¡e then collected by centrifugation and washed

extensively with lysis buffer to remove unbound proteins. Pellets were resuspended in

SDS sample buffer (0.5 M Tris, pH 6.8,90 Vo glycerol, 10 7o SDS, 0.1 7o bromophenol

blue) and boiled for 5 minutes. The proteins were resolved in a l0 Vo SDS-PAGE under

reducing (5 Vo vollvol P-mercaptoethanol) and non-reducing condidons. P¡e-stained

molecula¡ mass standards were from Amersham (Oakville, ON). The gels were then

transfeÍed to a nirocellulose membrane (0.45 pm pore diameter) which was probed with

the same monoclonal antibodies, followed by horseradish peroxidase-labeled secondary

antibodies (Amersham). This reaction was visualized using enhanced chemiluminescence

(ECL) Westem bloning method (Amenham), and the membranes exposed to Kodak XRP-

1 X-ray films (Kodak Canada Inc., Toronto, ON). Individual tracks conesponding to one



sample were scanned at 550 nm with a specrophotometer (Bio-Rad Laboratories Model

620 Video Densitometer, Matsushita Elecric lndustrial Co. Ltd., Japan). The proportions

of cytoskeletal proteins and integrins subunits we¡e measu¡ed relative to the total cell count

at each time period.

Starístical analysis

The values obtained for all the sFained and unstrained samples were subjected to a

two way-analysis of varia¡ce with Tukey's multiple comparison test. T-tests with the

Bonferroni correction were also used to compare the srained and unstrained samples

within the time periods studied.
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RESULTS

Von Kossa staÌn in rrcchanically strained bone cells

HOS TE-85 cells had a tendency to form small clusters both prior to and after

confluency. The monolayer culture took approximately 36 to 48 hours to become

confluent, however, bone nodules did not become eviCent until 72 hours of culture. Fig. I

shows the diffe¡ent stages of cell growth, specifically the tendency of these cells to form

clusters (Fig. 1c), which in later stages become the site for mineralized nodules (Fig. 1d).

Cell shape also changed from slender to cuboidal, becoming more marked as the cells

localized towa¡ds the center of the nodules. Initially nodules could be identified as white

spots by the naked eye (Fig. 1c). However, as culru¡es aged, individual nodules could

only be detected with von Kossa silver nitrate stain, suggesting the formation of bone-like

nodules in vilro as identified by von Kossa stain (Fig. 2). Application of mechanical srain

induced a progressive increase in von Kossa staining on days 2,7,21 a¡d 28 when

compared with unstrained cell cultures. The scattered von Kossa positive staining

observed on days 2 and 7 (Figs. 2a, 2b, 2e and 2f1 gradually increased in a¡ea ro form

large stained areas in the later strain periods of days 2l nd 28 (Figs. 2c, Zd,,29 and,2h).

cell numbers also i¡creased significantly with the application of srain at 2, 14 and 2g days

when compared with the unsuained controls (Fig. 3). cultu¡es subjected to mechanicaì

strain did not show any signifïcant degree of cell death as evidenced by trypan blue

exclusion (not shown). These osteoblastic-like cells also showed an increase in cAMp

levels when PTH was added, as well as changes in alkaline phosphatase activity with

mechanical strain (not shown).

Cytoskeleton organizatíon in mechanicalþ stained bone cells

In this study we also examined the cytoskeletal reorganization in TE-g5

osteosarcoma bone-like cells. These cells showed changes in cytoskeletal labeling after

periods of 6 and 24 hou¡s of mechanical strain. Initially in orde¡ to determine if srrain
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alte¡ed focal contact proteins, antibodies against vinculin and tali¡ we¡e used. The labeling

of talin and vinculin in Figures 4a to 4d shows that mechanical sEain stimulated the

formation of larger focal contact sites in strained cells compared to controls cells for the

time periods studied. Strain also caused an increase in vimentin labeling, and although the

latter did not appear to change at 6 hou¡s of srain, vimentin staining in unstrained cultu¡es

(Fig. 4e) changed in cells subjected to strain for 24 hours (Fig. 4f). In addition, the cells

showed a change in the orientation relative to the axis of the mechanical strain and in

cultures srained for periods longer than 24 hours (not shown) there was a phenotypic

change from cuboidal osteoblasçlike cells to elongated fibroblast-like cells, although bone

formation was still observed @g. 2). And finally labeling for tensin appeared to be similar

to that of vimentin. Although tensin is not as abunCant a protein as vimentin, cells also

stained brightly for tensin (Fig. 4g). Application of strain to the same cells showed a more

intense labeling (Fig. 4h). Because ¡esults of 6 and 24 hours of strain were similar,

labeling at 6 hours is not shown.

Immunohistochernical analysis of the integrin subunits has indicated that these

¡eceptors are also influenced by mechanical strain. In fixed and permeabilized

osteosarcoma cells antibodies anti-o, (Fig. 5a) labeled prominently clusters of integrins in

the cell periphery. This antibody also revealed the presence of cellula¡ "pseudopodia" or

cellular extensions (Fig. 5b, double arrow). Labeling with antibodies anri-a3 appeared

similar to the one for anti-û2 both in the unsrained (Fig. 5c) and srained cultures (Fig.

5d). However, the latter showed a smaller clustering of integrins at the cell periphery.

This pattern was simila¡ for the labeling of antibodies anti-c,, and yet it was not as

abundant as the previous ones (Fig. 5e and 5Ð. Similarly, labeling for antibody anti-p,

was not coincident with û2 or % and did not show the fonnation of cellular extensions. On

the other hand, p¡ søining from control unsuained cultues (Fig. 59) appeared to increase

in srained ones @ig. 5h). Regardless of the integrin subunit, mechanical srain seemed to
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have an effect on the integrin labeling in general. This occurred both at 6 and 24 hou¡s of

strain.

Synthesis of Integrin subunits and cytoskeleton proteins

The effects of mechanical strain on the synthesis of the cytoskeletal proteins and

integrins are shown in the immunoblots in Figures 6 and 7 and summarized in the graphs

of Fig. 8. Fig. 6 shows the immunoblots from proteins t¡lin, vinculin and vimentin at 24

hou¡s of cultu¡e when strain appeared to cause its most ma¡ked effect. Talin, vinculin and

vimentin were separated with SDS-PAGE under non-¡educing conditions. Talin migrated

as a major band of 215 kD simila¡ to studies in chicken fibroblast cultües @t:rlídge et al.,

1988). A monoclonal anti-vi¡culin antibody precipitated a 130 kD band corresponding ro

the vinculin protein being expressed in culture. In addition vimentin migrated at 55 kD in

both strained and unstrained cultures. Total protein content was sho\¡/n to increase in

strained compared with unstrained cultures (not shown). Synthesis of talin and vinculin

seem to increase significantly (p<0.05) with the application of mechanical strain borh at 6

and 24 hours of strain (Fig. 8A). On the other hand vimentin only showed a significant

increase (p<0.05) at 24 hours of srain (Fig. 8A).

The different integrin subunits wer€ separ¿ted by SDS-PAGE under reducing and

non-reducing conditions. Immunoprecipitation with anti-p¡ subunit antibdy wirhout p-

mercaptoethanol ¡evealed a band of 130 kD, which co-migrated with c, (Fig. 74, lanes B

and C). In addition, under the same conditions, ca seemed to precipitate at around 140 kD

(Fig. 7A', lanes D and E). This was simila¡ for both strained and unstrained cells. Under

reducing conditions the immunoblots with monoclonal antibody anti-p, subunit showed a

band of 116 kD and another at approximately 130 kD (Fig. 78, lanes D and E) in

agreement with other autho¡s (Uitto et al.,1992;Tawil et al., 1993). The latter band of

130 kD seems to correspond to ct2 under non-reducing conditions. Immunoprecipitation of

the oç integrin subunit under reducing conditions resulted in the migration of this band at

approximately 140 kD (not shown), and both súained and unstrained cells were not
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significantly different for c" synthesis. Synthesis of Êr and 03 was increased significantly

(p<0.05) in strained cells both at 6 and 24 hours of culture as opposed to cz, which

increased significantly (p<0.05) only at 6 hours of strain compared with unstrained cultu¡es

(Fig. 8B). The o, subunit did not change significantly from srained to control cultures at

both time periods studied. In summary, the application of mechanical strain seemed to

cause an inc¡ease in the synthesis of the integrin subunits in this study.
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DIScUSSIoN

Bone remodeüng occt¡rs as a ¡esult of the envi¡onmental demands placed upon bone

tissue @urger et al., 1992). As Sandy and collaboraton (1993) have pointed out, perhaps

no other specialty makes more use of induced bone remodeling tha¡ onhodontic therapy.

Thus, a better knowledge of the mechanisms involved in orthodontically-induced bone

remodeling is fundamentally imponant. The aim of this wo¡k was to study the effects of

mechanical strain on changes in cytoskeleton and inægrin subunit synthesis and distribution

from bone cells glown rn vitro.

The model used in this pape¡ consisted of HOS TE-85 cells grown in culture which

have been extensively characterized in previous studies. HOS TE-85 cells showing

osteoblastic proliferation, differentiation, matrix maturation and long term histological

cha¡acteristics have been described as marure osteocytes surrounded by mineralized matrix

(Guo et al., personal communication). In this study we have reported the formation of

nrineralized bone nodules in vitro (Fig.2) as evidenced by silver nitrate stain.

Studies suggest that alterations in cell shape a¡e mediated via alterations in cell

cytoskeleton (Ben-7n'ev,1991; Gingell and Owens, 1992). This cytoskeletal resrru*uring

probably involves integrin-mediated adhesion and the dynamic relationship of linkages

between membrane receptors a¡d focal contâcts (7aner and Brightman, 1990; Gingell and

Owens, 1992). In this paper we have shown that mechanical strain increases the synthesis

of integrins and focal contact proteins. Similarly, an increase in protein synthesis with

mechanical strain has been shown in ca¡diac myocytes (Komuro et a/., 1990). We are

interested, the¡efore, in the role of the cytoskeleton to detennine cell shape through focal

contacts and integrin receptors and thei¡ role in the transduction of strain-induced signals.

It is conceivable that mechanical strain also stimulates adhesion mediated responses such as

stimulation of mitosis (Folkman and Moscona, 1978), adhesion-dependent of targeting

proteins ffabat et al., 1985) and the dependence of intracellular pH in the conrol of the cell

cycle (lr4argolis et al.,1989).
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It has been reported that microfilaments are perhaps the best situated cytoskeleton

component to detect envi¡onmental strains applied to bone cells (Sandy et al., 1993). The

major subunit protein in miqofilaments is actin, which has indeed shown to change in

fib¡oblasts subjected to mechanical sretch @ender and McCulloch, 1991.; Carvalho et a!.,

unpublished observations). However, miøofilaments terminate at specialized sites of the

cell membrane termed focal contact sites (Burridge, 1988; Becke¡le and Yeh, 1990), in

which talin and vinculin are the major proteins. The ¡esults reported here that these

proteins changed their distribution (Fig. 4) and synthesis (Figs. 6 and 8A) when subjected

to strain may represent an additional step in early snain-induced signal transduction,

especially when one considers their relationship with the integrin family of ext¡acellular

matrix receptors (Flynes, 1992 for review).

Localization of integrin subunits appears to be either at point or focal contacts

(Tawil øt al., 1,993). Point contacts a¡e cha¡acteristic of B, distribution in spread as

opposed to focal contacts in flattened astrocytes (Tawil et al.,1993). On the other hand, o

subunits may appe in both forms, since these largely but not exclusively, determine

ligand specificity and integrin localization (Yogel et a|.,1990). In this paper we observed

that most of the integrin subunits formed focal conracts distributed at the periphery of the

cells (Fig. 5) similarly to previous work by Virtanen et al. (1990) and by Ylåinne er a/.

(1990). It has been reported that subunits d.y d.21c\.a" and Êr are primarily expressed in

osteoblastic cells (Clover er al.,1992). This study has confrmed the latter and shown rhat

application of strain stimulated not only the distribution of integrins (Fig. 5), but also the

synthesis of diffe¡ent subunits (Figs. 6, 7 and 8B).

The immunoprecipitation of integrin subunits has shown that c subunits were co-

precipitated with p (Figs 7A and 7B). This would be expected, given the nature of the

known aB structu¡e of integrins. Marcantonio and Hynes (1988) have shown that in many

cell types more than one a subunit may co-precipitate, which would then indicate the

presence of two o¡ more heterodimers. However, it is not possible to identify precisely
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from this work which type of integrin heterodimers are expressed in HOS TE-85 cells.

Ligand specificity of heterodimeric integrins is quite complex and different extracellular

matrix proteins a¡e known to bind to the same integrin subunits (Virtanen et al., 1990).

Therefo¡e, cell-dependent regulation of integrin specificity and function may be given

through tissue tlpe and envi¡onmenhl demands. Distinct responses in different tissues

have been observed when different forms of stress were shown to interfere with cell

attachment in culture. Oxidative stress in epithelial cells was shown to cause a decrease in

cell attachment through a disruption in focal contacts and a redistribution of integrin

subunits (Gailit et al., 1993). Chinese hamster ovary cells were inhibited to bind to

vitronectin when heat shock stress was applied (Cress ef a/., 1990). Although loss ofcell

attachment has not been seen in this study, this effect may not b€ ruled out as it could be

due to the strain and cell type studied.

Thus, integrins are likely to transduce mechanical strain-induced signals into a

morphogenetic cell response. Transduction of force seems to affect individual cells via

ECM scaffoldings such as basement membranes, collagen matrix, cartilage and bone that

link specialized tissues in the body (Lotz et al., L989; Ingber, 1991). Different systems

such as the Ca2+ mobilization and surfactant release f¡om lung epithelial cells (Winz and

Dobbs, 1990), stimulation of adenylyl cyclase activity (Letsou et a/., 1990), PKC activity

(De Groot et al., 1990) and phosphoinositide metabolism (Nollen et a/., 1990) a¡e affected

by ECM strain. Evidence also suggests that additional mechanical strain is applied to the

cells which already have a pre-existing force equilibrium determined in part by cell-su¡face

receptors (I-otz et al., 1989: Ingber, 1991). In osteoblasts, like most other cell types,

integrins form the physical link f¡om the associated cytoskeleton proteins to the

extracellula¡ marix which contributes to a structu¡al and biochemical combination of strain

signals (Beckerle and Yeh, 1990; Otey et al., 7990: Ingber, 1991; Hynes, 1992).

However, although integrins are excellent candidates to function as mechanotransducers,

the morphogenetic o¡ biochemical response in the cells is still not clea¡.
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Transduction of mechanical strain signals from the changes in cytoskeleton protein

synthesis to aiteration of gene expression is not yet known. Theories include the

stimulation of ion flux (Sachs, 1988; Ingber, 1991), and the spacial tensegrity model

described by Ingber (1993). Although, there may be a tensegrity structural component in

cells that require structural stâbility, more likely, the transduction of signats is dependent on

a intracellular signaling pathway. Transduction of the signats into cellula¡ activity have

been shown to take place partly through the PI pathway (Jones and Schlubbers, 1987;

Ca¡valho et al., 1994). Mechanical strain is rhought to increase IP, levels followed by an

inc¡ease in PKC activity shortly after strain stimr¡lation (Jones et al.,l99l; Cuvalho et a!.,

1994). Inhibition of PKC has been shown to inhibit transcription of mechanical strain

sensitive genes in myocyte stretching (Komuro et al., 1991). These results a¡e confrmed

by sodies indicatirg that PLC mediates several cellula¡ strain-dependent events, such as the

efflux of prostaglandins F2 and E2 as a result of muscle hypertrophy (Vandenburg er a/.,

1990) and the production of prostaglandin 12 and tissue plasminogen activator from

endothelial cells (Komuro et al., 1991). These suggest that pKC activiry via pLC

activation will tansduce strain generated signals into various cellula¡ events including gene

expression (Komuro et al., l99l). In other words, recent evidence indicates that pKC

might be involved in the mechanical and also humoral factors involving gene expression of

srained cells in cultu¡e. Funher work is requhed to elucidate the molecular mechanisms

derived from the translation of mechanical strain into PKC activity, however, this will not

constitute by itself the answer in strained cell signaling. Diffe¡ent levels of response may

trigger different pathways (Nollen er a/., 1990; Jones et al., lggL), as has been shown for

cAMP (Carvalho et al., 1994) and cGMP (for a review see Meghji, 1992). Addition of

PTH which regulates bone-related Ca2* metabolism may be mediated by both adenylyl

cyclase and PlC-dependent hydrolysis of PIP2 in osteoblast cells (Fujimori et al., 1992).

Although later cell response involves the participation of the adenylyl cyclase pathway

(Davidovitch et al., 1988; Ca¡valho et al., 1994) and a change in eicosanoid producion
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(Reich and Frangos, 1991), the early response to strain may be directly linked to the PI

pathway mediated likely through IP, and PKC (Hsieh and Frangos, 1991; Komuro et al.,

1991; Carvalho et a1.,1994). This has also been shown for an increase in DNA synthesis

with mechanical strain (Hasegawa et a1.,7985; Sandy et al., 1993), in which cAMP had an

inhibitory effect (tlakeda et al., 1987). This response is not cAMP dependent as shown by

Farndale et al. (1988); on the contrary, the effect is likely due to the phosphoinositide

tumover (Hakeda et al., 1986; Benidge, 1987; Sandy et a1.,1993).

Other molecules also have been associated with integrins and focal contacts such as

pp6$," (sarcoma) (Nermut er a/., 1991) and intracellula¡ Ca2* (laconi et a1.,1991), as well

as activation of the Na+/FI* antiponer with integrin binding to ECM (Ingber el al., 1990),

indicating that integrin may transduce signals in a similar fashion as growth facton (Ingber,

1991). Phosphorylation cascades in the cytoskeleton may also initiate through integrin-

mediated response, as in the case of integrin and focal contact binding via talin (Burridge er

¿/,, 1988), myosin (Omann et al., 1987) and tensin (Davies et al., 1997). In facr,

phosphorylation has been suggested as tïe frst identifiable step of the signaling process

(Gingell and Owens, 1992). Stimulation of adhesion has caused an increase in tyrosine

phoshporylation of a protein of 120 to 130 kD (Komberg et al., 1991) called ppl25t"k

(focal adhesion kinase) (Schaller et al.,1992). It has been suggested that integrin signaling

and activation of pp125l"k are rclated to control gene expression and differentiation (Juliano

and Haskill, 1993).

Mechanical strain response at the molecula¡ level has shown in cardiac myocytes

that the early response is given by the immediate genes such as protooncogenes and heat

shock protein genes (Izumo et al.,1988), Sinilarly the late response in the same cells is

induced by the fetal contractile protein genes and the arial natriu¡etic peptide genes

(Komuro et al., l99l). It is known that stimulation of these genes may occur via

adrenergic recepto¡s such as c, @ishopric et al., 1987). In addition, gene regularion by

mechanical strai¡y'integ¡in-mediated response may resemble signaling through receptor

101



tyrosine kinases (RTKs). To this end proteins with SH2 domains, such as PLC and

tensin, are sdmulated upon effector-RTKs binding to subsequently elicit a response (Koch

et al., l99l). In case of PLC signaling, RTKs may directly stimulate PKC (for a review

see Juliano and Haskill, 1993). The conside¡able amount of overlap between G-protein

and RTKs mediated signaling added to the Iack of understanding of the whole process of

signaling cascades in gene regulation allows several questions to be raised conceming

mechanical strain transduction. Fu¡ther wo¡k is needed to clarify the role and dependency

of integrin-mediated-RTK activation.

In conclusion, integrin subunits are excellent candidates to ransmit srain generated

signals into the cells. These signaJs are then converted into biochemical response leading to

altered function. The ¡esultant change in funcúon as well as the biochemical signals and the

forces applied need to be further cla¡ified. Perhaps the biggest challenge is to elucidate the

relationship of cytoskeleton adaptation with the various strain-induced signaling

mechanisms discussed above, including various membrane receptors and biochemical

pathways.
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Figure 1. Phase contrast micrograph of HOS TE-85 cells in cultu¡e. (a) Cells at low

density prior to mechanica.l strain. O) Cells reaching the confluency stage after

30 hrs in culture. Note the compact shape of the cells in the center. (c) Srained

cells after 72 hours of initial platting. Single black a¡rows indicate the presence

of bone nodule as a white spot. (d) One week after initial platting the cells are

completely immersed by matrix. Note von Kossa stain of the mineralized

nodule indicated by single black arrows. White arrows indicate the di¡ection of

strain. Magnifications (a-d) X 80.
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Figure 2. Effects of mechanical stain in bone nodule formation in HOS TE-85 cells. The

sequence shows photomicrographs of strained and unstrained HOS cells.

Strain was applied in (a), (b), (c) and (d), and unstrained conrrols were (e), (Ð,

(g) and (h). The von Kossa stain indicated that individual nodules from days 2

(a), (e) and 7 (b), (Ð gradually increased in area to form large black a¡eas in the

later strain and unstrained periods of days 21 (c), (g) and 28 (d), (h). At all

time periods, there was an increase in nodule formation in snained when

compared to unstrained cultures. Black ar¡ow indicates direction of srain.

Magnif ications (a-h) X 10.
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Figure 3. Effect of mechanical strain in the cell count number of HOS TE-85 cells. Note

the increase in cell numbers tfuough the time periods studied. At 2, 14 and 28

days of culture, the numbers of mechanically strained cells were significantly

g¡eater (* p<0.05) when compared with those of unsbained controls.
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Figure 4. Irnmunolocalization srudies of HOS TE-85 cells with anribodies a¡ti-talin, anri-

vinculin, anti-vimentin and anti-tensin. (a) Control unstrained cultures of talin.

showed an increase in the focal contact areas when these cells were

mechanically strained as evidenced by double white arrows, in (b). Similarly,

this phenomenon appeared to take place for anti-vinculin labeling in control

unstrained (c) and strained cells (d), Note the concenration of striations in the

focal contact areas (double white arrows). (e) Labeling of antibodies anti-

vimentin in control cultu¡es showed less ma¡ked differences in labeling to the

strained cultures (Ð. On the other hand tensin, appeared to increase in labeling

when control cuìtures (g) were subjected to mechanical strain (h). Single white

arrow indicates the direction of strain. Magnification (a-h) X 1250.
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Figure 5. Immunofluorescence staining of mechanically strained and unstrained HoS TE-

85 cells grown ín vitro. Labeling of unstrained (a) and strained (b) cultures

with cr-integrin was similar than tlose of unstrained (c) and strained (d)

cultu¡es labelei with a3-integrin. Note the presence of large clusters in the

periphery of the cells (double white arrows). The labeling for cç (e) and (Ð a¡d

B1-integrin (g) a¡d (h) appeared slightly different, and in p¡-integrin labeling, no

cellular extensions could be seen. However, mechanical strain appeared to

change the distribution of c, (f) and B¡-integrin (h) compared with unstrained

cont¡ols (e) and (g), respectively. Single white arrows indicates the di¡ection of

strain. Magnifications (a-h) X 1875.
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Figure 6. Immunoprecipitation ânalysis of talin, vinculin and vimentin in strained and

unstrained HOS TE-85 cells grown in cultu¡e. The integrins were

immunoprecipitated with antibodies against talin, vinculin and vimentin and

resolved by SDS gel electrophoresis under non-¡educed conditions. (Lane A)

normal rabbit serum; talin immunoprecipiøted from strained (Lane B) and

unst¡ained cells (Lane C). (Lane D) normal ¡abbit serum; vinculin

immunoprecipiøted from strained (Lane E) and unstrained cells (Lane F). (Lane

G) normal rabbit serum. Vimentin immunoprecipiøted from strained (La¡e H)

and unstrained cells (Lane I). Molecula¡ mass ma¡kers (200,97.4,6'7.5 and 44

KD) are indicated by bars on the left.
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Figure 7. Immunoprecipitation analysis of integrin subunits in strained and unstrained

HOS TE-85 cells grown in culture. These cells express the subunits c2, d3, cÇ

a¡d Êr in both strained and unstrained cultures. (A) Cells grown for 72 hours

and suained for the last 24 hours of culture. Unstrained used as controls.

(Lanes A and F) cells i¡cubated with normal rabbit serum; (Lane B) unstrained

and (Lane C) strained cells immunoprecipitated with anti-p, antibodies, non-

¡educed; (Lane D) unsrained and (Lane E) strained cells immunoprecipitated

with anti-a¡ antibodies, non-reduced. Immunoprecipitation with anti-d, and

anti-a2 antibodies in non-reduced conditions seemed to co-migrate with anti-B,.

(B) (Lane A) unstrained and (Lane B) strained cells (6 hours)

immunoprecipitated with anti-pr antibodies, non-reduced; (Lane C) cells

immunoprecipitated with rabbit normal serum; (Lane D) strained and (Lane E)

unstrained cells (6 hours) immunoprecipitated with anri-p1 antibodies, reduced.

Molecula¡ mass ma¡ke¡s (200,97.4 and 67.5 KD) in (A) and (97.4 a¡d 67.5

KD) in (B) are i¡dicated by bars on the left.
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Figure 8. (A) Effect of mechanical srrain in the synthesis of talin, vinculin and vimentin.

(a) 6 hours a¡d (b) 24 hours of culture. (B) Effect of mechanical strain in the

synthesis of integrin subunits. (a) 6 hours and (b) 24 hou¡s of culrure. *

indicates significantly greater (p<0.05) in strained cultu¡es when compared with

unstrained controls.
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INTR oDUcTIoN

The behavior ofcells and tissues in the body is dete¡mined to a large extent by their

surrounding biological environment. The immediate cellula¡ envi¡onment, provided by the

exEacellula¡ mau-ix (ECM) via specialized scaffoldings such as basement membranes,

collagen matrix, cartilage and bone (Lotz et al., 1989; Ingber, 1991) cha¡acrerizes the

cellular responses. From empirical observations into the effects of forces on bones (wölff,

1892) to studies in weightlessness (Rob€rts et al., 1982; Artner-Dworzak et a!., 1993;

Mittelstaedt et al., 1991) the effects of mechanical stimulation on connective tissues,

especially bone tissue, are regarded as beneficial. It is a dynarnic strain environment that

creates the most appropriate conditions for connective tissue cells. Several studies jn vi¡ro

have reported the effects of mecha¡ical stimulation on different connective tissues and

connecrive tissue cells such as fib¡oblasts (Yen et al., 1990; Almekinde¡s et at., 1993),

osteoclasts (Chiba, 1989; Bwger et al., 1991; S¡tda et al., 1993), chondroblasts (Copray er

al., 1985; Klein-Nulend et al., L986), osteoblasrs (Sömjem et al., I9B0; Bruneue, l9g4;

Hasegawa et al., 1985; Sandy, 1989; Jones et al., 1991; Brighton et at., l99l; Brighton er

al., 1992; Sandy, 1993; Carvalho et al., 1994a) and others. However, the question

remains as to how much stimularion is considered benefìcial to cells and tissues, or which

parameters (i.e. periodicity, magnitude or frequency of the applied stimulus) are likely to

characterize cell response. For instance, it is known that the osteogenic cellular synthesis

of bone proteins app€a$ to be activated preferentially by intermittent rather tha¡ continuous

strain (Lanyon, 1984) and frequency appears to be as important to remodeling as is the

range of stress which is applied to bone (Rubin et al., 1989). And frnally, how is the

mechanical stimulation perceived by connective tissue cells and transduced into a

recognizable cellular "language"?

To date, although mechanical stimulation has been shown to alter the metabolism of

connective tissue cells (Lanyon, 1984; Mclæod et al., 1987), the mechanisms controlling

the adaptations of these cells to mechanical stimuli are poorly understood, This paper
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reports a summarized revíew from recent \{otk in ou¡ and other laboratories. From ou¡

studies into the effects of mechanically stimulated organ and tissue cultu¡es of osteoblasts,

we have observed that mechanical stimulation both in vivo and in vitro results in

biochemical modifications and adaptation in structu¡e and function of the cells. This paper

examines the present state of knowledge on the perception and tansduction of mechanical

srimulation into biochemical responses. In addition to different pathways of biochemically

active mechanically-derived "second messengers" and sructu¡al proteins, the molecular

basis of mechanical stimulation and cell response will also be ¡eviewed. Finally, we

attempt to present the clinical relevance of the basic information described here to the

practitioner involved with the science and pracdce of occlusion and jaw mechanics.
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MEcHANoSENSITIVE MEMBRANE cHANNELS

The mechanisms by which the cells sense the mechanical envi¡onmental stimulation

a¡e open to question. Little is known about perception of the stimulation, however, some

evidence exists of the presence of so-called "strain-sensitive cells", These cells would yield

strain-induced, or related potentials to be measu¡ed as physiological signals (Basset et a/.,

1964; Guharey and Sachs, 1984). Additional study is necessary to identify the cells which

could ultimately play the primary ¡oles in skeletal remodeling in response to srain.

Mechanically-activated cell response is more likely to take place through receptor-

mediated ceII signaling. signal transduction may occur by structual deformation of the

memb¡ane components through the presence of the so-called membrane

mechanotransducers (Guharey and Sachs, 1984; Sachs, 1988). These a¡e ion membrane

cha¡nels which may in fact behave as strain-sensitive channels (Guharey and sachs, 19g4;

Lansman etal., 1987; Sachs, 1988; Io¡esetal.,1991). There are basically rwo caregories

for selectivity of stimulatory ion channels in mammalian cells: a) those nonselective for

divalent cations and b) those with priority of specifîcity for selected ions (i.e. Ca2+, K+)

(watson, 1991). However, it appears that some ion channels a¡e inactivated by stain or

stretch. speculation on the role of these channels varies from regulatory responses

followed by cellular changes in osmolarity (Morris, 1990), and may include possible

participarion of cytoskeletal strucrues (sachs, l99l; sokabe ¿¡ ¿/., 1991). These channels

have been shown to exist in a variety of celt types, howbeit, not much is known about the

biological processes that may be regulated or coupled to the increase of cur¡ent in stretch-

activated channels (watson, 1991). In fact, it has been suggested recently that these

channels a¡e a¡tifacts resulting from the patch-clampiñg technique (Jones er al., l99l;
Morris and Horn, 1991). The role of stimulation on receptor-mediated cell response will

be dealt with ¡ -s¡s dstail in the following sections of this review.
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CYTOKINES AND LEUKCITRIENES

Cytokines and leukorrienes may play an important role in the mediation of the

specific response generated in mechanically-stimulated tissue. Cytokines are small

molecules produced by cells which modify the behavior of other cells (Collet and Stewa¡t,

1991). The cytokines that may influence mechanically-stimr¡Iated remodeling of connecdve

tissue include all interleukins (ILs), tumor nec¡osis factors (TNFs), interferons (INFs),

colony stimulating factors (CSFs) and several growth factors (GFs). These molecules

were originally believed to be signal molecules produced by leukocytes, serving primarily

for communication between immune system cells @avidovitch, 1991).

Among the cytokines known to date, IL- 1 (both a and p types) is the most

prominent and is thought to be very important in mediating the effects of mechanical

stimulation. This IL enhances va¡ious immune responses, such as B-lymphocyte

differentiation, antibody secretion and T lymphocyte differentiation (Collet and Stewan,

1991;Meikle et a1.,7989). The effects of tensile stress on the production of theIL-1 by

mechanically- stimulated fibroblasts, showed that IL-1 plays a regulatory response by

enhancing the production of prostaglandin E (PGE) and has an additive effect on bone

resorption activity (Davidovitch, 1991; Saito ¿r al., l99l). There appear to be two

mechanisms whereby IL- 1 stimulates PGE synthesis: hydrolysis of membrane

phospholipids by activation of specific phospholipases and increased conversion of

a¡achidonic acid into PGs by cyclooxygenase (Saito e¡ a\.,799I; Korn er al., 1989).

Hence, simultaneous stimulation of both phospholipase and cyclooxygenase may explain

the IL-1-enhanced PGE production (Davidovitch, 1989). Bone resorprion activity may

also be increased by other cytokines. TNF-o is a potent stimulator of bone resorption,

stimulating secretion of IL-l and increasing leukocyte adherence (Gamble et al., 1985).

Whereas INF-7, has been shown to interfere with resorptive processes and to antagonize

the acfion of a number of growth factors (Gowen and Mundy, 1986).
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Leukot¡ienes (LTs) are also derived f¡om inflammatory cells, through the

transformation of a¡achidonic acid by the enzyme Slipoxygenase. LTs fall into two

classes, differing in both their chemical and biological properries (Piper and Samhoum,

1987; Collet and Stewart, 1991): they a¡e the cysteinyl-containing leukotrienes, LTCa,

LTD. and LTE¿ and the dihydroxy acid LTBa. Each product has acrions of

vasoconstriction in some vascular beds, vasodilatation in the femoral ci¡culation, increased

vascular permeabiliry as well as others. Some evidence of the action of leukotrienes in

connective tissue remodeling comes from the wo¡k of Collins et al. (1987), who showed

that application of a 5-lipoxygenase inhibito¡, piriprost, enhances mechanically-induced

bone formation. Othe¡ inhibitors applied in conjunction with mechanical stimulation of the

teeth of experimental animals appears to cause a decrease in LT levels (Mohamed, et al.,

1989).

The mechanisms of mechanically stimulated response seem to involve a series of

interactions among cells of the nervous, immune and endocrine systems. Several

neurotransmitters which may be implicated include substance P (SP), vasoactive intestinal

peptide (VIP), calicitonin gene-related peptide (CGRP) and merhionine enkephalin (ME)

(Davidovitch, 199i). These neuropeptides a¡e often found in sites of inflammarion, some

appa-rently stimulate bone resorption such as VIP, while others assume a mediatory role in

the transmission of painful sensations in the primary afferent system, such as Sp. It has

been suggested (Davidovitch, 1991) that one parhway whereby mechanical stimulation

causes cellula¡ activation depends on a release of SP from sensory nerve endings adjacent

to stimulated cells, followed by fluid movement distorting matrix and cells (Charles er a/.,

1991). The vasodilatation caused by SP increases PG release, leuloc¡e migration and

secretion of lymphokines, which together with "second messengers" (described below)

will play imponant roles in mechanically-induced cell Íesponse. Although, there is

growing evidence that selected mechanically-induced responses in connective tissue cells

have an inflammatory component (i.e. o¡thodontic tooth movement), such responses are
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not widespread in the mechanisms for maintenance of cellular phenorype. However, the

influence of cytokines a¡d leukotrienes in mechanically-stimulated tissues is very imporunt

and the corresponding regulatory process in vfvo will cerøinly depend in part on a series of

inte¡actions among these factors,
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RoLE oF SEcoND MESSENGERS

The application of mechanical stimulation in connective tissues has been shown to

stimulate the activation of a series of signaling molecules known as "second messengers,,.

These messengers describe a limited number of intracellular molecules produced or

activated to translate the ¡esponses of a rvide range of primary extemal stimuli. These

intraceilula¡ "transducers" a¡e molecules such as Ca2* (Charles et al., 1991; Jones et al.,

1991; Watson, i991) cyclic adenosine monophosphate (cAMP) from the adenylyl cyclase

pathway (AC) (Davidovitch et al., 1984; Saito et al.,l99l; Scott et a1.,7993; Seott et at.,

1994), cyclic guanosine monophosphate (cGMP) from the the guanylate cyclase pathway

(GC) (Bourne et al., 1989), inositol trisphosphate (IPr) and protein kinase C @KC) from

the phosphatidylinositol pathway (PI) (Jones and Schlübbers, 1987; Boume et al., 1989;

Brighton et al.,7991), ions induced with the Na+/H+ exchanger (Ingber, 1991; Watson,

1991) and other combinations of membrane-associated receptors. Be that as it may, the

two main second messenger pathways are the adenylyl cyclase and the phosphatidylinositol

pathways. It is the combination of these pathways with subsequent enzyme cascades and

protein phosphorylation events that specifically translate extracellula¡ stimulation into some

form of cellular activity.

A consensus exists that mechanical forces stimulate the levels of probably most of

these messenger units corresponding to the activation of enzymes such as phospholipase C

(PLC) and A, (PLA) (Jones er al., 1991; Brighton et al., 1992) and pKC (Jones and

Schli.ibbe¡s, 1987; Jones et al., 1997). Although, mechanical stimuli appear to elicit a

hiera¡chical sequence of responses as seen in vitro, the interrelationship of molecules and

activities in different pathways has masked the activity of individual pathways. Therefore,

most studies attempt to isolate specific pathway responses to mechanical stimulation.

Classically, second messenger molecules for mechanical transduction have been attributed

to the AC pathway. A schematic diagram of this pathway is seen in Fig. 1. It is now

known that application of mechanical strain ir¡ vi¡r¿ in osteoblastic cells stimulates cAMp
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levels but only after 5 minutes and reaching its peak at 10 minutes of srain (Car"talho et al.,

1994a). Jones and Schlübbe¡s (1987) found a similar response, which contradicts ea¡lier

studies rhat focused on cAMP as the primary sigaal in strained cells (Coprey et al., 1985;

Binderman et al., 1988; Davidovitch, 1991; Watson, 1991; Scou et al., 1993). This

relatively delayed response of an increase i¡ cAMP levels to mechanical stimulation

suggests that cAMP is probably a "late" cellular response to strain. On the other hand, it

appears that application of mechanical strain causes a rapid increase in the phosphatidyl

inositol phospholipid hydrolysis (PI pathway) almost immediately after the application of

strain (Jones et al., 1997; Brighton et aL., 1992). Only recently has this pathway been

cor¡elated with mechanical stimulation ln vltro (Jones et al., l99l; Sandy and Famdale,

1991), and a diagram of this pathway can be seen in Fig. 2. Cell response through an

inc¡ease in IP, levels may be initiated in seconds (Jones et al., 1991; Sandy and Famdale,

1991). Such response is also evidenced by the specific activity of PKC, itself a result of

PLC activation (Sandy, 1989). While mechanical strain appears to inc¡ease IP, levels after

one minute from initiation of strain compared with later periods of 10 and 30 minutes, PKC

activity does not reach a peak until 5 minutes of strain (Iones et a1.,1991). The effects of

mechanical stimulation in the levels of cAMP and IP, and in the activity of PKC in bone

cells have been shown previously (Ca¡valho et al.,l994a). It is important to mention that

although the two arms of the phosphatidylinositol pathway have independent functions, IP,

a¡d PKC may act synergistically to heighten cellular response, as has been shown in the

induction of serotonin secretion in platelets (Morgan, 1989). In addition to this rapid

stimulation in IP, levels, the earliest change in connective tissue cells exposed to

mechanical stimulation appea¡s to be the Caz* influx across the plasma membrane. This

influx occurs within seconds of mechanical stimulation, however such changes may not

consti$te a separate pathway of response. On the other hand, Ca2* panicipates in a series

of responses including IPr-Ca2* mobilization ftom intracellula¡ stores during a number of
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hormonally regulated metabolic events and/or mechanical stimuti (yamagu cln et al., lggg;

Reich and Frangos, 1991; Arora and McCulloch, 1993).

The activation of both adenylyl cyclase and phospharidylinositol parhways is tied to

G protein-mediated receptor stimulation as shown diagramatically in Figs. I and 2. These

G proteins are hete¡otrimeric memb¡ane-bound transducing proteins which bind guanosine

risphosphate (GTP) in place of guanosine diphosphate (GDp) and can be stimulatory (Gs)

or inhibitory (Gi). Down stream release of the messengers only takes place after a

conformational change of G protein-associated receptors with effec¡o¡ binding (Rubin and

Hausman, 1988; Brighton et al.,1991). There a¡e cu¡renrly two models fo¡ the kinetics of

receptor-effector binding. These are the "precoupled" and the "collision coupling" models

(Levitzki and Ba¡-Si¡ai, 1991; Gross and l,ohse, 1991). Incidentally, the application of

mechanical strain in osteoblastic cells may increase the receptor diffusion process. The

effects of mechanical stimulation in membrane-bound receptor signating will be further

discussed in "morphological alterations in cell structu¡e".

Arachidonic acid metabolites, such as prostaglandins (pGs), and circulating

hormones, such as parathyroid hormone (PTH) appear to play an important role in

mechanically-stimulated second messenger ¡esponse. combinations of either pGE, or

PTH witlr mecha¡ical stimr¡lation may enhance the effects of stimulation alone (Jones et al.,

1991; Kasugai et al.,1991). However, their action may not be comparable. Famdale et al.

(1988) showed that stimulation with PGE, gave a similar response to that of prH in both

the phosphatidylinositol and adenylyl cyclase pathways. However, cAMp and Ip, were

not stimulated to the same degree. This latter observation is inte¡esting, since osteoblasts

have been shown to carry PTH receptors directly bound with the G-proteins which initiate

both cAMP and IP, pathways (Fujimori er a/., 1992). The activities of pTH and pGE, may

therefore, be comparable but not wholly coincident (Boland et al., 1986). Ca2+ elevation

has also been shown to increase as a result of PTH but not PGE, stimulation @ola¡¡,d et al.,

1986; Farndale ¿t al.,1988\.
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Functional involvement of the second messenger pathways are closely related to

protein phosphorylation and the enzyme cascades indicated above. Enrymes such as PKC

(Beckerle, 1990; Woods and Couchman, 1992) and other signal t¡ansduction-derived

messengers such as cAMP-dependent kinases (fumer et ø/., 1989; Woods and Couchman,

t992) ue known to phosphorylate integral cell membrane and cytoskeletal proteins.

Activation of PKC may determine the formation of focal adhesions (Burridge and Connel,

1983; Burridge, 1986; Burridge et al., 1988), changes in cytoskeleton agg¡egarion

@urridge and Connel, 1983; Bur¡idge ¿t al., L988; Canalho et al., 1994a) and membrane-

binding specificity with regards to different substrates @erventzi et al., 1992), However,

it has been shown that inactivation of PKC-mediated phosphorylation causes an inhibition

of focal contact organization, which does not occur when cAMP kinase phosphorylation

are inhibited (Woods and Couchman, 1992). Ir is conceivable rhat strain enhances rhe

translocation of PKC to focal adhesion sites (Carvalho et al., 1994a). Although the exact

role of PKC in the formation of focal adhesions is not yer known, PKC may stabilize the

initial association of the cytoskeleton with the focal contacts and with the membrane

receptor proteins (Woods and Couchman, 1992).
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MORPHOLOGICAL ALTERATIONS IN CELLULAR STRUCTURE

Stimulation of signaling mechanisms by mechanical strain involves various cellular

components. Of special interest, the changes in the cellula¡ ECM envi¡onment may cause

"deformation", altering cell shape (Burridge et al., 1988) with significant cytoskeleton

rearrangement (Buckley et al., 1988; Ben-Zp'ev, 1991; Pender and McCulloch, 1991;

Gingel and Owens, 1992). However, the transduction of mechanical stimulation will most

likely enter the cell through a cell memb,rane-associated response.

ECM-Cell I nteractiots

The monitoring of specifTc membrane-bound receptor changes is paramount for the

elucidation of the missing link between ECM stimulation and cellular response. Bone cells,

like most other cells, attach to ECM molecules including collagen, laminin, fibronectin and

vitronectin. This interaction occurs through cell-surface recepto¡s, which connect the

extracellular protein netwo¡k to the intracellular cytoskeleton as an integral component in

signal transduction (Hynes, 1992). Many of these membrane receptors belong to the

integrin superfamily (Hynes, 1992). All integrins are heterodimers fomred by an cr and a p

subunit; 14 c¿ a¡d 8 p units have been characterized. Different subunit combinations

function as receptors for attachment of different cell types to different extracellular proteins

(Clover et ø1., 7992). Each subunit possesses a large extracellula¡ domain, a

t¡ansmemb¡ane domain and a short cytoplasmic domain (Gailit er al., 1993). The

cytoplasmic region interacts with several intracellula¡ proteins (Burridge et al., 1988;

Hynes, 1992). The attachment properties of integrins are given by their affinity for the

amino acid sequence arginine-glycine-aspafate (RGD) in thek ECM protein ligand (Kabat

et al., 1985). It has been suggested that the marurer by which these subunits bind the ECM

is critical to cell function (Horton and Davies, 1989; Hotton et a1.,1991). Thus, integrins

are likely candidates for transducing mechanical strain-induced signals into a

morphogenetic cell response.
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The application of oxidative strain on integrin subunits from cells cultu¡ed in vj¡ro

appears to cause redistribution and dysfunction of integrins (Gailit er al., 1993).

Mechanical strain may also cause an increase in the synthesis and a change in the

distribution of selected integrin subunits in bone cells (Carvalho et at., 1994b). ln our

laboratory, isolated bone cells have been labeled with monoclonal antibodies against a and

p integrin subunits. Application of mechanical stimulation causes a change in point and

focal distribution of these subunits as seen in Figure 3. studies in other cells also show an

increase in protein synthesis with mechanical strain (Komuro et al., 1990). As suggested

by Milam et al. (1991) the changes in the relative abundance of integrins expressed on the

cell su¡face may have a profound effect on the phenotype of a particular celi. Haskin and

Came¡on (1993) in a study using physiologic levels of hydrosratic pressure also showed

increases in selected integrin subunits in bone-like cells. Quantitation of integrin subunits

of bone cells in vltro from unstrained and st¡ained cells was shown in Carvalho et al.

(1994a). In addition, it appears that the envkonmental dema¡ds may not only determine

protein synthesis and distribution, but also the regulation of integrin specifîcity and

function. cress et al. (1990) showed that cells a¡e inhibited to bind to virronectin when

heat shock st¡ess was applied. Loss of specificity may be due to a change in the

combination of integrin cp heterodimers when the cells a¡e subjected to mechanical

stimulation.

Although integrin subunits appeff to be affected by different types of stimulation,

the mechanism responsible for integrin changes is not clear. while some investigators

support a mecha¡ical disruption of receptor subunits, others favor a biochemical pathway

involving the second messenger systems discussed above. Nevertheless, a hypothesis

combining mechanical activation of receptors to biochemical activation of G-proteins and

phosphorylation cascades is perhaps more plausible.

In addition to integrins there are other less well cha¡acterized cellular membrane-

associated receptors. These include cadherins, the binding of IgG to the high-affinity Fc
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recepror, the glycoprotein complexes CD44 and CD45, Na*/K'ATPases, the estrogen

growth factor ¡eceptors, the glycoprotein 1b/9 and others (Stossel, 1993 for a review).

However, to date there is very little information on any of these receptoß mediating any

mechanical stimulation-induced cellular signal transduction.

C e I I R e c ep tors - Cyto s kz let o n I nteractions

The memb¡ane-associated receptors, in panicular integrin receptors, form the

physical link from the ECM to the associated cytoskeleton proteins which most likely

contribute to a structural and biochemical combination of srain sigrals (Beckerle and Yeh,

1990; Otey and Pavalko, 1990; Bodary and Mclean, 1992; Hynes, 1992). These

inte¡actions of integrins-cytoskeleton may provide a mechanism for transduction of

mechanical strain into cellular differentiation processes (Miam et al.,l99l;, CarvaJÁo et al.,

1994b).

It is believed that cytoskeletal proteins are perhaps the best situated cellula¡

components to detect envi¡onmental strains applied to cells (Sandy er a/., 1993; Carvalho e¡

al., 1994a; Seott et al., 1994). The major cytoskeletal protein is actin, which has indeed

been shown to change in fib¡oblasts subjected to mechanical stretch (Pender and

McCulloch, 1991). Mic¡ofilaments terminate at specialized sites of the cell membrane

termed focal contact sites (Burridge et al., 1988; Beckerle and Yeh, 1990), in which talin

and vinculin are the major proteins. Figure 4 shows a h¡pothetical model for the pathway

of mechanically-induced interactions among ECM, integrin-receptors, focal adhesion

proteins and the cytoskeleton.

The relationship of actin f aments to focal contact proteins and integrin receptors is

probably a dynamic one. All of the interactions depicted in Figure 4 do not exist

simultaneously in mechanically responsive cells. This stimulation may parallel that of

moving cells, in which consnnt assembly/disassembly of actin fibers and changes in focal

contacts take place (Stossel, 1993). In our laboratory we have observed that focal conract

proteins change their distribution (Figures 5 and 6) and synthesis (Cawalho et al., 1994b)
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when subjected to strain, which may represent an additional step in ea¡ly strain-induced

signal transduction. According to Haskin and Cameron (1993), cellular changes in actin

and vimentin depolymerization with the application of pressure suggests a disintegration of

integrin-cytoskeletal attachment complex. If mechanical stimulation disrupts this complex,

the results f¡om our work showing increases in synthesis of receptors and focal contact

proteins (Cawalho et al., 1994b) may be better explained as a partial compensation for the

disruption of cytoskeletal components and/or focal contacts (Ingber, 1993).

Integrin receptors have been seen recently as biochemical signal transducers

(Kornberg et al.,7991; Bodary and Mclæan, 1992; Ingbe¡, 1993; Iuliano and Haskill,

1993). This refers to receptor modification activari¡g spêcific membra¡e enzymes which in

turn activate the phosphoinositide cycle. This results in propagation of the signal. An

example of such modifications are the ligation of specific receptors leading to

phosphorylation on tyrosines and tyrosine-kinases in the cytoplasmic tÂil of the receptors

(RTKs). To this end proteins with SH2 domains, such as phospholipase C and tensin,

may be stimulated upon effector-receptor tyrosine kinase binding to elicit a response (Koch

et al., 1991). In the case of PLC signaling, RTKs may directly srimulate PKC. This

appears to be the case of integrin and focal contact binding via talin @urridge and Connel,

1983; Burridge et al., 1988) myosin (Omann et al.,1987) and tensin @avies er a/., 1991).

In fact, phosphorylation has been suggested as the fi¡st identifiable step of the signaling

process (Gingel and Owens, 1992). Stimulation of adhesion causes an inc¡ease in fyrosine

phosphorylation of a protein of 120 to 130 kD (Komberg et al., 1991) called pp125FAK

(Schaller et al., L992). It has been suggested thar integ¡in signaling and activation of

ppl25FAK a¡e related to control of gene expression and differentiation (Juliano and Haskill,

1993). For a review see Figure 4.
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MECHANICAL STIMULATTON AT THE MOLECULAR LEVEL

Mechanical stimulation response at the molecular level has been shown to be

divided into early and late stages. The early response is associated with the activation of

the immediate genes such as protooncogenes (i.e. c-þs, c-jun and c-myc) and, heat shock

protein genes (I^mo et al., L988; Hsieh e¡ ø1., 1991). The late response appears to be

induced by the fetal contractile protein genes and the atrial natriuretic peptide genes

(Komuro et al., 1997). Thus, the¡e seems to exist a hiera¡chy of gene activation

characteristically associated with the mechanical sEain-induced ¡esponse. Several other

pathophysiologically relevant genes have been expressed as a result of mechanical

stimulation, including tissue plasminogen activator (tPA), ransforming growth factor-p

(TGF-P), platelet derived $owth factor-A (PDCF-A) and PDGF-B chains (Resnick er a/.,

1993). Consequently, mechanical stimulation could also be responsible for activating gene

expression of integrin receptors, which appears to be the case. We have been able to

demonstrate in our laboratory that the effects of mechanical stimulation on bone cells are: 1)

upregulation of integrin gene expression through increases in mRNA levels of p, integrin

subunt (Carvalho et a/., unpublished observations) and 2) specific changes in integrin

mRNA levels for different subunits, since oç integrin subunit mRNA levels did not appear

to be affected by strain (Cawalho er ø/., unpublished observations). Stimulation of integrin

gene expression has also been demonstrated with ce¡tain differentiation-specific

macromolecules such as IL-1p, PGEr, phorbol esters, Vitamin D, and retinoic acid

(Sömjem et a/., 1990; Slovik ¿¡ ¿/., 1986; Heino and Massagué, 1989; Mtlam et a1.,1991).

However, the question is how do mechanically-induced signaling molecules

stimulate the transcription of genes? The diagram shown in Figure 7 describes a

mechanically-specific nuclear recepto¡ that binds to DNA molecules stimulating

ranscription. In o¡der for this to occur, the promoter regions of selected genes must

contain specific regions or sequences ofDNA termed responsive elements (REs). These

DNA sequences have the ability to bind protein, usually receptors called ranscriprion
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factors (TFs), which is the case for Vitamin D3 and retinoic acid. Recently, Resnick ¿¡ a/.

(1993) have identified a highly conserved RE in the PDGF-B chain gene from cells grown

tn vitro which may respond specifically to shea¡ strain. However, to date very little is

known about this mechanically-stimulated responsive element (MSRE) or rhe TFs. FoI

instance, the distribution of these MSREs in other genes and,/or the speci-ficity of rhe TFs,

as well as other characteristics have not been determi¡ed. Nevenheless, this is the fi¡st

indication that the information conøined in the cells responsive to mechanical stimulation

appears to be at the genetic level. However, the question still remains; how is the

information transmitted to the nucleus of the cells to stimulate the TFs? This is cunently

the topic of intense investigation. For instalce, kinases such as PKC have been shown to

mediate upregulation of gene expression through an increase iri DNA binding affinities,

changing the tra¡sactivation activities of TFs by phosphorylation @ohman, 1990; FreeÅ et

al., 1989; Hsieh e¡ ¿/., 1991). In addition, PLC, Caz'and G proteins also may prove to be

important in protooncogene expression. It is conceivable that mechanical suain stimulates

integrin expression in a simila¡ fashion. It is known that stimulation of these genes may

occu¡ via adrenergic receptors such as o1 (Bishopric et a1.,1987). This may also mea¡ that

expression of the integrin receptors contributes to their auto-regulation, which seems to be

the case when integrins are associated with other molecules such as pp60,'" (Nermut el a/.,

1991) and Ca2+ (Jaconi et al., 1991) or phosphorylation cascades srimulated by mechanical

strain (Kornberg et al., l99L). Phosphorylation may also play a role by: 1) activation of

TFs residing in the cytoplasm, stimulating translocation into the nucleus; 2) regulation of

DNA binding, being either stimulatory or inhibitory; 3) regulation of transactivation of the

gene, being either stimulatory or inhibitory, and also by 4) regulation of transrepression of

the gene, stimulatory only (Freed et al., 1989 for a review). However, in addition to the

conside¡able overlap between G-proteins and kinase-mediated phosphorylation signaling,

the lack of understa¡ding of the whole process of signaling cascades in gene regulation

allows several questions to be raised concerning mechanical strain transduction. Furthe¡
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work is needed to clarify the role and dependency of mechanically-stimulated kinase

activation in genetic regulatory mechanisms (Jones and Bingman, 1991).

Finally, cell shape may also determine the regulation of genes in mechanically-

stimulated cells. This has been hypothesized in the tensegrity (tensional integrity) model

which may explain not only nuclear responses to cell shape and mo¡phogenetic changes,

but also different cell shapes a¡d control of cytoskeleton assembly Q'Iang et al., 1993). An

advantage of this system may be the "essentially instantaneous" signal transduction which

could happen throughout the enti¡e cell, presumably in a more efficient fashion than in

diffusion-based signaling systems (Sims et al.,1992; Ingber, 1993). Although, the¡e may

be a tensegrity component in cells that require srucrural stability, the signaling pathways

described above must likely play a very important role in the process of mechanical-induced

signal ransduction, nonetheless.

143



)

CoNcLUSIoNS

The mechanically stimulated response in viva appean to involve neural, vascula¡

and physical phenomena which, probably combined, explain the extent of cellular

activation by mechanical stimulation. However, keeping in mind that none of the systems

described above is capable of solely explaining mechanically-induced cellular activity, the

general conclusions are:

J.

The effects of mechanical stimulation in connective tissues may cause a disto¡tion of

the ECM. ln bone, such changes may be associated with the appearance of slow-

dissipating streaming potentials with associated piezoelectric spikes. The resulting

changes in the resting cellular membrane potential may acrivate the

mechanosensitive ion channels.

Mechanical stimulation may also cause gradual fluid shifs i¡ the ECM surrounding

the cells resulting in nerve fiber distonion with a release of neuropeptides. These

combined with leukocyte-secreted cytokines and leukotrienes may contribute to

cellular stimulated activity.

Stimulation of.membrane changes and distortion of ECM may activate memb¡ane

receptors associated with a series of second messenger systems that initiate

mechanical-stimulated signal transduction.

The activated membrane channels and/or receptors will subsequently transduce this

stimulation to the focal contacts and cytoskeleton proteins both physically and

biochemically. Participation of tyrosine and other kinase proteins followed by a

se¡ies of phosphorylation cascades \üill propagate the inracellula¡ activation.

Following the activation of cytosolic proteins and second messengers, nuclear

activation will take place. This may occur through some form of tensional integrity,
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physical nuclear activation or the activation of a transcription factor. This factor

would bind to DNA sequences and stimulate gene transcription.

A summary of the pathways and mechanisms described in this review is combined

in our hypothetical mechanism of mechanically-induced signal transduction shown in

Figure 8. From the studies described here, physiological mechanical stimulation of

connective tissues has the capacity to affect cellula¡ response culminating in the

maintenance of tissue integrity. Fufhermore, abnomral and excessive stimulation may lead

to pathologies and tissue breakdown. Additional work is needed to elucidate the role of the

diffe¡ent cellula¡ components with the different intracellular responses.
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CLINICAL RELEVANcE

The rate of me¡hanical loading in maintaining normal craniofacial skeleton form a¡d

function is a commonly accepted clinical concept, yet little di¡ect evidence is available to

correlate specific functional or parafunctional loading with such activities as

temporomandibular joint remodeling, mandibular growth and dentoalveolar adaptation.

Perturbations such as occlusal changes, occlusal function, orthodontics and periodontal

support make drastic changes in the loading pattem, yet the mechanisms by which

physiological load and physiological or pathological tissues respond to these loads are

unclear.

Funher elucidation to these mechanisms would greatly enhance ou¡ undersund.ing

of both normal development and pathogenesis of temporomandibular joint tissues and

dentoalveola¡ and periodontal structures. Clinical management of the loading patterns

could prevent or reverse tissue breakdown. Patients with tissues susceptible to breakdown

because of their loading pattern could be identified at an early stage. Non-invasive

techniques could be introduced to improve temporomandibular joint and occlusal function.

New b¡eakth¡oughs in the field of mechanically-stimulated tissues are constantly

being made. For instance, the environmentål effect on biological tissues once believed to

be isolated, has been ¡ecently shown to be genetically cont¡oled (Resnick et al,, 1993).

Different types of mechanical stimulation that clinicians observe in practice may be

genetically determined. In other words, the information necessary for cells to respond

either to compressive o¡ tensional forces may be present i¡ the form of DNA sequences,

which may tum on or off a particular gene responsive to mechanical stimulation of any

kind. This may be explained as the epigenetic control of mechanically-induced cellular

responses; an area of intense investigation.

Indeed, much of the information derived from future studies of the signa_ting

pathways between extracellular load in the matrix to the cellula¡ response would have
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tremendous implications in all aspects of clinical biology since loading and tissue response

is a unive¡sal relationship.
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Figure 1.

Figure 2.

Diagram showing the adenylyl cyclase (AC) pathway. The stimulation, either

chemical or mechanical, is thought to activate a cell receptor which binds to

specific G proteins. These proteins are formed by three subunits (o,Ê,y), of

which the c is the active one. The AC pathway is believed to have two forms

of G proteins which may bind to each speci-fic receptor: one is stimulatory (G,)

and the other is i¡hibitory (GJ. Upon receptor-Gac coupling, GDP is

displaced and GTP binds to the G protein causing the c subunit to dissociate

from the p-1 complex and activate the adenylate cyclase enryme (Ac). This

binding may be stimulatory or inhibitory, depending on the responsive G

protein (G" or Gi). Therefore, the nature of the binding will determine if the

following conversion of adenosine thrisphosphate (ATP) into cyclìc adenosine

monophosphate (cAMP) will increase or decrease cAMP levels. The latter may

modulate several cell mechanisms, including the activation of cAMP-protein

kinase (cAMP-K*). The activated form of cAMP-K* goes on to phosphorylate

a series of other cellular proteins.

Diagram showing the rwo branches of the phosphatidylinositol @I) pathway.

The stimulation, either chemical or mechanical, is thought to activate a cell

receptor which binds to specific G proteins (Gq). These proteins are formed

by three subunits (o,Ê,r), of which the c is the active one. Upon receptor-Gq

coupling, the a subunit is dissociated from the p-y complex to activate the

membrane bound enzyme phospholipase C (PLC). PLC cleaves 4,5-

phosphatidylinositol bisphosphate (PIPz) to generate inositol 1,4,5-

trisphosphate (IP) and diacylglycerol @G). The IP3 branch of the PI pathway

continues with a release of Ca2* from inracellula¡ stores. On the other ha¡d,

DG, which remains in the cell membrane, activates protein kinase C (PKC).

The activated form of PKC* phosphorylates a series of other cellular proteins.
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Figure 3. Immunofluorescent localizâtion of integrin subunits in non-mechanically (a, c,

e and g) and mechanically-stimulated (b, d, f and h) bone cells jn vj¡ro. Note

that stimulation has changed the distribution pattem of the integrin subunits c2

(a a¡d b), o3 (c and d), o" (e and Ð and Fr G a¡d h). X 1875.
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Figure 4. Diagram depicting a simplified model of the interactions of extracellula¡ matrix

(ECM) proteins, as cha¡acterized by fibronectin to the activated membrane

receptors integrins (both a a¡d Ê subunits) and the intracellula¡ focal contact

and cytoskeletal proteins. Focal contacts a¡e shown as talin, vinculin and

tensin and cytoskeletal are actin, a-actinin, filamin and vimentin. In addition,

the important protein tyrosine kinase @TK) in the membrane and proteins

125FAK and 60'' a¡e also shown. The application of mechanical stimulation

causes a membrane deformation and an activation of integrin recepto¡s.

Subsequently, the tra¡sduction of mechanical stimulation may occur through a

physical deformation of the focal and cytoskeletal proteins. In addition,

activated PTK* and 125FAK and 60"" may participate in the phosphorylation

cascades of specific cellular proteins, such as tensin.
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Figure 5. Immunofluorescent localization of proteins in non-mechanically (a, e and g)

and mechanically-stimulated (b, c, d, f and h) bone cells ín vítro. Nore rhat

stimulation has changed the distribution pattem of the intermediate cytoskeletal

proteins vimentin (a, b, c and d) and the focal contact protein vinculin (e and Ð

and a-actinin (g and h). Note that periods of st¡ain of 30 minutes (b) show

different staining disfibution of vimentin when compared with those of periods

of 24 hours (c) and 7 days (d). Note that these cells orient themselves

perpendicular (double white arrows) to the long axis of the applied mechanical

strain (white arrow). Also note that there was change in the focal contact

protein vinculin distribution in 30 minutes of mecha¡ical strain (f¡ a¡d rhat the

distribution of a-actinin did change considerably with mechanical stimulation

(h). White a¡rows indicate the di¡ection of strain. Magnifications (a-d) X 500

and (e-h) X 1250.
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Figure 6. Immunofluorescent localization of focal contact proteins in non-stimulated (a

and c) and mechanically-stimulated (b and d) bone cells in vitro. Note that

stimulation has changed the distribution pattem of vinculin (a and b) and ølin (c

and d). X 1250.
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Figure 7. Diagram depicting a simplified model of the molecula¡ inreractions in

mechanically-stimulated connective tissue cells. The application of mechanicai

srain causes a memb¡ane deformation and an activation of integrin receptors.

Following the panicipation of structural proteins and phosphorylation cascades

in the transduction of mechanical stimulation into the cell c¡oplasm, some of

these events may transduce the stimulation into a nuclea¡ response. Activated

protein kinase C (PKC*) and protein ryrosine kinase (pTK*) may affect

mechanical stimulation receptors (MSRs), which may occu¡ in the cytoplasm or

in the nucleus. If stimulated in the cytoplasm, the MSR will translocate into the

nucleus to bind to mechanical stimulation responsive elements (MSRE) in the

promoter regions of responsive genes. The binding of MSRs to MSREs may

eithe¡ enhance or repr€ss ranscription of a gene leading to control of cellula¡

response by changing mRNA levels for the resulting protein. In addition,

phosphorylation of PKC* may be also given by other proteins, which a¡e not

depicted in this diagram. The proteins 125r,* and 60.* may also stimulate the

MSRs. Finally, the tensegrity model may physically deform the nucleus

resulting in the stimulation of the gene promoters similarly to the aitemate

stimulation by PTKs, bypassing the MSRs.
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Figure 8. Diagram depicting our current model of mechanically-stimulated signal

t¡ansduction mechanisms taking place in connective tissue cells. The

interrelationships depicted are a simplification of the ones that may be occurring

in cells r'¿ vlvo, since it would not b€ possible to show all the interactions and

pathways in mechanically stimulated cells. This diagram is a combination of

previous figures which dealt with individual parts of the signal transduction

mechanisms. Shown here are the ext¡acellular matrix (ECM) protein

fibronectin (Frn) binding to integrin receprors (c and p), transducing the

stimulation to the cytosol to activate: 1) focal contact proteins talin (Ta),

vinculin (V) and tensin (Ie) which tra¡sduce the signals to actin (A), û-acinin

(aA), filamin (F), vimentin (Vm) and 125FAK and 60""; 2) the

phosphatidylinositol and adenylyl cylcase pathways (described in Figs. 1 and

2); 3) protein tryrosine kinases (PTKs) which when acrivated (PTK*) would

stimulate other cytoskeleton proteins and the mechanicaJ stimulation receptors

(MSRs) and 4) the flux of Caz* into the cytosol causing a further series of

lesponses, The subsequent molecula¡ reactions in the nucleus have been

already described in Figure 7.
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AB STRA CT

Mechanical stimulation applied to the skeleton has been shown to alter the

metabolism of bone cells, however the effects of mechanical strain on the c¡oskeleton of

osteoblasts are poorly understood. While changes in the cytoskeleton distribution in

mechanically strained cells have been reportd little is known about tl¡e pathways by which

these charges a¡e t¡ansduced into cell functions. HOS TE-85 cells were culru¡ed in

DMEM/F- 12 and grown to confluency in Flexercell Type I dishes in a humidiñed incubato¡

wi¡h 5 Va CO2 and 95 Vo ur. Intermittent strain (3 cycles per min) was applied to the cells

using the Flexercell Strain Unit System for periods of l5 and 30 minutes, 2,4 and 24

hours and 3, 5, 7, 10, 74,20 and 28 days. Unstrained cells were used as cont¡ols.

Distribution of p1 integrin was studied by immunocytochemical procedures. Total RNA

was isolated at all the time periods and nonl¡em blots were perfonned to study the effects

of strain on the levels of p¡ integrin expression i¡ TE-85 cells. The results indicated that

mechanical strain increased the synthesis of p, integrin. Nonhem blots showed that p,

mRNA expression increased signiñcantly (p<0.005) at periods of 30 minutes and 3 days of

srrain application. ln addirion, strai¡ also affected Þr distribution markedly in periods of 24

hour cultures, The response of HOS cells to mechanical srain demonstrates that the

osteoblast cytoskeleton adapts to srain through the stimulation of specific c¡'toskeletal ard

leceptor proteins. These results suggest a pathway through which mecha¡ical strain is

tra¡smitted to the osteoblastic-like cells.



INTRoDUcTIoN

Onhodontic therapy requires the manipulation of dental and skeletal sEuctures

through the use of mechanical fo¡ces. Although, clinical treatment can be achieved by

stimulating growth and tissue remodeling, the cellular mechanisms that control the tissue

rcsponse to mechanical forces a¡e poorly undentood. The early histologic description of

remodeling was associated with "tension" and "compression" in the periodontal ligament

relative to bone apposition and bone ¡esorption, respectively (Openheim, 1911). In later

studies corelating tìe magnitude of applied force (Storey, 1973), to changes in mau-ix

production (Martinez and Johnson, 1988) and in the levels of the so-called second

messengers (Davidovitch et al., 1988; Ca¡valho et al., 1994) tle effects of onhodontic

forces in bone remodeling have been examined by direct mechanical straining of the cell

srrucrure (Davidovitch et al., 1988; Brighton et al., I99L: Vandenburgh, 1992), by using

bioelect¡ic fields to stimulate bone cells (Davidovitch et al., 7988; Brighton and

McCluskey, 1988) and by the production of biochemical signals (Harell et al., 1977;

Brighton et al., 1991; Jones ¿r ¿/., l99l; Vandenburgh, 1992). trVhile the identification of

these isolated strain-induced events has clarified imporønt mechanisms taking place during

onhodontic therapy, Iittle is known about the sequence ofevents connecting these changes.

In other words, the signal ransduction pathways through which the onhodontic-induced

response affects cell behavior requires further cla¡ification.

The mechanisms by which the cells communicate may rely on actual physical cell to

cell contacts through GAP junctions (Schirrmacher et al., 1992), Although, small

molecules can be exchanged dhectly bctwcen ceUs through the pores in the GAP (Morgan,

l9E9), this system suffers from a slow pace of i¡formation flow between cells. ln

contrasr, the release of biochemical signals not only Ekcs place quickly and efñciently, but

also mediates the cell response ¿1 ¿ 5s51 ft¡¡damental level (Mo¡ga¡, 1989 for a review).

This appears to be true in several systems of ccllular srimulation, in panicula¡ mechanical

strain stimulation @avidovitch et al., 1988; Brighton et al', 1991; Vandenburgh, 1992;
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Ca¡valho et al., 1994). The release of intacellula¡ messengers has been shown to affect

crucial cellular events such as growth and proliferation @txger et a1.,1992; Vandenbu¡gh,

1992), differentiation (Kubota et al., 1993) and gene regulation (Komuro et al., 1990;

Komu¡o e¡ a/., 1991). Recent evidence suggests that there a¡e different levels of response

(Farndale et al., 1988) and that there is considerable cross-talk between different

inr¡acellula¡ signaling systems (Fujimori et al., 1992). Nevenheless, messengers like

cAMP, protein kinase C and Ca2'which a¡e some of the most ubiquitous, a¡e known to be

¡eleased through some form of memb¡ane activation being either protein channels or

protein receptors.

The studies describing changes in the levels of second messengers as a result of

o¡thodontic fo¡ces i¿ vitro have so fa¡ failed to establish the ransduction pathway

responsible for these changes. Ion flux (Sachs, 1992) and the tensegrity model (Ingber,

1991) a¡e perhaps involved in srain-induced response. However, it has been suggesred

that receptor-mediated signaling through physical and biochemical systems is the most

likely to respond to any di¡ect stimulation such as onhodontically applied srain. The prime

candidates fo¡ transduction of strain signals on cells a¡e the members of the integrin

receptor farnily (Hynes, 1992 fo¡ a review). These proteins a$ach to specific extracellular

macromolecules through a high-affrnity binding @odary a¡d Mclæan, 1992), which when

srimulated may biochemically transduce strain signals tkough G proteins (Sandy el a/.,

1993) involving one or more group of prostaglandins ard oAMP (Harell er al., 1977;

Sömjem et al,, 1980: Davidovitch et al., l9E8; Vandenburgh, 1992), phospholipases

(Binderman etal.,1988), inositolphoqphates (Sandy etal.,1993: Carvalho etal., 1994),

intracellula¡ Ca2+ lHarell et al,,1977:, Jones el ¿/., l99l) and protein kinase C (Jones er a/,,

1991; Carvalho et al., 1994), Integrins may also physically stimulate cytoskeleron

rearrangement through focal contacts (Gubt et al., 1993) and/or through stimulation of

protein phosphorylation cascades (Juliano and Haskill, 1993).
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Furthermore, integrins a¡e hete¡odimeric formed by two (c and p) subunirs

(Vinanen et al.,1990; Hynes, 1992). Many different subunits have been characrerized and

different combinations of a a¡d p subunits may function as receptors for a variety of

extracellular proteins (Clover el 41.,1992; Hynes, 1992). .Among this large family, the p¡-

integrin subunit is highly expressed in bone cells br:th in vitro as well as in vivo (Clover et

al., 1992). The aim of this paper is to srudy the possible ¡ole of i¡ yi¡ro mechanical strain

in the nRNA expression and distribution of the p1-integrin subunit. These results i¡

combination with previous studies relating strain-induced biochemical changes to

cytoskeletal rearangement are dûected to defining an onhodontic signal transduction

pathway.
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MATERIALS AND METHoDS

Human osteosa¡coma TE-85 cells were obtained f¡om ATCC (ATCC, Rockville,

MD). Isolated cells were maintained in DMEMÆ-12 Ham medium (l:l) (Sigma, St.

Louis, MO) supplemented with 5 7o FBS (Gibco, Burlignton, OlÐ, 25 units/ml of

peniciJlin G,25 ¡tglml of streptomycin and 100 ¡rg/ml ascorbic acid (all from Sigma,

Chemical Co., St. l¡uis, MO). Cells were plated at a density of 2 X l}a cells/cm2 in

collagen-coated Flexercell Type I and Type tr dishes (Flexcell Corp. McKeespon, PA) and

mainøined in a humidified atmosphere consisting of 5 Vo CO2 and,95 7o u¡ at 37oC. Cell

cultu¡es were grown for 2 days !o confluency prior o being mechanically strained a¡d were

photographed using a phase-contrast Z€iss Optic photomicroscope (Zeiss, Germany).

Mechanical strain was applied by using the Flexercell Strain Unit (Flexcell Corp.,

McKeespon, PA). This apparatus has been extensively studied as reponed previously

(Anderson et al., 19921' Ca¡valho et al., 1994). Mechanical strain was applied in cells

grown in Type I dishes (flexible bonoms) using a pressure of 20 kPa at 3 cycles per rninute

wirï 10 seconds of strai¡ followed by I0 seconds of relaxation. The fo¡ce applied resulted

in <l Vo to 24 Vo of strain to the dish bonom (Gilben et al., 1991l' Gilbert ¿l al., 1994).

However most of the a¡ea of the dish fell within <1 7o of strain (or 10,000 psrrains).

Experimental dishes were strained for periods of 15 and 30 minutes, 2, 4 and 24

hou¡s. Cell cultu¡es of 1, 3, 5, 7,10, 14,20 and 28 days were also strai¡ed fo¡ the 24

hours prior o the ending of each time period. Conrol, culn¡res wøe cultivated fo¡ the same

time periods using rigid-bottomed (no strain) collagen-coated Flex qae tr d.ishes. All cell

culru¡es were serum stawed 24 hrs prior to the sraining period or the equivalent time for

the cont¡ol cultures. Aliquots f¡om stained and unstrained dishes of all the time pe¡iods

were counted electronically in a Coulter Counrcr (Model ÆI, Hiale¿h, USA).

Immunohistochemistry was performed in strained and unstrained TE-85 cells.

Samples were rinsed with PBS contå.ining 0.1 M glycine (to quench inrinsic fluo¡escence

due to fixation) a¡d fixed by incubation with 4 Vo paraformaldehyde þure g¡ade) in PBS
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fo¡ 10 minutes. Ceils were washed in PBS, pemteabilized in 0.5 Vo Tnton X-100 in PBS

for 20 minutes at room temperatu¡e and washed again in PBS. Primary IgG antibody

(diluted in PBS with 1 7o BSA (Sigma, St. Louis, MO)) mouse and-human p¡-integrin

(Gibco, Burlignton, ON) was added for I hou¡ also at room temp€rature. Samples were

extensively washed in PBS and incubated with goat Cy3 conjugated anti-mouse IgC (50:1)

seconda¡y antibody fo¡ 40 minutes at room temperan¡re i¡ PBS/I 7o BSA. Afær rinsing in

PBS the silastic bottoms of the dishes were removed and mounted with fluoromount.

Posidve and negative controls for all the antibodies were performed. Cultures were

photographed using a Zeiss epi-fluorescence miøoscope (frlters of45G490 nm exciution).

Due to the gradient panern of strain bi-axially in the silastic bottoms (1 to 24 Vo of strain),

to account for conrolled levels of strain, all the photomiøographs were tal<en from the

most central uea (<1 Va strain) of the bottoms.

ln order to srudy the effect of mechanic¿i strai¡ on gene expression, otal RNA was

extracted from strained and unstrained TE-85 cells grown in culture as previously described

by Chomzynski and Sacchi (1987). Cells were rapidly rinsed in ice-cold PBS, incubated

in a denaturing solution (4 M guanidinium thiocyanate, 25 mM NaCl, pH 1.0,0.5 Vo

sarcosyl and 0.1 Vo p-mercaptoethanol), homogenized and incubated with water-sanuated

phenol, 2 M Na acetate a¡d chlo¡oforrn:isoamyl alcohol (49:1). Samples were centrifrrged

(10,000 g for 20 minutes) and the water phase was incubated with isopropanol at -70oC.

The samples'rvere again centrifuged and the pellet was resuspended in the denaturing

soludon. Once again the samples werc incubated with isopropanol, cenrifuged and the

pellet washed in 70 7¿ ethanol and dried at room temperature. SamPles were resuspended

in distilled RNAse-free water. RNA \vas quantified by spectrophotometry @io-Rad

Laboratories Model 620 Video Densitomete¡, Matsushita Electric lndusrial Co. Ltd.,

Japan). 20 ¡rg of RNA per sample was fractionated by electroPho¡esis on a 1.2 7o agarose

gel, and northem blots were performed at least 4 times accordi¡g to Kubota et al. (1993).

RNA was transfened to a nirocellulose membrane, pore size 0.45 pm (MSI, Fisher Sci.,
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Winnipeg, MB) ovemight at room tempe¡ature. A cDNA probe for p¡ integrin of 1.2 kb

was obtained f¡om Gibco (Burlingon, ON). The probe was labeled with [32P]-ÌC1? w th

a random prime kit (Amersham, Oakville, ON), and the membranes were hybridized

ovemight at 42oC. ln addition, a probe for cyclophylin of 750 bases was used for contol

(generous donation of Dr. J. Richman). The excess probe was washed by subsequent

changes of SSPE buffer (3 M NaCl, 23 DM NaH2PO¡, 2 mM EDTA, pH 7.4) with

varying degrees of stringency, and the blots were cxposed to Kodak XRP-lX-ray fiIms

(Kodak Canada Inc., To¡onto, ON). Data were analyzed statistically by a two-way

analysis of va¡iance with Tukey's multiple coparison test. T-tests with the Bonferroni

correction were also used to compare nRNA expression f¡om strained a¡d unsrained cells.

All data represent the average of4 experimens performed under identical conditions.
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RESULTS

The TE-85 cells had a tendency to form small clusters bot} prior to and after

confluency. The monolayer culture took approximately 36 to 48 hours to become

confluent. However, bone nodule formation did not become evident until 72 hou¡s of

culture. Fig. I shows the different stages ofcell growth, speci-fically the tendency of these

cells to forrn nodules, fi¡st as a white spot (Fig. lc) and in later stâges mineralized nodules

(Fig. 1d). Cell shape also changed from slender to cuboidal i¡ the center of the culrures,

increasing as the cells localized towa¡ds the center of the nodules (not shown). The force

applied in strained samples resulted in <l 7o lo 24 7o of strain to the dish bonom. However

most of the area of the dish fell within <1 7o of strain (or 10,000 ¡rstrains) as reported

previously (Gilben et al., 199i; Anderson et al., 1992; Gtiben et a1,,1994). TE-85 cells

have been extensively cha¡acterized witl von Kossa silver nitrate stain (Ca¡valho e¡ ¿/.,

unpublished obsewations). Cell numbers also increased significantly (p<0.005) with the

application of strain for all the time periods starting at 3 days when compared with

unstrained controls (Fig. 2). Cultures subjected to mechanical srain did not show any

significant degree of cell death as evidenced by trypan blue exclusion (not shown).

Osteoblasric-like cells also showed signilicant increase in cAMP levels in the presence of

parathlroid honnone and significant changes in a.lkaline phosphatase activity we¡e ea¡lie¡

detected following mechanical strain (Cawalho ¿t al.,1994).

Mechanical strain-induced changes in p¡ integrin reorganization demonstrated that

this integrin subunit is influenced by strain application as ea¡ly as 4 hou¡s from the onset of

stimulation. ln fixed and permeabilized TE-85 cclls anti Þr-integ¡in subunit antibodies

labeled prominent clusters of integrins in the cetl periphery (Fig. 3). The concentrations of

these clusters in unstrained conEols (p¡g. 3b) appeared to increas€ in volume when these

cells were Eechanically strained, ædisributing to\¡,ards the c€nter of the cells (Fig. 3c and

3d). The distribution of the integrin cluste¡s showed a focal contact format. From tlese

data we cannot determine if the cells changed significantly thei¡ size. However, when the
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strained cells were incubated with Hoechsl nuclear blue stain (No. 2338), tle nucleu

volume was not sigaificantJy affected by sbain (Fig.3e). This paftem rflas not *te same as

for the labeling of other integrin subunits seen previously (Hayashi et al., 1990).

Mechanical strain in vino also caused a signiñcant increase in p¡ inægrin synttresis (data not

shown).

In orde¡ to determine if the charge in shape observed for p, integrin refle€ted an

i¡crease in the expression of B1-integrin subunit nRNA, total RNA was extracted f¡om

strained and unstrained cells at different times ard northern hybridizadon analyses were

done as shown in Fig. 4. Nonhern blots of the RNAs derived from cells exposed ro

different srain periods showed a single band of 3.8 kb, corresponding to the Br integrin

subunit. This is the same band size as seen for chicken NIH 3T3 cells (Hayashi er a/.,

1990). The same amount of RNA was used in this study for botl stained and unstrained

cultu¡es, and the level of expression of human p¡ integrin subunit mRNA depended on the

paficular time period studied. Significant hybridization was observed at 30 minutes a¡d 3

days of strain stimulation in TE-85 cells (Fig. 4). Therefore, application of strain caused a

signifìcant increase (p<0.005) in the integrin mRNA expression (Fig. 5).
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DIScUSSIoN

The application of onhodontic forces in order to facilitate the movement of teeth

generates above all a series of undesi¡ed reactions in the underlying supponing structu¡es

of the alveola¡ bone, periodonøl ligament a¡d the teeth themselves. Although, modem

ctinical techniques have minimized to a large extent this nonpre.cise natu¡e of onhodontic

therapy, the biological mechanisms "transducing" extemal fo¡ces into cell responses are

still elusive. In this study we have ried to correlate the expression of a memb¡ane-

associated receptor to this so-called ransduction of force, helping to fill the gaps between

orthodontic force a¡d desi¡ed/undesi¡ed cell responses.

To test the response of bonelike celts, we have used a transformed osteosarcoma

cells line (TE-85). It is well accepted that the osteoblast is the cell that regulates both rhe

formative and the resorptive phases of the remodeling process (Sandy et al., 1993).

Consequently, it was appropriate to use a homogeneous cell model that would easily

reproduce an osteoblasticlike phenotype with only a small degree of variability as reported

previously (Carvalho el a/., unpublished observations). In addition, the high levels of

srrain used in this study a¡e above the estimated "physiological" levels of strain applied to

bone cells in vilro (Rubin and Haussman, 1988; Brighton et al., 1991). However, rhese

values were used firstly because they generated fairly comparable biochemical ¡esponse

with previous more physiological studies (Rubin et al., 1989 Jones e¡ ai., 1991) and

secondly because the authors believe that such higher srain values a¡e more indicative of

force systems developed during orthodontic tooth movemenl The mechanical sretching of

the TE cells in vi¡ro induced a significant change in disribution and expression of the pr-

integrin subunit. However, chalges in integrin expression shown in this study a¡e

probalbly not specific to bone-like cells, snd Eay rather represent a more generalized cell

rcsponse to me.chanical stimulation. For the bi-axial strain applied in this srudy the amount

of cell elongation reponedly increased by 3 to 5 7o comparrd with unstrained controls

(Anderson et al., 1992). Thus, the changes observed here could be atributed to di¡ect
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mechanical strain application to connective tissue cells, such as those induced during tooth

movemenr (storey, 1973).

The expression of integrins in bone has nor b€en widely studied. Nevenheless, ir

was reported that Pr-ir¡tegrin together with a¡, o2, c,3 and o" are primarily expressed in

bone cells (Clovet et a|.,1992). Each of these subunits is divided into a large extracellular

domain, a transmemb¡ane domain and a shon cytoplæmic domain (Gailit et al., 1993).

Through its cytoplasmic region, inægrins physically link extracellula¡ matrix proteins with

the innacellula¡ actin network via binding interactions with different actin-associated

proteins such as talin, vinculin and tensin, located nea¡ the inner su¡face of the membrane

(Burridge et al., 1988; Hynes, 1992). ln addition, both extracellula¡ marix proteins and

the extracellula¡ domain of the p chain conøin a RGD peptide which is largely responsible

for thei¡ high affrniry binding (Sims et al., 1992). Studies have shown that when cells

were i¡cubated with a ¡etraction buffer which induced cell rounding by dislodging integrin

receprors from theb RGD binding sites (Sims et a/., 1992), the transmission of mechanical

forces to the cell cytoskeleton was prevented (Ingber, 1993). Hence it rras suggested thar

integrins may not only regulate cell shape by a chemical mechanism but also through a

biochemical component (Ingber, 1991; Ingber, 1993). Such biomechanical componenr

may be central in mechanical strai¡-i¡duced cell response (Beckerle and Yeh, 1990).

While the concept that "form alters function" has been accepted since tle early

studies by Wölff (1892) it was not until recently that the application of mechanical srain

was shown to cause an alteration of the cell shape with significant cytoskeleton

rearangement (Buckley et al., 1988; Pender and McCulloch, 1991) or integrin expression

(Gailir ¿l al., 1993). By the same token, the little information on signal transducrion

pathways of mechanically srained cells with regard to the cytoskeleton, integrin receptors

or biochemicaì changes is often over simplified. Previous studies have shown that second

messenger response to orthdontic fo¡ces demonstrably far exceeds the role of cAMP alone

(FarndaJe et al., l9E8; Sandy ¿r a 1., 1993). In panicular, the phosphatydylinositol pathway
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through protein kinase C and inositol trisphosphate as well as c¡okine and prostaglandin

production @avidovitch et al., 1988), has been shown to þ the mediator fo¡ a number of

evenrs in mechanically strained tissues (Sandy et ai., 1989; Jones et al., 1991; Ca¡valho ¿¡

al., 1994). Furthe¡more, the changes in cell shape through c¡oskelet¿l matrix interactions

may trigger a series ofcell responses relevant in transduction of strain to bone (Rubin and

Hausman, 1988; Ingber, 1991). However, these findings fail to explain the mecha¡ism

responsible for initiating these changes, notably second messengers and shape changes

through cytoskeletal ¡erurangement. In this paper we discuss the hypothesis that

mechanical strain stimulates signal transduction through the acdon of inægrin receptors and

especially the ubiquitous p¡-integrin subunit.

In bone, integrin expression for specific ligards is likely to be critical in contoiling

cell function (Clover er al., 1992). This cell memb'ra¡e receptor deterrnines the local

environment of cells, which combined with the extracellula¡ matrix ca¡ exen di¡ect effects

on cell function. In this paperlpe have reponed that mechanical strain has increased

mRNA expression. By contrast, it is not clea¡ how mechanical strain affects cell response

tkough the expression of p1-integrin mRNA at the molecula¡ level. Although, application

of mechanical stimulation have increåsed the cell number, changes in Êr-integ¡in mRNA a¡e

not lilely to Þ explained by this, as control mRNA (cyclophylin) was used to compare all

the lanes. lzumo et al. (1988) showed that srain caused an increase in "immediate" gene

expression (such as proto-oncogenes and heat shock protein genes) in cardiac myocytes.

Similarly the "late" response in the same cells was induced by the fetal contractile protein

genes and ¡he atria.l natriu¡etic pepdde genes (Komuro er a/., 1990). Thus, whether these

genes are also expressed in bone cells remains to be established, however, tlere seems ro

exist a hierarchy of gene activation characteristically associated with the mechanical strain.

induced response. This may partially explain the magnitude of differences at the various

time periods shown in Figure 5. In addition, the expression of the p¡-integrin receptor may

contribute to its auto regulation. This appears to þ the case when integrins are associated
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\#ir¡ other molecules such as pp6$'¿ (Nermut ¿t ¿/., 1991) and inracellula¡ Ca2* (Iaconi et

al., 1991) or phosphorylation cascades stimulated by mechanical strain CKornberg ¿, dl.,

199 1 ). Recently, a regulatory, cis-acti-ng, fluid shea¡-sress-responsive element was

identified in the promoter region of the platelet-derived growth factor B gene (Resnick er

al., 1993). We hlpothesize that the Pr-integrin receptor responds ro strain by a similar

mechanism. Funher wo¡k is necessary to clarify the mechanical stimulation at the

molecula¡ level.

In conclusion, stimuladon of integrin expression by mechanical strain in bone cells

may indicate a possible signal ransduction pathway in onhodontic applied forces. These

receptors, by either chemical and/or biomechanical stimulation, may mediate the strain

signals into a vast range of cell functions. Fu¡ther work is needed to elucidate tl¡e role of

the different membrane receptors with the different inracellula¡ responses. Ultimately,

clinical onhodontic therapy may be better controlled because of ou¡ understanding of how

appliance force systems a¡e transduced to int¡acellula¡ cell response. This would lead to

mo¡e effective tooth and bone movement a¡d mo¡e stable oÍhodondc results.
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Figure 1. Phase contrast photomicrograph of TE-85 cells i¡ culture. (a) Cells at low

densiq'prior to mechanical straining. (b) Cells reaching confluency after 30 h¡s

in cuhu¡e. (c) Srained cells after 72 hours of initial platring. Single black

arrows indicate ûe presence of bone nodule as a white spot (d) One week afrer

inidal plating tìe cells a¡e complerely imme¡sed by matrix. Note mineralized

nodule indieated by sirgle black arrows. White anow indicates the di¡ection of

sEai¡. Mag¡if¡cations (a-d) X 80.
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Figure 2. Effect of mecha¡ica.l strain in the cell count number of TE-85 cells. Nore the

i¡crease in cell numbers through the time periods studied.
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Figure 3. Immunolocalization studies of TE-85 cells. (a) phase contrast photomicrograph

of unstrained TE-85 HOS cells. (b) control unstrained cultu¡es incubated with

pr-integrin antibodies showed an increase in the labeling when t¡ese cells were

mechanically strained as evidenced by double whire anows i¡ 30 minutes (c)

and 3 days of strain (d). (e) cell nuclea¡ stain from the same cells shown in (d).

(f1 negative control, in which the primary antibody was omitted. Whire ar¡ows

indicate the di¡ection of strain. Magnification (a-Ð X 1250.
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Figure 4. Photomicrographs of northern blots showing mRNA of p,-integrin subunit.

(a) effects of onhodontic su-ain in p,-integrin subunit mRNA expression. Note

that strain (+) causes an increase ofpr mRNA at 30 minutes and again ar 3 days

and 1 week when compared with unstrained controls (-). Conuol mRNA

(probe for cyclophilin) indicating comparable arnounrs of RNA per lane are

shown by double a¡rows. lægends a¡e: l5'(15 ninutes),30'(30 minutes),2 h

(2 hours),4 h (4 hou¡s), 24h (24 hours), 3 d (3 days) and I w (l week). (b)

same as that shown in (a). Note the inc¡ease in p, nRNA at 3 days of srain

application. lægends are: 2 h (2 hours),4 h (4 hours) and 3 d (3 days).

r98



+

Pr-æ i**. * -;

l5'

A

*'w
2h 4h 3d

B

mrffir*
30' 4h 24h

¡+2gS*-- fl

<2gs



Figure 5. Effect of mechanical strain in the expression of p1-integrin subunir mRNA.

Values indicate at least 4 cultu¡es for each time period studied. p,_integrin

mRNA expression is represented by its ntio (Vo) to the internal confrol

(cyclophylin expression) f¡om densitometric scans of x-ray fi.lms. r, indicates

significantly greater (p<0.005) in strained culru¡es when compared with

unsrrairied controls. Legends are: 15' (I5 minutes), 30' (30 minutes\,2 h (2

hours), 4 h (4 houn), 24h (24 hours), 3 d (3 days) and I w (l week).
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Chapter SEVEN
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AB STRA CT

The relationship between different types of orthodontic force systems and

periodontaValveola¡ tissue response at the cellular level is not clear. Elucidation of the

signal patlways affecting cell response could facilitate biological response required for

desi¡ed tooth movement and skeletal remodeling. Mechanical srain i¡ HOS cells were

correlated with cha¡ges in disribution and mRNA levels of selected integrins. HOS TE-85

cells were cultu¡ed in DMElvl/F- 12 and grown to confluency in Flexercell Type I dishes in

a humidified i¡cubator with 5 Vo COz and 95 Va atr. Intenninent stain (0.05 Hz) was

applied to the cells using the Flexe¡cell Strain Unit System for periods of 15 and 30

minutes, 2and24 hou¡s a¡d 3,5 and 7 days. Unstained cells were used as controls. The

disu-ibudon of c" and pr integrin was studied by immunocytochemical procedures while the

mRNrA levels for the same subunits was studied by northem blot analysis. Total RNA was

isolated at all time periods and nonhem blots were performed to study the effects of strain

on levels ofo., and p, integrin expression in HOS TE-85 cells. The ¡esults i¡dicated that,

although the expression of p' mRNA increased significantly (p<0.005) at periods of 30

minutes and 3 days of strain application, the expression of c., mRNA did not appear to

change. However, strain not only markedly atrected the disribution of p¡ inregrin but also

that of cç integrin in periods of 24 hour cultures. Osteoblasçlike cells appear to respond to

mechanical strain through the stimulation of selected integrin subunits. This together with

ou¡ ea¡lie¡ results suggests that integrins and the cytoskeleton may provide a strain induced

signaJ u'ansduction pathway in osteoblasçlike cells.
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INTRoDU cTIoN

The mechanical propenies of bone cells stem from the load bearing function of bone

tissue (Lanyon, 1992). Independent of strain types applied to bone cells or bone-like

material, studies suggest that mechanical stimulation alær the meubolism of bone cells in

culture (Hasegawa et al., 1985; Rubin et al., 1989; Burger er al., 1992; Anderson et al.,

1992; Carvalho et al., L994; Can¡alho et al., 7995a). While the mechanisms of strain-

related signal ransduction a¡e not clea¡, it is well known that extracellula¡ matrix (ECM)-

cell associations through transmembrane receptors may initiate bone cell response in both

shon and long term modeling/remodeling (Lanyon, 1992; Hynes, 1992; Sandy et at.,

1993; Cawalho et al., 1994). In other words, cells respond to ECM-mediated signals

through matrix-specific u-ansmembr¡a¡e cellula¡ ¡eceptors, which have a primarily structu¡al

o¡ mecha¡ical role (Damsþ and Werb, 1992).

lntegrins are a large family of transmembrane receptors glycoproteins that attach to

classical ECM molecules such as collagen, f¡b¡onectin, la¡ninin and vironectin (Hynes,

1992; Hormia and Könönen, 1994). This variability of integrin binding propenies is due

ro a wide array of strucrurally diverse subunits. These may breract with different ECM

ligands according to their function and cell type-expression (Hormia and Könönen, 1994).

All integrins appea¡ to be heterodimers fonned by 14 c and 8 p subunits, for a total of 20

dp receptor combinations (Hynes, 1992; Clover e¡ al., 1992; Gailtt et a!., 1993; Hormia

and Könönen, 1994). The attachment propenies of integrins are given by their affinity for

the amino acid sequence "Arg-Gly-Asp" (RGD) present in the cytoplasmic region of their

domains (Hynes, 1992). Among RGD-binding integrin Fecepto¡s, fib¡onectin (c5p1) and

vit¡onectin (u"Fs) appea¡ to play a very important role in the anachment of bone cells

(Clover et al.,1992; Gailit et al., 1993).

Since integrins were so named because they inægrate ECM u¡ith intracellula¡

cytoskeleton (fooney et al., 1993), signaling may be considered a secondary function of

these receptors. Be tl¡at as it may, integrins were shown to transduce signals involved in
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the regulation of cytosolic ca2- (Ng-Sitorski et at., 1991), activadon of r lymphocytes

(Nojima et al., 1990; shimizu er al., 1990) and conrrol of tumorigenesis (sch¡einer ¿¡ ¿/.,

1991; Kornberg a¡d Julia¡o, 1992; Julia¡o and Haskill, 1993). However, these receprors

appeal to lack the appropriate structural cha¡acteristics for a receptor involved in signal

ransduction, such as the presence of an associated enzymatic activity in its cytoplasmic

domain (Morgan, 1989). Thus, since integrins do not resemble any classical signal

tra¡sduction receptor, it is intriguing as to how they Eansduce these signals. It appears that

tle role of integrin-dependent signal transduction may be both structural and biochemical

(Juliano and Haskill, 1993; Kornberg et al., 1993; Sastry and Horwitz, 1993). In this

investigation we have studied the role of mechanical strain in the expression and

distribution of integrin subunits for both fibrone¡tin (p,) aad vitronectin (c,). we also

attempted to correlate ary strain-induced changes in integrin disribution and mRNA levels

wirlr rle signal transduction mechanisms of integrin subunits.
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MATERIALS AND METHoDS

HOS TE-85 were obtained from ATCC (ATCC, Rockville, MD). Isolated cells

were maintained in DMEM,¿F- 12 Ham medium (1: l) (Sigrna, St. lnuis, MO) supplemented

with 5 Va FBS (Gibco, Burlignton, ON), 25 units/ml of penicillin G,25 ¡tgld of

streplomycin and 100 ¡.tglml ascorbic acid (all from Sigma, Chemical Co., St. t¡uis, MO).

Cells were plated at a density of2 X 1ü cellVcm2 in collagen-coated Flexercell Type I and

Type II dishes (Flexcell Corp. McKeesport, PA) and maintained in a humidified

atrnosphere consisting of 5 Vo CO2 and 95 Vo ai¡ at 37oC, Cell cultures were grown for 2

days to confluency prior to beirg mechanically strained and were photographed using a

phase-contrast Zeiss Optic photomicroscope (Zeiss, Germany). Mechanical strain wâs

applied by the Flexercell Strain Unit (Flexcell Corp., McKeesport, PA) as described

previously (Cawalho et a/., 1994). Mechanical strain was applied in cells grown in Type I

dishes (flexible bonoms) using a pressure of 20 kPa at 0.05 Hz. Experimental dishes were

strained for periods of 15 and 30 minutes, 2 ød 24 hou¡s. Cell cultures of 1, 3, 5 and 7

days were also strained fo¡ 24 hou¡s prior to the ending of each time period. Control

cultures were cultivated for tïe same time periods using rigid-bottomed (no strain)

collagen-coated Flex qpe tr dishes. All cell cultu¡es were serum sta¡ved 24 hn prior to the

straining period or equivalent time for control cultu¡es.

Immunohistochemistry, also decribed previoulsy (Carvalho et al., 1995a), was

performed in strained and unstrained HOS TE-85 cells. Samples were rinsed, fixed with 4

7a paraformaldehyde for 10 minuæs at room temperatue, permeabilized n 0.5 Vo Triton X-

100 for 20 minutes and wæhed again. Primary IgG antibody mouse anti-human p,-

integrin (Gibco, Burlignton, ON) or mouse anti-human a,-integrin (Gibco, Burlignton,

ON) were added for t hou¡ followed by the incubation with goat C!3 conjugated anti-

mouse IgG seconda¡y antibody for 40 minutes. Positive and negative controls for all the

antibodies were performed. Cultu¡es were photographed using a Zeiss epi-fluorescence

microscope (filters of 450-490 nm).
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For gene expression studies, total RNA was extracted f¡om HOS TE-85 cells as

previously described (Chomrynski and Sacchi, 1987; Ca¡valho et al.,1995a). Cells were

rinsed, incubated in a denaturing solution (4 M guanidinium thiocyanate, 25 mM NaCl, pH

1 .0, 0.5 Vo sarcosyl and 0.1 Vo p-mercaptoethanol), homogenized, incubated with water-

sarurared phenol,2 M Na acetate and chloroform:isoamyl alcohol and cenrifuged. The

water phase was incubated with isopropanol at -70oC, cenrifuged and the pellet was

resuspended in the denarurilg solution. The pellet was ñnally washed in 70 7o etha¡ol and

dried. Samples were resuspended in distilled RNAse-free wate¡. RNA was quantified by

specrophotometry (Bio-Rad Laboratories Model 620 Video Densitometer, Matsushita

Electric lndustrial Co. Ltd., Japar). 20 ttg of RNA per sample was fractionated by

electrophofesis on a 1.2 Vo aflarose flel, a¡d nonhern blots were performed at least 4 times

according to Kubota et al. (1993). RNA was ransfened to a nirocellulose membrane and

cDNA probes for p¡ and for o" integrins were obtained f¡om Gibco @urlington, ON). The

probes were labeled with PrPl -TCTP by random prime kit (Amenham, Oakville, ON), and

hybridized ro the membrane ovemight at 42oC. C¡ntrols were performed using a probe for

cyclophylin (generously donated of Dr. J. Richman). Dau were analyzed statistically by a

two-way analysis of va¡iance with Tukey's multiple comprison test. T-tests with the

Bonferroni conection we¡e also used to compare mRNA expression f¡om srained and

unsrained cells. All data represent the average of 4 experiments perfomled under identical

conditions.
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RESULTS

Immunohistochemical fluorescence microscopy showed that the HOS TE-85 cells

adhered to Flexe¡cell dishes without any significant degree of cell death both prior to and

after applicarion of mechanical strair (not shown). Subsequently, the diseibutions of p1

and o" integrin subunits \¡/ere studied i¡ strained and unsrained HOS TE-85 cells. Initial

experiments showed that integrin distribution appeared to change significantly when

mechanicaì stai¡ was applied (Fig. l). Figures la and lc show control micrographs of

unstrained cells stained for pt and c" respectively. Following 24 houn of st¡ain (Figs. 1b),

p¡ has reorganized in the center of the cells forming clusters, contrasting with the diffuse

distribution of p1 seen in unstrained cells (Fig. 1a). Although, mechanical strain also

appeared ro have châ¡ged the distribution of c" subunit ar 24 hours of stimulation (Fig.

1d), when compared to its unsrained control (Fig. lc), it did to a lesser exrenr than ro thar

of B, (Fig. 1b). Similarly to pr, a" distribution showed fine streaks in the cell perifery in

unstrained control samples, which showed to be redistributed in stained samples (white

arrow) (Fig. 1d). In unstrained cells, as spreading occur:ed, the labelling for both integrin

subuni¡s appeared increasingly simila¡. However, redistribution afte¡ me¡hanical st¡ain

was distinct for eaôh subunit. In some cases, linle staining is seen in the perifery of

strained cells labeled with d" as shown in Figure ld. For the most part in cç distribution,

labeling can still b€ seen at the cell perifery, conrrary to those ofpl. Although, from these

data we have observed a change in the integrin disribution, rve can not determine if the

cells changed significantly thei¡ size after the applicadon of srain. In o¡der to determine

whether such subunit distribution corresponded with changes in nRNA levels, both

strained and unstrained cell cultu¡es were labled with p¡ and o, monoclonal antibodies for

periods of 30 minutes, 24 hou¡s or 3 days. Figure 2 shows the distribution of pr (a, b, c

and d) and d" (e, i g and h) respectively, in unsrained cells (Figs. 2a and 2e) and cells

strained foÍ 30 minutes (Figs. 2b and 2Ð, 24 hou¡s (Figs. 2c and 29) a¡d cells strained fo¡

24 hou¡s prior to the end of 3 day culture periods (Figs. ?t3. nd 2h). Strain periods of 30
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minutes did not appear to show any integrin reorganization, in contrast to 24 hou¡ and 3

day culrures. The redistribution at 24 hou¡s and 3 days of cultu¡e was more ma¡ked in

culrures labelled with p' than those of labelled witÏ a". Previous studies (CarvaJho et al.,

1995a) have indicated that pr nRNA expression increased at that 30 minutes and 3 da¡,s

f¡om the onset of mechanical stimulation. Thus, the changes in integrin distribution were

not consistent with ttrose of nRNA expression.

' 
Fo¡ the expression of both Þr and a" subunits mRNA, toul RNA was extracted

from strained and unstrai¡ed cells at different time periods and northem hybridization

analyses were performed. Figures 3A and 38 show a single band of 3.8 kb,

correspondent to the P¡ integrin subunit. This subunit has been demonstrated previously

for chicken NIH 3T3 cells (Hayashi et al., 1990). The application of mechanical srain

caused a signiñcant i¡crease ir hybridization (p<0.005) of pt integrin mRNA probe at 30

minutes and 3 days of cultu¡e in HOS TE-85 cells as seen previously (Cartalho et al.,

1995a). However, tïe expression levels for this subunit in strained and unstrained cells of

orher time periods studied were very low (not shown). On the other hand the message for

c, integrin appeared highly expressed in both srained and unstrained cells at all time

periods (Figs. 4A a¡d 4B). However no significant differences were detected berween

srained and control cultu¡es for c, i.ntegrin mRNA expression. c, integrin nRNA was

hybridized as a single band of approximately 7 kb as previously shown by Suzuki e¡ ¿/.

(1987). The sarne amount of total RNA was used in this study for both strained and

unstrained cultures of o" and pr integrin subunits as shown in Figure 5.
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DISCUSSION

ECM-cell interaction is a complex process. Ligand-receptor binding, such as the

one which occu¡s between integrins and ECM proteins may by influenced by a variety of

facto¡s. For instance, the presence of different isoforms of the s¡me ECM protein, the

unavailability of the enti¡e ECM protein ligand or the presence of other ECM ligands that

modify ECM-cell inte¡actions may alter binding (Datrtsky and lve¡b, 1992). Nevertheless,

cell-ECM a¡d cell-cell interactions take place in a mechanically acdve envi¡onment which

may influence the specificity of cenain proæin-proæin bindings. In this study we observed

that application of mechanical strain in vin¿ in osteoblast-like cells causes an increase in the

rnRNA levels of Pr but not c" integrin subunit. However, the same levels of stimulation do

alter distribution of these integrin subunits. Such a response may be explained by the

structure-funcrional differences of each subunit.

Integrirs a¡e effective signal transducing molecules (Nojima er a/., 1990; Shimizu er

al., 7990; Sctueiner ¿¡ ¿/., 1991; Komberg and Juliano, 1992; Juliano and Haskill, 1993).

The signaling by these molecules may influence cell diffe¡entiation, proliferation,

differential gene expression, cytoskeletal assembly and migration (Hynes, 1992; Damsky

and Werb, 1992; Kornberg and Juliano, 1992; Jutiano and Haskill, 1993; Komberg er a/.,

1993; Sastry and Horwitz, 1993; Schwa¡¿, 1993). There are ar leasr two chaanels by

which the information may be ransduced through integrins: 1) a stucrural signal initiated

by integrin ligation with the ECM which appears to modulate differentiation and gene

expression @amsky and Werb, 1992; Kornberg and Juliano, 1992; Ginsberg et al., 1992;

Yoruchko et al., 1992; Juliano and Haskill, 1993; Kornberg et al., 1993 Sasry and

Horwitz, 1993); and 2) a biochemical signal initiated by the release of inrracellular

messengers including changes in the affrnity and speciñcity of external cellular ligands

(Sastry ard Horwiø, 1993; Ca¡valho ¿t al,, 1994: Canalho et al.,l995a). In both cases it

has been shown that the acdve subunit of the receptor is the cytoplasmic domain of p,

integrin subunit (Damsky and Werb, 1992; Reszke et al., 1992). The presence of tlmsine
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phosphorylation following pr i¡tegrin ligation to this subunit suggess the organization and

stabilization of the cytoskeletal interactions as a function of the p, cytoplasmic domain

(Sastry and Horwitz, 1993). Conversely, the function of the a subunit appears to be

ligand specific (Panetti and McKeown-Longo, 1993). This subunit may also participate

indirectly in the process of maintena¡ce and organization of focal conucts (I-a Flamme el

al., 1992) by possibly regulating integrin localization (Fath et al., 1989), p integrin binding

and/or inhibition of the localization of unoccupied integrins (Ylänne, 1993). The a

subunits may therefore, detennine when and which integrins localize at focal contâcts. The

distribution of both subunits seen here tesemble those of focal contact proteins (Figures 1

and 2). Since diffe¡ent combinations of integrins possess different c subunit cytoplasmic

domains, it is possible that the different combinations could promote the formation of

distinct cytoplasmic protein netwo¡ks (Sastry and Horwitz, 1993). The late¡ would

therefore, initiate a different cellular response according to the ECM binding protein and/or

tissue demands. Upon the application of mechanical stimulation, such a response may be

raking place as evidenced by the charges in c, and p¡ disribution (Figures 1 and 2) and

those of focal contact proteins (Cawalho et al.,1994).

When one considers integrin-associated signal transduction, the fi¡st signaling

response that comes to mind is t¡e typical cellula¡ outside-inside ¡eaction, by which ECM

signals are transmitted to the cell. However, another type of integrin-mediated signa_l

transduction termed inside-outside signalir¡g involves effectors in the cytoplasm, which

modulate afhnity ard/or specificity of the inægrin fo¡ its ECM ligands @amsþ and We¡b,

1992; Hynes, 1992; Sastry and Horwitz, 1993). The interactions of c¡oskeleul nerwork

is a ¡esult of both outside-in and inside-out signaling mechanisms, starting with the specific

interactions between both c and p subunits to cytoplasmic proteins (Damsky and Werb,

1992). Our results indicate that activation of integrin subunit gene cxpression by

mechanical stimulation i¡ osteoblæt-like cells Eay take place th¡ough r€gulation of specific

integrin subunits. Similarly, there is evidence to demonstrate that induction of integrin-
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dependent gene expression depends on tÌ¡e activation of a specific integrin subunit. This is

also true for the srimulation of Ca2* flux (Nojima et a|.,7990; Damsþ a¡d Werb, 1992).

Confrmadon of these observations corroborates the propenies of outside-in and inside-out

signaling of integrin subunits in mechanically-stimulated osteoblasts. Simila¡ mechanisms

take place in integrin signaling ir cooperadon with growth factor receptors in o¡der to

integrate ECM responses to specific signals @amsky and tå/erb, 1992; Sastry and

Horwitz, 1993). However, integrins unlike growth factor receptors, do not possess either

kinase or phosphause activity in their c¡oplæmic domains (Morgan, 1989; Hynes, 1992;

Sasu'y and Horwirz, 1993). Thus, the nature of integrin-effe¡to¡ interaction may uke place

through direct or indi¡ect binding. Sasu'y and Horwiø (1993) proposed that upon ligation,

integrins would interact di¡ectly with tyrosine kinases and thus become funcdonally similar

to growth factors, such as shown in the activation of T lymphoc¡es (Shimizu et al., 1990;

Schreiner et al., 1991). The laner may aìso take place through the binding with tensin, a

major substrate of tyrosine kinase through its SH2 domain.

One may assume that the mechanism of integrin signaling is dependent on the

critical assembly of cytoskeletal components to effectively i¡teract with the components of

the intracellula¡ signaling system (Carvalho et al., 1995a, Ca¡valh o et al., 1995b).

Phosphorylarion cascades may be tied to the association and dissociation of integrin-

cytoskeleton inte¡actions (Sandy et al., 1993; Gailit ¿t al., 1993; Tooney el al., 1993),

which in um stimulate enzymatic regulatory proteins, such as focal adhesion kinaselã and

protein kinase C (Jaken et a1.,1989; Schaller ¿¡ ¿/., 1992: Carvalho er a/., 1995a). Inægrin

receptors may also communicate with each other or with diffe¡ent rccepto¡s to modulate

distinct responses. For instance, in platelets the interaction of integrin c,p3 with integrin

a;p, causes an i¡crease in intracellular free Ca2+ (Iæavesley et a1.,1992). The inte¡¿ction

of integrin c"B¡ with the heparin-binding/assembly domain has also bcen shown to

suppress ECM ¡emodeling enzymes and assembly of focal contacts, whereas binding of

2t2



c,pr alone does not have any suppression activity (Clossin, 1988; Damsky and Werb,

1992; Sastry a¡d Horwitz, 1993).

Two observations from this study are notewonly: 1) the redistribution of iltegrin

subunits with strain did not follow changes in mRNA levels as shown in Figure 2. This

was particularly evident for p1 integrin. 2) the magnitude of p¡ inægrin nRNA expression

flu*uated in different time periods studied. The specificity of response among integrin

subunits combined with an hierarchy of gene expression as a result of mechanical

stimulation (Komuro ¿l ¿/., 1991) may partiatly explain the differences in magnitude of p¡

integrin expression in various time periods studied (not shown). In addition, such

diffe¡ences may indicate an intemrption on the mechanical stimulation of the HOS cells at

the genetic level (Haskin and Cameron, 1993). Whether such "intemrption" translates into

cell function through pr integrins is not krown, however, recn:itrnent of integrin following

mechanical strain-induced integrin rearrangements may not be due solely to integrin

synthesis Milam et al., 1991). Changes in mRNA levels of p, integrin may be accounred

by the differences in kinetics of the maturation process of integrins. It has been found that

mosr of rhe p, integrin remains as immature precunors in the endoplasmic reticulum, prior

to transfering to the cell membrane upon dimer formation with the a subunits (Heino er a/.,

1989; Santala et al., L994). Consequently, in many cell lines, the p, subunit is produced in

large excess to d subunits (Akiyama and Yamada, 1987; Heino and Massagué, 1989).

Funhermo¡e, studies suggest that the size of the precursor pool is not stable ând can b€

regulated by growth and differentiation factors (Koivisto et al., 1994). Integrin p,

molecules that ds ¡sl rlimsrizs ì¡eith a molecules will b€ di¡ected to the intracellula¡ pathway

(Santala et a/., 1994). Therefore, it is concievable that in ou¡ study mechanical sdmulation

may enhance the mRNA expression of p¡ inægrin to a given requirement of the precu¡sor

pool at different time periods. Reduction of this precursor pool has been observed in other

transformed cell models (Akiyama et al., 1990), however, further study is required to
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elucidate the role of integrin matu¡ation cha¡ges in receptor function and mechanically-

stimulated cell responses.

According to Damsky and Werb (1992), responses of normal cells to extracellula¡

stimuli are tightly regulated and include integra.ted changes in gene expression, c¡oskeleton

and ECM regulation. Di¡ect stimulation of p¡ integrin subunits has been shown to cause an

increase ín both the steady-state of mRNA levels and protein synthesis. Mechanically

stimulated tissues, particularly those which show an inc¡ease i¡ collagen and/or fibronecti¡

levels (Hasegawa et al., 1985; Damsþ and Vy'erb, 1992; Sandy et al.,1993), demonstrate

that inc¡eased arnounts of these ECM components contribute to an increase in integrin-

associated signaling. This regulation of ECM-cell signaling ¡esponse explains the

exacerbarion of a pathological state and/or i¡Jlammatory response (Yoruchko et al.,1992).

Changes in mRNA levels of p¡ in our srudy may also represent an expression of cellular

differentiation i¡ bone. The absence of stimulation of cç nRNA would be compatible with

this hlpothesis, since cell differentiation may be promoted without changing the expression

levels of selected integrin subunits (Feldirg-Haberrnann and Cheresh, 1993).

In summary, integrins appea¡ to selectively regulate adhesion to different substrates

and have been implicated as potential signal ransduction molecules. ln this investigation,

we have reponed the effect of mechanical stimulation on expression of integrin subunits p,

and o". Wlile mechanical stimulation appea¡s to regulate p¡ expression, this did not occu¡

for c". The mechanisms of integrin-cytoskeleton interaction appear to select for the

expression of each subunit in response to strain. In the nea¡ futu¡e, dete¡mination of the

regulatory mechanisms i¡ mechanically stimul¡ted tissues will clarify both the cytoplasmic

and nuclear signaling cascades. We anticipate the prcserce of DNA regulatory proteins a¡d

mechanical stimulation-specific cellular recepon acting perhaps, as mnscription facb¡s.
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Figure 2. Immunofluorescent localization of p, and a" integrin subunits in srained and

unstrai¡ed HOS TE-85 cells. (a, b, c and d) HOS TE-85 cells labeled with

monoclonal anúbodies against p¡ integrin subunit. Similarly, (e, f, g and h)

show HOS TE-85 cells labeled with monoclonal antibodies against cç integrin

subunit. Unstrai¡ed HOS cells (a and e) we¡e strained for 30 minutes (b a¡d Ð,

Z hou¡s (c and g) and 24 hours prior to the end ofa 3 day culture period (d a¡d

h). Note that application of mechanical strain at 24 hour (c) and 3 day culture

periods (d) has changed significantly the distribution of p¡ subunit, when

compared with those of unsrained (a) and strained cells fo¡ 30 minutes (b).

Similarly, strain also stimulared a change in a" subunit distribution in later

periods of time (g and h) when compared witlr unstrained (e) or cells strained

for 30 minutes (f). White a¡¡ow indicates the di¡ecrion of st¡ain.

Magnifications (a-h) X 1250.
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Figure 3. Photomicrographs of nonhem blots showing nRNA of p,-integrin subunit. (A

and B) effects of mechanical strain in Pr-integ¡in subunit mRNA expression.

Noæ that srain (+) causes a¡ increase of p, mRNA at 30 minutes and again at 3

days when compared with unsrained controls G). In addition, there is very

low expression of p,-integrin from cells culured beyond I week. Conrol

mRNA @obe for cyclophylin) indicating compa¡able amounts of RNA per lane

is also shown in (b). Legends a¡e: 15'(15 minutes) and 30'(30 minutes).
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Figure 4. Photomicrographs of northem blots showing mRNA of cç-integrin subunit (A

and B). Note that the effecs of nrech¿¡rical strain h û"-integrin subunit mRNA

expression (+) did not appear to change when compared with unstrained

cultu¡es (). Control mRNA þrobe for cyclophylin) indicating comparable

amounts of RNA per lane is also shown. Iægends are: 15' (15 minutes), 30'

(30 mi¡utes),2 h (2 hou¡s),24h(U hou¡s), 3 d (3 days) and I w (1 week).
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Figure 5. Effect of mechanical strain in the expression of p, and c.,-integrin subunits

6RNA. Values indicate at least 4 cultu¡es fo¡ each time period studied. pr and

c,-integrin mRNA expression is represented by its ratio (Vo) of to the i¡ternal

control (cyclophylin expression) from densitometric scans of x-ray films. r

indicates sigaificantly greater (p<0.005) in srained cultu¡es when compared

with unstrained controls. lægends are: 15'(15 minutes),30'(30 minutes), 2 h

(2 hou¡s), 24h (24 hours), 3 d (3 days) and I w (t week).
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Chapter EIGHT

M echanical Strain Stimulates Cytoskeleton
Adaptation in Human Osteosarcoma

TE-85 Cells InVítro

Carvalho RS, Bumann A, Schwarzer C, Scott JE and yen EIIK

European Joumal of Oral Sciences
(submined)



AB STRACT

The c¡oskeleton of osteoblass actively participates in cellula¡ changes in size a¡d

shape upon the application of mechanical stimulation. Th¡ee main classes of proteins

encompass the cytoskeleton of osæoblasts: microfilarnents conøining actin, microtubules

containing rubulin a¡d intermediate filements containing vimenti¡. The purpose of tlis

study was to investigate the effects of strain on the disribution of actin, vimentin and foca.l

contact proteins vinculin, talin and tensi¡ in osteoblasçlile cells. Human osteosa¡coma

cells TE-85 were cultu¡ed in DMElvf/F- 12 and grown to confluency in Flexercell Type I

dishes. Intermittent strain was applied to the cells using the Flexercell Strain Unit System

for periods of 2, 6 and 24 hours and unst¡ained cells were used as connols.

Immunocytochemical localization for actin, vimentin, vinculin, talin and tensin for both

experimental and control cultu¡es was u¡de¡taken. Negative controls were also performed.

The results shou'ed that mechanical strain altered tÌ¡e distribution of all proteins studied.

Although srain appeared to alter the distribution of tensin at 2 hou¡s of strain, the

disribu¡ion of other proteins studied did not change significantly until 6 hours. The

changes in distribution of both talin and vincr¡Iin indicated an incr€ase of focal contacrc after

su-ain application. ltrowever, any changes in cell orientation due to strain in this study were

inconclusive. The response of HoS cells to mechanical strain demonst¡ates that the

cytoskeleton adapts to strain through the stimulation of specific cytoskeleton and receptor

proteins, These data suggest that the cells may increase thei¡ subsEatum anchorage

properries as a result of stain.
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INTR oDUcTIoN

Regulation of bone metabolism is influenced by a variety of biochemical and

biomechanical signals. The transduction ofsuch signals into bone cellula¡ functions allows

fo¡ continuous bone remodeling. Therefore, the study of underlying mechanisms of bone

cellular response can potentially determine the basic mechanisms of bone biology. In

panicular, understanding changes i¡ osteoblasts under loading may provide clues as to tÌ¡e

capacity of bone to withstand and respond to mechanical stimulation. Initially the

mechanical signal appears to be perceived and transduced f¡om the extracellula¡ matrix

(ECM) into cellular messages by a strain-sensitive cell population (Rubin, 1984). The

load.ing signal can be determined by an increased perfusion o¡ cell membrane deformation.

This is followed by the "signal message", dependent on the transduction of force into

specific cellular strain (Brighton and McCluskey, 1988; Rubin and Hausman, 1988).

Although the concept of the manner by which osteoblasts perceive mechanical stimulation

is poorly understood, there is strong evidence to suggesr that f¡om the eligible biological

"strai¡ transducers", the cellula¡ cytoskeleton stands as a prime candidate.

The c¡oskeleton network of most eularyotic cells is fomred by three main classes

of su'uctu¡al proteins: actin, tubulin a¡d vimentin (Janmey et al., 1991). These proteins

constitute the mic¡ofrlaments; microtubules and intermediate filaments, respectively

(Ingber, 1993). The attachment of this network in the cytoplasm to the plasma membrane

i¡ connective tissue cells is provided by specialized a¡eas of contacts called focat adhesions

(FAs) (Fath et al., 1989; Pavalko et al., 1989: Burridge et al., 1990; Dowrick er a/., 1991).

The proteins in these a¡eas belong to a class of actin binding proteins, or connecting linker

proteins, that allow for a cascade of extrac€llula¡ srimuli to be transmined into the cell. The

b€st known linker proteins are talin and vinculin @urridge et al., 1988; Pavalko et al.,

1989). These not only appear evenly disributcd ove¡ the FAs but also may be used as

molecular ma¡kers for these areas (Geiger er al., 19851' Opas, 1989). Talin appean to be

always present in association with vinculin, thus linking vinculin o actin filamens (Rees e¡
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al., 1990; Lankes and Funhmayr, 1991). It has been postulated rhar these two proteins

form a complex of increased stability in cell-cell and cell-ECM binding @urrid ge et al.,

1988). The bridge of FAs and plasma membrane appears to be formed by binding of

vinculin to actin and talin to membrane receptors such as integrins (Burridge et a/., 1988;

Burridge er a/,, 1990; Hynes, 1992). Accord.ing o their name, integrin "ligands" integrate

the extracellula¡ network to the intracellular cytoskeleton as an integral path in signal

transduction mechanisms (Hynes, 1992). Thus, the wide range of applied stimuli likely

enters the cell through a receptor-mediated response @righton et a1.,7991i C¿walho ¿¡ ¿/.,

1995a). A detailed description of the effects of mechanical stimulation on integrins can be

found elsewhere (Milam at al., 1991; Haskin and Cameron, 1993; Carvalho et al., 1995a;

Carvalho et al.,1995b; Catvalho et al.,7995c),

Actin filaments appear to associate witl¡ other FA proteins such as ænsin @avies et

al., 1991; Weigt et al., 1992) and ¡adixin (Stossel, 1993). Tensin also binds to ralin and

vinculin (Burridge et al., 1988; Hynes, 1992) a¡d has shown to mediate imponant

phosphorylation reactions in the cytoskeleton tlrough protein kinase binding @avies er a/.,

1991). Phosphorylation cascades and a variety of second messenger systems take place

tlrrough a series of cytoskeleton-associated interactions (Hynes, 1992; Cuyalho et al.,

1995a; Ca¡valho e, a1.,1995b). These properties in control of the signal message render

the cytoskeleton with a central role in such processes as the maintenance of bone

homeostasis and bone remodeling.

Several indications exist that mechanical stimulation is fund¡mental in maintaining

physiologic bone metabolism (Rubin, l9E4; Rubin and Hausman, 1988; Cane¡ and On,

1992). It is also lnown that application of mcchanical strain may cause an alte¡ation of cell

shape with significant cytoskeleton rpürangements (Buckley et at., 1988;Pender and

McCulloch, l99l; Haskin and Cameron, 1993). In addition, the behavior of the

cytoskeleton appea¡s to be dependent essentially on a¡chitecrural disribution of proteins

within it (Ca¡valho et al., 1994). Thus, it be¡omes very imponant to add¡ess the potential
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role of mechanical stimulation on bone cells as it influences the formation a¡d distribution

of cytoskeletal linking maps through FAs in the membrane and the overall increase in

cellular activity due to c¡oskeletal mechanics.

In view of the ¡plationship of stimulation and cell rcsponse, we have hypothesized

that mechanical stimulation causes a distinct reorganization of the cytoskeleton and proteins

in the FAs. This srudy was designed to study rhe role of the mechanical stimulation on rhe

rea¡rangement of the c¡oskeleton of osteoblast-like ce s. Specifically we have analyzeÅ

strain-induced changes in distribution of actin filaments, FA proteins vinculin, talin and

tensi¡ and the i¡termediare ñlamentous protein vimentin in a selected population of huma¡

osteosarcoma cells in culru¡e. Our experimental model is capable of investigating the

conelation of high mechanical strain to more likely "pathological" conditions associated

with clinical.ly applied forces.

234



MATERIALS AND METHoDS

Cell cultwe techniques

Osteoblast-like cells derived from rat bone and human osteosarcoma were used in

this study. Rat cells were isolated according to Carvalho et al. (1994) f¡om the alveola¡

processes of maxillae and mandibles removed aseptically from Sprague-Dawley rats. Celis

were isolated with an enzgne mixture comprised of: closridial collagenase (3 mg/ml),

elastase (6.25 U/¡nl), chond¡oitin sulfate (6 mg/ml) and D-so¡bitol (18.22 mg/rrÐ in K¡ebs

buffered solution (pH 7 .2) with agiution in a water bath at 37oC. A total of 5 digestions

were performed and cells were pooled, followed by resuspension in standard minimum

essenrial medium (a-MEM) supplemented with 15 7o FBS (Gibco, Burlignton, ON), 0.3

pglnrJ Fungizone (Flow Laboratories, Mclean, VA), 100 ¡rglril Penicillin G, l0 rnM P-

glycerophosphate, 50 ¡rglnrJ asco¡bic acid and 10'10 M dexamethazone (all from Sigma,

Chemical Co., St, t ouis, MO). Primary cultures were fypsinized after confluence at 1

week follou'ing initial extraction, collected by centrifugation, washed and plated in

experimental dishes. Human osteosalcoma celts (HOS) TE-85 were obtai¡ed from ATCC

(American Type Culture Collection, Rockville, MD). Isolated cells we¡e maintained in

Dulbecco's Modified Eagle's Medium (DMEM)/F-\2 Ham medium (1:1) (Sigma, St.

l,ouis, MO) supplemented with 5 Vo FBS (Cibco, Burlington, OlÐ, 25 unirs/ml of

Penicillin G, 25 Vgnn of streptomycin and 100 ¡rglml ascorbic acid (all from Sigma).

HOS cells, originally at passage 27th werc grown ro passage 3l th prior to rhe pladng rhe

experimental dishes. Both rat and human cell types were plated at a densiry of 2 x l0a

cells/cm2 in 35 mm dishes in collagen-coated Flex type I dishes (Flexcell Corp.,

McKeespon, PA) and maintained in a humidified atmosphere consisting of 95 Vo 02 end 5

Vo CO2 at 37oC.

235



M e c hanical srrain met hod

The experimental cell cultu¡es were mechanic¿lly srained using the Flexercell Unit

(Flexcell corp., McKesspon, PA). This apparatus is capable of applying mechanicat srain

to the cells as reported previously (Anderson et al., 1992; Carvalho et al., 1994).

Mechanical strain was applied using a pressue of 20 kpa at 3 cycles per minute wirh 10

seconds of strain followed by 10 seconds of relaxation. The force applied resulted in <l %

to24vo of stasn to the dish bottom, however, most of the area of the dish fell r¡¡ithin <l zo

of strain (or 10,000 pstrains) (Gilben et al., l99l; Gilben ¿¡ al., 1994). Dishes were

strained for periods of 2, 6 o¡ 24 h. conrol cultu¡es were cultivated for the same time

periods using rigid-bonomed (no srain) collagen-coated Flex type II dishes (Flexcell

corp.). All cell cultu¡es were sen¡m-starved 24 h prior to the sraining period. cell counts

were þken at the same experimental and conrol periods as desc¡ibed above. seained a¡d

unsEained dishes for both rat and human cell populations were washed in Hank,s buffer

ard aliquots were cou¡ted elecuonically i¡ a coulter counter (Model ZBI, Hialeåh, usA).

A I kali ne p ho s p hat as e a c tiv i ty

Bone forming cells were idenriJied by the alkaline phosphatase reaction (Mcculloch

et al., 1990). The staining medium used was 0.1 zo Fast Blue salt,0.3 zo Naphthol AS-

MS phosphate alkaline solution, Mayer's hematoxylin solution and citrate concentrated

solution (all from Sigma, St. louis, Mo). cells anached ro the bonom of the wells were

i¡cubated wirh a mixtu¡e of Fast Blue salt and naphthol for 40 min at ¡oom temperatu¡e,

washed rvith deionized water and incubated with hematoxylin solution fo¡ 10 minutes prior

to washing thoroughly in running water for I h. Alkaline phosphatase-positive cells we¡e

photographed using a Zeiss Optic phoomicroscope (Zeiss, Germany).

Invnunofluorescence

lmmunofluo¡escence was done i¡ strained and unsrained Hos rE-gs cells. These

were rinsed with PBs and fixed by incubation 's/¡th 4 7o parafonnaldehyde in pBS for t0
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minutes. Afrer several washings, cells we¡e permeabilized wirh 0.5 Zo Triton X-100

(Sigma) in PBS for l0 minutes at ¡oom temperaru¡e. Cells we¡e washed and incubated for

I hou¡ with primary mouse antibodies (in PBS with 7 Va bovtne serum albumin (BSA)) for

vimentin, vinculin, talin, tensin also at room temperature. For actin labeling, cells were

incubated with FTlC-phalloidin. Thereafter, samples were extensively washed in PBS and

incubated with goat Cy3 conjugated anti-mouse IgG or goat FITC conjugated and-mouse

IgG secondary antibodies fo¡ 40 minutes. Cultu¡es we¡e rinsed and silastic memb¡anes of

the dishes were removed and fxed to histologic slides (Fisher Sci,, Winnipeg, MB) with

90 Vo glycerol and. 10 Vo PBS, supplemented with 0.1 7o phenylenediamine (Sigma, St.

Louis, MO). Negative controls for all antibodies were performed. Cultures we¡e

photographed using a Zeiss epifluorescence microscope (frlters of 450-490 nm excitation).

Some cultu¡es were photographed by using a Molecular Dynamics Confocal Scanning

Laser Microscope (CSLM). Resolution in the CSLM at the x./y-axis approaches 0.1 ¡rm

and is approximately 0.5 ¡rm in the z-axis. The CSLM used the VoxeWie{Llltra sofrwa¡e

from Vital Images running on a Silicon Graphics Indigo XS24 workstation (generously

made available by Dr. D. Nance).

Due to the gradient pattern of strain bi-axially in the silætic memb¡a¡ es (l to 24 Vo

of strain) all photomicrographs were uken from the most central a¡ea (<1 Za strain) of

membranes and fields we¡e selected randomly. FlTC-phalloidin and monoclonal

antibodies anti-vimentin, anti-vi¡culi¡, and-talin and Cy3-conjugated we¡e from Sigma and

monoclonal anti+ensin was gcnerously donatcd by Dr. Wong @ana-Farber Institute,

Boston-MA).

Statistical anaþs¡s

The values for cell number obtained for all the strained and unsrained cell

populations for both ¡ar and HOS cell t)?es were subjecæd to a t-tesr wirh the Bonfcr¡oni

co¡reclion.
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RESULTS

Cell culnues

Figure I shows phase contrasr photomicrographs of HOS TE-85 cells grown in

culture. Both HOS cells a¡d the rat alveolar bone cells demonst¡ated the same growth

pattem. In Figure lb, confluent cells s¡aned to fomr defined sructttres or clusters, which

have been shown to matu¡e into bone nodules. Unde¡ the srain periods used in this srudy,

application of mechanical stimulation did not alter nodule fonnation (not shown), and either

rat bone cells o¡ HOS TE-85 cells in confluent culru¡es did nor align in the srain di¡ection.

The polygonal shape of unstrained cells (Fig. la) became more evident as the cells reached

a confluent stage (Fig. 1c).

Growth curves for the HOS TE-85 cells demonstrated that these cells proliferared

faster than rat cells (Fig. 2). Similarly for cell morphology, mechanical strain appeared ro

increase cell number fo¡ both cell t'?es. However, while application of srain ¡esulted in a

significant increase (p<0.05) ofcell numbe¡ ar 24 h when compared with the unsrained

controls (Fig.2), changes in rat cell number were not significant. cultu¡es subjected to

mechanical strain did not show any significant degree ofcell death as evidenced by rypan

blue exclusion (not shown).

Alkalîrw phosphatase

In o¡der to determine if the Hos-TE E5 ransformed cells did possess osteoblastic

porenrial, the activity of alkaline phosphatase was measu¡ed upon mechanical sdmulation.

Stain ¡esulted in an increase on alkaline phosphatase activity ar z hous from the onset of

stimulation i¡ TE-85 cells (Fig.3). Changcs in staining (F¡g.38) did not appear to be

cor¡elated with the di¡ection of applied strain ìphen compa¡ed with unsrained controls (Fig.

3A).
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Io c alizatio n of cytoske leton proteins

In this study we have localized different cytoskeletal protein labeling as a result of

mechanical stimulation i¡ HOS TE-85 cells. No sigrLificant changes were observed in actin

staining in these cells until periods of 6to24 houn of srain. Figure 4 shows HOS cont¡ol

unstrained cells (Fig. 4a) and strained cells at 2 hours @g. 4b), 6 hours (Fig.4c) nd 24

hou¡s of stimulation (Fig. 4d). Su'ain appeared to increase actin mic¡ofrlament bundles at 6

hours (Fig. 4b). Although, at 24 hours of inærmittent stimulation actin fluorescence

labeling seemed to be i¡tense (Fig. 4d) when compared to previous times, any changes in

labeling were negligible after 6 hou¡s (F¡g. 4c). This was also observed for almost all the

cell cultu¡es a-nd it may represent the prcsence of a recovery period of c¡oskeletal labelirg.

However, this was not measured here. In addition, most of the cell cultu¡es were

composed of isolated cells at the time of acti¡ labeling, so that no conclusive changes in cell

orientation could þ made.

Vimentin labeling also showed a different distribution after mechanical sdmulation

as seen in Figure 5. Hos rE-85 cells labeled intensely for vimendn in borh strained and

unstrained cells, however, the label varied according to confluency suge (Fig. 6A and 68).

Figure 5A shows unstrained rE-85 cells labeled for vimentin with less intermediate

filaments in a ¡a¡dom disribution, when compared to strained cells (Fig. 5B). Although,

such assessment is rather qualitative, preliminary snudy with a 3dimensional reconstruction

using confocal microscopy on these cells show a ma¡ked difference between attached (Fig.

5c) and upper side of these cells (Fig. 5D). small white arrows indicate distinct ridges of

cytoskeletal attachment to substratum. Mechanical stimulation appeared to have increased

ñlament distribution and fluo¡escence intensiry Grg. 5B), while keeping the same pattem

of 3 D-disribution (not shown). In figure 68, vimenrin disribution with srain is also

clea¡ when compared with that of unsrained control (Fig. 6A), However, only subtle

changes a¡e observed, panicularly in slende¡ extensions of filaments from srained cells,

seen here at 6 hours (Fig. 68).
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Cultu¡ed rat alveola¡ bone cells and human TE-85 cells were subsequently identifred

by their labeling of FA proteins vinculin, talin and tensin. Most of rhe cell cultu¡es (80 7o)

demonstrated distinct FAs. The only difference in strained and unsnained cells fo¡ the

labeling of talin (Figs. 6C and 6D) and vinculin (Figs. 6E, 6F, 7A and 78) was in the size

of the FAs. When control cultures (Figs. 6C, 6E and 7A) werc strained for 6 hou¡s (Figs.

6D to 6F and 7B), both talin and vinculin appeared to forrn larger FAs. Talin and vinculin

labeling are seen witì small double arrows and tensin by small single arrow. HOS cells

showed a concentration of FAs in the periphery of the cells, partly due to a non-specific

staining at the center of the cells. Specifìcally, increase of FAs is clearly seen for vincuün

staining after mechanical.strain in Figs. 6F and 78. However, changes in FA orientation

were not evident in HOS cells, contra¡y to rat cells (not shown). On the other hand,

although mechanical strain stimulated tensin distribution at 2 (Fig. 7D) and 24 hours (Fig.

?F), it did not seem to change its disribution ar 6 hou¡s (Flg. 7E). This maybe due ro a

panly recovering period, similarly ro thar of seen fo¡ actin labeling (Fig. 4). Finally,

Figure 8 shows a hypothetical diagram for the cytoskeleton interacüons talcing place in

bone cells before and afrer the application of mechanical stimr¡Iation.
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DIscUssIoN

The imponance of me¿hanical stimulation on bone metabolism has long been

recognized. Although, mechanically derived signals are essential in processes such as bone

remodeling (Bwger et al., 1992; Sandy et al., 1993) the mechanisms involving in strain-

t¡ansduction i¡to cell function and to the corresponding changes in cell shape are poorly

undentood. Such changes were investigated here by studying the cytoskeletal behavior of

osteoblasts upon mechanical stimulation. We used the well cha¡acterized osteoblast cell

line HOS TE-85.

Studies have shown that osteoblastic cell populations derived from nomral human

o¡ animal bone tissue contain heterogeneous ceil populations comprised of cells from

va¡ious matu¡ation stages (Roda¡ ¿f al., 1988; Clover and Gowen, 1994). This does not

appear in transformed cell lines, which a¡e clonal cells capable of formirg a homogeneous

cell population when cultu¡ed in yùro. However, the main disadvantage of transformed

celis is rheir growrh rare. A comparison of the growth rate of the HOS TE-85 cell line used

here to a well characterized osteoblast cell line from ¡ats (Cawalho er a 1., 1994) showed a

significant increase of the forme¡ with an approximate doubling time of 24 hours when

mechanical srrain was applied (Fig. 2). However, the growth rate from unstrained HOS

cells was not significantly diffe¡ent to that of rat cells (Fig. 2). In general, although

ransformed cells possess abnormal growth characteristics, they offer several advantages

for the study of specific biological ñ¡nctions (Haskin and C¡meron, 1993). HOS TE-gs

cells, derived from a sa¡coma of a l3-year old female (McAllis ter et al.,l97l), have been

used ro study the effects ofesrogen, localization of esrogen receptors and purification of

insulin-like growth factor binding proteins (Clover and Gowen, 1994 for a review). ln

addirion, wc have previously shown that HOS TE-85 cells constitute a good model for

localization of cytoskeleton proteins and inægrins (C-awalho et a1.,1Ð5a) and for the study

of integin subunit mRNA expression (Can alho er o/., 1995b). Funher characte¡izadon of

rhis cell line in this srudy demonstrates that these cells resemble the polygonal morphology
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of normal bone cells (Fig. 1) and that they make bone-like tissue i¿ vi¡ro (not shown). We

have also demonstrated that mecha¡ical srain stimulates the activity levels of the enzyme

alkaline phosphatase (Fig. 3). The role of this enzyme is nor yet known, however, ir has

long been thought as a phenotype ma¡ker for bone formation through its role in bone

mineralization (Buckley et al., 1990). The ability of rhese cells to secrete the bone matrix

protein osteocalcin has also been shown by Clover and Gowen (1994).

Alterarions in cell shape are thought to be mediated via alterations in the cell

cytoskeleton (Ben-Zp'ev,1991; Pender and McCulloch, 1991; Gingell and Owens, 1992;

Oakley and Brunette, 1993). This cytoskeletal resrructuring likely involves recepror-

mediated adhesion and the dynamic relationship of membrane receptors and FAs (Zener

and Brightman, 1990; Gingell and Owens, 1992). Thus, the main aim of this srudy was ro

compare the disu-ibution of selected cytoskeletal proteins in mechanically-stimulared

osteosarcoma cells to those of unstrained controls,

The effecs of mecha¡ical stimr¡lation in Hos rE-85 cells showed a change in actin

distribution (Figs.4 a¡d 8). Although they are consisrent with previous observarions on

osteoblastic @uckley et al.,1988; Buckely et a1.,1990), endothelial (Sumpio er a/., lggg;

Iba and Sumpio, 1991) and fibroblastic cells (Pender and McCulloch, l99l), the changes

described here a¡e morphological and can not account for changes attributed to regulatory

mechanisms of actin polimerization (stossel, 1993). Howeve¡, effects of mechanical

stimulation on the actin polymerizatiory'depolymerization mechanisms appe* ¡s r¡ke place

remarkably fast independently of cell type @ender and McCulloch, l99l). hoviding that

the most obvious function of the cytoskeleton appears to be maintenance of cell shape

(B¡etsche¡, 1986), it is not surprising that cytoskeleton orientation @uckley et al., 19gg;

Sumpio et a/., 1988; Bucktey, 1990; Iba and Sumpio, 1991) and cell potariry (Buck, 1980)

a¡e affected by mechanical sEain. Mo¡eover, substrate composition (Otey et al., 1990;

Hynes, 1992) and timing of mechanical stimulation @ender and McCulloch, l99l; Janmey

et al., 1991) a¡e critical factors in deærmining c¡oskeleton disribution.
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The direction of cell alignment in accordance with cha¡acteristics of substrare

composirion and topography has been termed "contact guidance" (Cunis and Cla¡k, 1990;

OaÌ<Jey and Brunette, 1993). While the mechanism for conøct guidance has been based on

the role of actin frlament bundles (Dunn and Brown, 1986), Oakley and Brunette (1993)

have recently found that the microrubula¡ system is a primary cytoskeleton candidate in

detennining cell polarity. According to resea¡ch in plant systems by Williamson (1991)

and Hush and Overall (1991), microtubules change thei¡ orientation in response to

envi¡onmental demands such as mechanical srain. ln fact additional studies suggest that

mechanical stimulation may determine cell behavio¡, such as cell polarity, through

dynamics on the envi¡onment of the substatum (Schulze and Ki¡sche¡, 1988; Sammak and

Borisy, 1988; Oakley and Bn¡nette, 1993). Therefore, it is likely that mechanical st¡ain

system studied here will also modulate microtubule distribution.

Patterns ofconuct guidarce have shown ttrat the fint inracellula¡ elements to align

according to substrarum topography were microtubr¡les, followed by actin bundles and then

FAs (Oakley and Brunette, 1993). By contrast, strain applied o endothelial cells showed

that 24 hou¡s of cyclic strain did not alter the distribution of tubr¡lin or vimentin, while acti¡

fibers aligned perpendicular to the force vector after 15 minutes from the onset of the

stimulation (Iba and Sumpio, 1991). The progressive actin alignment (Sumpio er a/.,

1988) followed by cell alignment as a ¡esult of strain appears to initiate at 4 hou¡s of

stimulaúon (Buckley et al., 1988). Although \ye are not able to evaluate the timing of cell

cytoskeleton adaptation from this study, we have previously shown that under mechanical

strÂin, osteoblastic cells change FA disribution very early (Carvalho et al., 1994). We

demonstrated that changes in both FA and actin ñlaments were not evident until 2 and 6

hours of stimulation respectively (Figs.4C,6D and 6F) even though any changes in talin,

vinculin and tensin reponed herc tnay not indicate changes in cell alignment.

Stimulation of FA proteins was noticed mostly as the size of FAs appea¡ed to have

inseased ìvit¡ the application of mechanical strain (Figs. 6 and 7). Unfomrnately, there is
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little information available from other studies on effects of strain in FA proteins.

heviously, we have demonstrated that mechanical stimulation appears to change rhe

orientation of vinculin at 30 minutes f¡om the onset of srain (Cawalh o et al.,lgg4). This

was simila¡ fo¡ the ¡esults in this study (not shown), however, such orientation change was

not evident here and perhaps may acrount fo¡ some cell type differences. We speculate that

strain appea¡s to increæe FA distribution in o¡der to p¡ovide further anchorage of cell-

substraturn An inqease in membrane ligands f¡om mechanically-srimulated cells suppons

this idea (Haskin and Cameroon, 1993; Ca¡valho et aI., 1994). Nevenheless, tensin

appeared distinct from both talin and vinculin. This protein has been so called due to its

purârive function in mainøining tension in actin fibers at their point of anchorage @avies er

al., L991) as seen in Figure 8. Although, strain stimulated tensin rearrangemenr ar 2 and

24 hours, it did not at 6 hours. This could be the result of a recovery period. Such effect

seems to be evident ir distribution changes of actin (Fig. 4) and that of mic¡otubules

following stimulation by mechanical strain (Janmey et al., 7991; Haskin and Cameron,

1993).

The question of microtubule versus actin-dependent mechanical response is an

interesting one. while mic¡orubules appeal to respond to the substratum envi¡onmenr

before any change in actin disribution (oakley and Brunette, 1993), previous studies have

shown that mic¡otubules do not appear to prevent attachment and spreading in many cell

types (Vasiliev, 1987; Middleton et a1.,1988; Ingber, 1993). Thus, is actin alone capable

of supporting most changes in cell forrn and cell shape? This is possible but maybe not

cenain. Many studies observed the estabüshment of a mechanically balanced relationship

between microobules and acti¡ microñlaments fo¡ stn¡ctural stability of cells and tissues

(Ingþr, 1993 for a review). Microtubules not only potentiate the formation of actin

nuclearion assembly sites (Tooney et al., 1993), but also help to stabilize the other

cytoskeleton nerworks (Janmey el a/., lÐ1). In addition, the other main class of sruc$¡al

proteins, the intermediate filaments, also panicipates in the maintenance of srucru¡al

u4



srabiliry (Torpey et al., 1992) and is involved in the hormone-dependent integrarion ofcell

shaping tlnough mechanical forces (Aumuller et al.,1992). However, conflicting changes

in cytoskeleton behavior naybe due to the magnitude of rhe srain applied and to cell type

(Pender and McCulloch, 1991).

Osteoblastic cells unde¡ physiological levels of strain experienced significant

depolymerization and repolymerization of vimentin and c-tubulin, prior to any changes in

actin (Haskin and Came¡on, 1993). Mechanical strain has shown to collapse the

appearance of actin frlaments, giving them a puncøte fomlat. On the other hand, high

strains such as the strain ¡egimen described here, revealed that vimentin networks resisted

breakage, while causing high rigid aoin networks to fluidize (Janmey et at., l99l).

Similar changes on a decrease of acrin polymerization were observed very early from the

onset of the stimulation, even though F-actin appeared to increase with continuos strain

(Pender and McCulloch, 1991). In this study we did observe a subrle change in

distribution of actin (Fig. 4) as well as vimenrin (Fig. 5) at high strains. However,

according to Haskin and cameron (1993) the changes in c¡oskeleton proteins with srain

maybe correlated witl¡ cell-cell adhesion and confluency stage. The cytoskeleton from

confluent cells appears to reorgarize sooner than that of isolated cells. This is consistent

with ou¡ dara (unpublished observations), although the effects of isolared venus confluenr

cells with mechanical strain we¡e not reported herein,

The problem of how mechanical st¡ain is translated i¡to cellula¡ functions still

remains. For insta¡ce, do bone cells exhibit specific recepto¡s for mechanical stimulation?

There a¡e suggestions that cytoskeleton interactions with the integrin family of proteins may

function to transmit fo¡ce-generared signals @wridge et aI., 1988; I.o:ø et al., l9g9; Wang

et al., lgg2tlngber, 1993; Tooney er a1.,1993; Carvalho e t al., l99ilb). The relationship

of ECM-integrins to FA proteins suppons this h¡pothesis @urridge er al., l9B8; Be¡kerle

and Yeh, 1990). In addition, the¡e is strong evidence rhat mechanical sdmulation

participates on several chemical signals (Watson, 1991; Vandenburgh, 1992; Ca¡¡alho ¿r
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al., 1995a for a review). According to lngber (1993) the sructural sÞbiliry of the cells

may follow a "tensegrity model". This model, based on the concepts of tension and

strucfural integrity, may explain the mechanical cocrdination of the cell as a whole in which

the c¡oskeleton plays a central role (Ingber, 1991; Ingber, 1993;'Wang et a/., 1993). The

srained actin network appears to be supponed by microtubule stimulation (Heideman,

1993) th¡ough an increased interacdon with inærmediate filamenrs (Aumuller ¿¡ ¿/., 1992).

Thus, coordination of response among these main structural proteins, FA proteins and

integrins will contribute to structu¡al and biochemical combinations of strain signals

(BeckerleandYeh, 1990; Oteyetal., 1990;Ingber, 1991; Hynes, 1992). Adiagramof

ECM-integrins and the cytoskeleton is shown in Figure 8.

Although, it is clear that mechanically stimulated changes in the individual

cytoskeleton components a¡e interconnected (Oakley and B¡unette, 1993; Ingber, 1993)

ca¡e must be taken in the inte4pretation of specific strain sensitive proteins. Not all proteins

that mediate cy'toskeleton attachment to integrin receptors appea¡ to change with strain. The

acrin and integrin-binding proteins f¡lamin and src @urridge er al., 1988; Burridge el a/.,

1990) did not appea¡ to charge their søining patrems after mechanical srimulation in

osteoblast cells (Haskin and Cameron, 1993).

Finally, as strain magnirude levels a¡e critical in understanding mechanically_

stimulated cytoskeletal changes, it is imponant to briefly discuss the stain system used

here. The Flexercell system for mechanical stimulation has been widely used in a variery of

cells including fibroblasts @uckley et al., l9E8; Almekinders et al., 1993), endothelial

cells (Sumpio et al.,1990; Iba and Sumpio, 1991), lung cells (Scott eral., 1991; Ande¡son

et al., 1992), muscle cells (Anderson et al,, 1992) and bone cells @uckley et at., 1990;

Vadiakas and Banes, 1992; Ca¡talho et al.,l994l Cswalho ¿t al,,l995c). The paranrerers

for srain envi¡onment are based on the ñnite element modeling studies of úe substraom

deformation (GilÞot et a1.,1991; Gilben ¿r ¿1.,1994). Howeve¡, the membra¡e sretching

may vary from 7 to 24 7a of the culu¡e dish, and although care was taken to srudy the area
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corespondent to 1 7o deformation, some variation due rc saain levels can not be excluded.

On the other hand, other reports using systems with a mo¡e homogeneous strain

distribudon have shown similar results, supponing those from ou¡ laboratory (Jones er a/.,

l99I;Wanget a1.,1993: Neidlinger-Wilkeet a1.,1994; Schaffererc/., 1994). By contrast

to rhe inrermirtenr levels of strain described here, Tooney er a l. (lgg3) observed that single

staric stretch increased protein synthesis and substantial skeletal rcmodeling. Additional

work on mo¡e def¡ned systems is needed to add¡ess the imponant questions of strain

magnitude and cellular activity on the mechanically-stimulated celt response of osteoblasts.

The relationship of strain srimulation and cell function is a dynamic one. It has also

been suggested that with bhanges in subcellular localization, cytoskeleul proteins assume

different functions @avalko et al.,1989). \ hether mechanically-stimulated cytoskeleton

protein distribution determines distinct cell function is not known. This is, howeve¡, a¡

intriguing hypothesis and further study is wa¡¡anted. constant invesdgation on both

chemical a¡d biomechanical signals are continuing to shed new light in this importart area

of bone biology.
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Figure 1. Phase constrasr photomicrograph ofHos rE-85 cells in cultu¡e. (a) cells at

low density prior to mechanical seain. (b) Mechanically stained confluent cells

forming defined structu¡es or cluste¡s. A¡rows indicate clustering of the cells

with srain. (c) Srained cells after 72 hours of initial platting. Note the

compac shape of the cells in the center of the cluste¡s. Single black arrows

indicate the cuboiodal cha¡acteristics of the cells. Magnifications (a and c) X g0

a¡rd (b) X 40.
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Figure 2. Effects of mechanical strain in the cell counts of Hos rE-g5 a¡d rat alveolar

bone cells. While changes in rat cell numbers with srain did not appear to

change, HOS cells increased thei¡ numbe¡ signiflcantly at 24 hours of applied

strain (,*p<0.05). However, unstrained HOS cells compared to strained and

unsrai¡ed rat cells were not signiñcandy different.
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Figure 3. Photomicrographs showing alkaline phosphatase positive staining for HoS TE-

85 cells. (A) Control unstrained cells show lower levels of alkaline

phosphatase activiry when compared to strained cells at 24 h (B). Anow

indicates the di¡ection of rhe su'ain. X 80.
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Figure 4. Immunofluoresence of actin filaments in srained and unsrained Hos rE-g5

cells grown invirro. (a) conrol unstrai¡ed culru¡es. Hos cultu¡es strained for

2 h (b), 6 h (c) and 24 h (d). Note rhe increase in actin filament bundles at 6 h.

Changes in 24 h stimulation are negligible compared to those of 6 h. At24 h,

there is a suggestion of a gradual change in cell orientadon perpendicular to the

di¡ection of strain. \ hite ar¡ow indicates the di¡ection of strain. X lZ5O.
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Figure 5. Immunolocalization of vimentin i¡ strained and unstrained HoS TE-85 cells

grown in vifro. Unstrained (A) and strained for 24 h (B) HOS cells labeled

with antibodies anti-vimentin. Note that there is an increased number of cells in

(B), and some changes may be due to the confluency stage of the cells.

Confocal photomicrographs show a ma¡ked difference berween the substratum

anached (lower) side (C) and the non auached (upper) side of the cells (D).

Note the th¡ee-dimensional distribution of vimentin. Double-a¡rows indicate

distinct ridges of cell-substratum attachment. White a¡row indicates the

di¡ection of strai¡. X 1250.
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Figure ó. Immunolocalization of vimentin, talin and vinculin in strained and unstrained

HOS TE-85 cells grown in vitro. (A\ Consol unstrained cultures of vimentin

show a¡ increase in intemrediate filaments extensions, when mechanical strain

is applied (B). Simila¡ly, mechanical stimulation appeared to inc¡ease focal

contacrs when control culrures (C and E) were compared with strained ones (D

and Ð. Cells were labeled wirh antibodies anti-talin (C and D) and anti-vinculin

(E and Ð. Note the concentation of striations in the focal contact areas (double

white arrows). White a¡row indicates the di¡ection of strain. Mechanical

stimulation was applied for 6 h in all the photomicrographs. X 1250.
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Figure 7. lmmunolocalization of vi¡culin and tensin i¡ strai¡ed and unstrained Hos rE-

85 cells grown in vir¡a. Vinculin srai¡ing in control (a) and 24 h strained

cultu¡es (b). Note the concentation of striations in the focal contacr a¡eas

(double white arrows). Focal conøct protein tensin also appear to change its

disribution with mechanical srain. Although, controls cultures (c) changed

tensin distribution at 2 h (d) utd 24 h (f1 of strain, they did nor ar 6 h of srrain

(e). The similarities in tensin labeling in both (d) and (Ð a¡e shown by the smalt

arrow. White ar¡ow indicates the dire¡don of strain. X 1250.
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Figure 8. Diagram depicting a simplified model of cell-exracellular matrix (EcM)

inreracrions. (A) The ECM protein fibronectin (Fm) is shown binding to

membrane recepror integrins (both a and p subunits). Subsequently, this

integrin heterodimer binds the intracellula¡ focal contact and cytoskeletal protein

complex. (B) Application of mechanical stimulation causes a membrane

deformation and an activation of integrin ¡eceptors (conformationar change).

The strain sigaals may be transduced to the cell through Fm_integrin binding.

srain also appears to cause a physical deformation ofthe focar and c¡oskeletaJ

proteins. Focal contacts proteins rarin, vinculin and tensin appear to increase as

well as the volume of FAs. Similarly, the cytoskeleton of actin, vimentin a¡d

tubulin redisu'ibutes significantly, when compared to that of control cells (A).

In addition, o-actinin, filamin, protein tyrosine kinases (pTK) and the proteins

l25FAK and 60,rc a¡e also shown. pTK*, l25FAK and ó0,r" may panicipate in

tra¡sduction of srain signals through a series of phosphorylation cascades of

specific cellular proteins.
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AB STRA CT

The purpose of this paper is to discuss a molecular mechanism in signal

transduction pathways of the regulation of integrin genes taking place in bone cells as a

result of the onhodontic o¡ mechanical stimulation. Human osteosa¡coma (Hos) TE-g5

cells were culru¡ed in DMEN{Æ- 12 and gorvn to confluency in Flexe¡cell Type I dishes in

a humidified incubato¡ with 5 vo co, and 9s vo a$. orthodontic fo¡ces were applied to

bone cells via a¡ intermittent st¡ain of 3 cycles/minute using the Flexercell Strain Unit

System for periods of 15 and 30 ninutes, 2 and 24 hou¡s and 3 days. Anribodies against

p1 and a" integrins were immunol ocdlized i¡ sraíned and unstrained cultures. Total RNA

was extracted from time period and cDNA probes were used to measu¡e mRNA expression

of p, (1.2 kb) and q, (1.1 kb) integrins. A cDNA proÞ for cycrophyrin (750b) was used

fo¡ cont¡ols of gene expression. Results showed that mechanical stimutation caused a

reorganization of integrin distribution as comra¡ed with non stimulated controls. mRNA

for p, expression showed a ma¡ked inc¡ease at 30 minutes and 3 days, while mRNA levels

for cç did not change with stain. selective expression of integrins nRNA is indicative of a

specific gene regulation by mechanical sdmulation. It has been proposed rlat such

selectivity follows an activation of DNA binding regions (REs) by receptors or
tra¡scription factors (tFs) specific to srain. p¡esence ofsuch recepton (TFs) characterizes

the cell response to mechanical stimulation. The model described here helps to explain why

seemingly clinical "controlled" onhodontic fo¡ces may develop undesi¡able biological

effects..
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INTR oDUcTIoN

The application of mechanically generated forces is central in prevention and

correction of dentofacial discreparcies and dentoalveolar malocclusions. During clinical

treatment, these forces are highly effe¡tive in determining tooth position. However, they

may also generate a wide rarge of undesi¡ed biological rcactions associated with the force-

induced response. While me¡hanical forces may be regarded as beneficial in connective

tissues such as bone (WöIff, 1892; l¿nyon, 1987), the cellular mechanisms involved in the

translation of clinical forces into biological responses are poorly understood. The

macroscopic studies of onhodontically treated teeth have shown the rema¡kable potentiai

for connective tissue ¡emodeling both in vivo (Yen and Chiang, 1984; Yen et al., 1989a,

1989b) and in virro (Reitan and Kvam, 1971; Yen et al., 1990). Panly due to the

effectiveness of clinical treatment, this remodeling potendal has been largely based on the

type, duration a¡d magnitude of applied forces (Storey, 1973), specifically to rhose

descriptions of tissue tension and compression associated with bone apposition and bone

resorption, respectively. These concepts stem mainly from early histological observations,

including a variety of morphological and histochemical srudies undenaken to clarify

orrhodontic tissue response (Reitan and Kvam, 1971; Storey, 1973; Rygh, 1976; Lilja er

al., 1983; Mafinez and Jonhson, 1987; Davidovitch, 1991). Meanwhile, the clinically

applied force may appea¡ highly "unconrolled" at the cellula¡ level, possibly explaining

why seerningly "light" and "conuolled" orthodontic forces may, in addition to acceptable

tissue ¡emodeling, generate undesired cellular rcsponses on occasion.

Rygh observed considerable tissue degradation in the periodontal ligament

following orthodontic treatment (Rygh, 1976; 1977). Kvam (1972) found thar root

resorption \ as present in all onhodontically-stressed æcth, while Sims and co-wo¡kers

(kngford a¡d Sims, 1982; Sims and Weekes, 1985) determined rhat roor resorption was

directly related to the Bagnitude of onhodontic force applied. A possible explanation for

this phenomena may be associated with injury ûo the periodontal ligament, since it has been
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reported that intentional ligament trauma could initiate pattems of ¡oot ¡esorption (Nakane

and Kameyama, 1987). As yet, theories of trauma and/or magni$de of forces can not

explain the changes induced in cell behavior as a resulr of onhodonric and especially

physiologic stimulation. BetteÍ understanding of mechanisms of cellular signal

transduction in mechanically-stimulated connective tissues may help to explain unexpected

cell reactions observed as sequelae in the majority of mthodontic-reated clinical cases.

It has been suggested that the cellular envi¡onment of specialized marix

scaffoldings cha¡acterizes the cellula¡ ¡esponses (Ingber, l99l). Lanyon (1987) has

concluded that the matrix provides a source of "strairi memory" which can continue the

process of cell stimulation even some time aftef removal of the initial force. However,

physiological and mechanically-induced p¡ocesses depend on critical recognition and

binding of selected cell ligands thereby ensuring appropriare functioning of cenain cell

propenies such as cell adhesion and cell migration. These inte¡actions are manifested by

changes in cell morphology, proliferadon and gene expression (Ginsberg et al., 1992). A

prime candidate for cell-matrix and cell-cell inæraction is the family of adhesion molecules

called integrins.

Integrin receptors a¡e cell-su¡face heterodime¡s fomred by an a and a p subunit

associated non-covalently (Ingber, 1991; Hynes, 1992; Ya-ada et al., 1992). In addition

to their potential for transducing signals from the extracellula¡ to the inracellular

envi¡onment (Damsky and Werb, 1992; Sastry and Horwitz, 1993), integrin gene

expression in the nucleus and protein post-ransluional modifications in the cytoplæm also

appear to regulate this "outside-in" mechanism of cellular messages, establishing an

"inside-out" signaling pathway (Damsky and Werb, 1992; Sastry and Horwitz, 1993).

This concept is very imponant in the meaning of onhodontic-stimulated tissue æsponse,

since me¡hanical stimulation has recently been shown to modulate nRNA expression of

selected integrin subunis in bone cells ¡¿ yitro (Cantalho et a/., 1995a). Therefore, the aim

of rhis paper is to discuss a molecula¡ model fo¡ the mechanisms of mechanical signal

274



transduction of inreg:'in gene regulation which takes place in bone cells as a result of

orthodontic fo¡ces. such information may be crucial in understanding the epigenetic

control of rissue ¡emodeling, in which both envi¡onment and genetic mechanisms may

predetennine the optimal cell and tissue response.
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MATERIALS AND METHoDs

Human osteosa¡coma TE-85 cells f¡om ATCC (Rockville, MD) were grown in

DMEN4/F-12 (Sigma, St. Louis, MO) with 5 Vo FBS, 25 units/ml penicillin c,25 tlgrÍn

sreptomycin and 100 ¡rglml ascorbic acid (all from Sigma, St. Louis, MO). Mechanical

strain was applied by usirg the Flexercell Strain Unit (Flexcell Corp., McKeespoÍ, pA)

with cells grown in Type I dishes (fledble bonoms) ar 20 kPa ar 3 cycleVmin (10 seconds

of strai¡y'IO seconds of relaxation). cells were strained forperiods of 15and 30 minutes,2

and 24 hou¡s and 3 days. control cultu¡es were cultivated for the same rime periods usi¡g

rigid-bottomed dishes. Immunohistochemistry was performed on strained and unstrained

Hos rE-85 cells. samples were rinsed with PBS fixed wirh 4 vo puaÍormøJdehyde for 10

mi¡, washed in PBS, permeabilized i¡ 0.5 7o Triton X-100 fo¡ 20 min and washed again in

PBS. Monoclonal mouse anti-huma¡ p¡-integrin antibodies or anti-human o,-integrin (both

from Gibco, Burlington, ON) were added for I h at ¡oom temperature. Samples were

washed and incubated with goat cy3 conjugated and-mouse IgG for zfo min. Negative

controls for all anribodies were perfonned. To study the cffect of me¡hanical sFain on

gene expression, toral RNA was extracted from TE-85 cells as described previously

(chomzynski and sacchi, 1987). cells were rinsed in ice-cold pBS, incubated in a

denaturing solution (4 M guanidinium thiocyanate,25 nM Nacl, pH 2.0,0.5 zo sarcosyl

and 0.1 vo p-mercaptoerhanol), incubated with wate¡-san¡¡ated phenol, 2 M Na acetate and

chloroform:isoamyl alcohol (49:l). Samples were cenrrifuged (10,000 g for 20 min) and

the water phase and transferred to isopropanol at -70oc, centrifuged, resuspended in the

denaturing solution, incubaæd with isopropanol, centrifuged, washed in 70 % ethanol and

dried at room temperature. samples wcre resuspended in distilled RNAse-free wate¡.

RNA was quantified by spectrophorometry (Bio-Rad Labo¡atories Model 620 video

Densirometer, Matsushita Electric Industrial Co. Ltd., Japan). Twenty ¡tg of RNA per

sample was fractionated on a 1.2 Vo agarose gel and RNA was t¡ansfer¡ed to a

nirocellulose membrane, pore size 0.45 ¡rm (MSI, Fisher Sci., Winnipeg, MB) overnighr
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at room temperature. cDNA probes for p, inregrin of 1.2 kb or c, integrin of 1.1 kb

(Gibco, Bu¡lington, ON) were labeled with ¡:zp¡-t"t" by a random prime kit (Amersham,

Oakville, ON) and the membranes were hybridized overnight ar 42oC. ln addition, a probe

for cyclophyli-n of 750 b \ as used as a control (generous donation of Dr. J. Richma¡).

The excess probe was removed by subsequent changes of SSPE buffer (3 M NaCl, 23 mM

NaH2POr, 2 mM EDTA, pH 7.4) with varying degrees of stringency, and the blots were

exposed to Kodak XRP-lX-ray frlms (Koda-k Canada Inc., Toronto, ON). Data were

analyzed statistically by a two-way analysis of variance with Tukey's multiple comparison

test. In addition, T-tests with the Bonferroni correction were used to compare mRNA

expression from st¡ained and unstrained cells. All data represent the average of 4

experiments perfo¡med under identical conditions.
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RESULTS

Confluent TE-85 cell culrures forrned bonelike material as evidenced by bone

nodules shown in Figure 1. Mineralized marix was cha¡acterized by alkaline phosphatase

activiry and Von Kossa stain (not shown). lmm¡¡ohistochemical fluorescence microscopy

showed thar the application of mechanical srain for 24 hou¡s appeared to induce a

reorganization of integrin distribution. 9r integrin from untreated cultu¡es (Fig. 2a)

appeared to cluster in the center of cells afte¡ mechanical srain (Fig. 2b). The intensiry of

staining also seemed to increase. u" integrin subunit staining was redisributed with srain

when untreated cultures (Fig. 2c) were mechanically srained (Fig. 2d). Labeling of c"

integrin showed that clusten were mo¡e intense at the periphery ofthe cells in unstrained

cultu¡es (Fig. 2d). Following the application of srain, some cells did not show labeling

for o" at tleir perifery (not shown), but in the majority ofcells cç redistributed as indicated

by white arrows (Frg. 2d). Nonhem blos ¡evealed that the application of mechanical strai¡

caused a significant increase in hybridization (p<0.005) ofp, integrin mRNA probe ar 30

rrinutes and 3 days of culn-ue in HoS TE-85 cells when compared with other time periods

srudied as shown in Figures 3A a¡d 38. on the other ha¡d, the application of me¡hanical

stimulation did not change the expression of c" integrin nRNA in experimental cultures

compared with untreated controls (Figs. 3C and 3D). The same amount of total RNA was

used in rhis study for both snained and unstai¡ed culn¡¡es of cç and pr integdn subunits.

278



DISCUSSION

Therapeutic cor¡ections in clinical onhodontics and dentofacial orthopedics anempt

to stimulate cell and tissue remodeling by manipulation of mechanical forces. Since early

studies showed that these forces produced a series of undesi¡able tissue reactions (Kvam,

1972; Rygh, 19'17; Langford and Sims, 1982; Sims and Weekes, 1985; Nakane a¡d

Kameyama, 1987), the lack of knowledge between physiological and clinical force systems

has been evident. Of special interest in onhodontics is the response of cells from

supporting structures of teeth, such as periodontal ligament and bone to mechanical

stimularion. Ou¡ understa¡ding in this field has increased rapidly in the past few years,

however, as this a¡ea expands more questions a¡ise. In this paper we discuss signal

transduction and the regulation of mechanical stimulation in bone cells at the molecular

level.

Even though, the pathway or pathways which a¡e responsible fo¡ translation of

extracellularly applied mechanical forces i¡to intracellula¡ signals are still not clea¡, it is

beyond the scope of this paper to discuss this question in der¡il. These concepts have been

reviewed elsewe¡e (Carvalho et al., 1995b). The rationale for this study is based on the

assumprion tlat cellula¡ changes in morphology, proliferation and synthetic activiry are

co¡related directly or indirectly to gene expression. By understanding mechanisms of

mechanically-stimulated gene regulation, we beüeve that ulti-ately, the clinical application

of forces will be delivered in such a manner as to communicate with the cells in thei¡

"language". This scena¡io will allow the most appropriate results with a ninimum of

biological tissue damage.

Role ol the cyøslæleøn, integríns and ru¿lear natrix in meclønicatþ-stinalated signaling

The cellular cytoskeleton serves not only to provide a positional information for a

variety of intracellular organelles including the nucleus, but also it has been shown to bind

direetly and regulate the expression of various mRNAs (Biegel and Patcher, 1992;
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Simpson et al., 1994). Nuclear positioning within the cell has also been shown to be

essential ín regulation of protein synthesis and gene expression (Russel and Dix, 1992).

This positioning is partly regulated by binding of the c¡oskeleton ro the nuclea¡ membrane

(Bissel er a/., 1982; Berezny, 1991) which allows transduction of signals to r}re nucleu s

(Ingber, l99l; Simpson etal., 1994). Therefore, association of integrin receptor proteins

with the underlyi¡g cellular cytoskeleton Qngber, l99l1' I,atz et al., 1989; Hynes, 1992;

Yamada et al., 1992) pafily explains their regulation of gcne expression (Ng-Sikorski er

al., 1991).

In addition to stimulating gene expression, integrin leceptors have functions as

signal transduction channels (Komberg et al., l99l; Hynes, 1992) in a series of crirical

recognition events of cell-substratum and cell-cell adhesion. These events are key in a

variety of biological processes such as embryonic development, proliferation,

differentiation, wound healing, tumor cell metastasis, cell polarity, cell migratión, organ

function, tissue organization and immunological recognition (Ingber, 1991; Kornberg er

al., 1991; Milam ¿¡ al., 1991; Clover e¡ al., 1992; Ginsberg et al., 1992; Hynes, 1992;

Yamada et al., 1992; Majda et al., 1994).

In mechanically-induced signal transduction, signals begin in the ext¡acellula¡

matrix (ECM). The predominantly physical stimulus is ranslated by integrins to some

form of chemical sigrals which a¡e propagated th¡ough the cytoskeleton a¡d by a variery of

second messenger molecules. These signals are progressively enhanced or repressed to

finally reach the nucleus in which they regulate gene cxpression. It has be¿n recently

h¡pothesized that integrins translaæ mcchanical stimulation from ouside to inside the cells

("outside-in") (Sastry and Horwitz, 1993; Ca¡¡alho et ar., 1995b). On the other hand, the

rcgulation of gene expression by integrins (Damsky and Werb, 1992) has ¡evealed the

potential for the "inside-out" regulation of Eechanically-induccd signal ransduction (Sasry

a¡d Horwitz, 1993). The laner involves effecors in the cytoplasm which modulate affrnity

and/or specificity for is ECM ligand @amsþ and lVerb, 1992). Thus, changes in integrin
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mRNAs could legulate the cellula¡ protein synthetic machinery through mRNA-

cytoskeleton binding upon mRNA ranslation (Bissel et al., 1982).

I¡ addition to nuclear positioning, arrangement of the ECM also appean to provide

positional information for transmission of mechanical fo¡ces. Moreover, the three-

dimensional arrangement of DNA, a major pan of the nuclea¡ marix, is believed ro play a

signiñcant role in gene regulation (Simpson et al.,1994). Thus, regulation of "inside-our"

signaling by integrins may øke place by a mechanism of inæraction of nuclea¡ facto¡s in the

nuclea¡ matrix and cytoplasmic proteins. Pinkel er al. (1989) observed thar nuclear

functions a¡e localized to specific regions in association with the nuclea¡ matrix. It has

been suggested that matrix-associated regions may act as regulatory sequences in

mechanically responsive genes (Berezny, 1991). This is consistent with the idea thar

a¡Ìa¡gement of chromatin loops of DNA may have a strong role in regulation of gene

expression (Simpson et al., 1994). Since the distribution of DNA appears tightly

connected to the nuclear envelope, application of mechanical stimulation may determine

DNA-proteir binding, either by exposu¡e or masking of key sequences, thus acting as a

gene regulatory componenr. This is accomplished by controlling the inte¡action of va¡ious

trarscription factors with DNA sequences.@erezny, 1991; Getzemberget al., L99l).

Mechanical stimulation at the nnlecular level

It is important to underst¿nd the mechanisms by which cells process mechanical

signals and control the message levels of various affected genes. Regulation of gene

expression by mechanical stimulation appea¡s to follow an established order, with early and

Iate responses Qzumo et a1.,1988; Hsieh el ¿1.,1991 Komuro er a/., 1991; Resnick er at.,

1993). Izumo et al. (1988) and Komuro ef a/. (1991) have desc¡ibed the immediare ea¡ly

response in mechanically stimulated cardiac skeletal cells as the induction of proto-

oncogenes and the accumulation of their protein products. Heåt shock pmteins also appear

to be incr€ased in early stages of mechanical srimulation (Simpson er a/., 1994). Although

function of ¡hese proteins remains rather obscure, they could represent components of a
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seconda¡y signal transduction system (Simpson et al.,1994). Such an inærmediate system

may enhance or inhibit specifrc signals from the c¡oplasm to the nucleus (Distel et ø/.,

1987).

Molecula¡ mechanisms of rcsponse have contribuæd to reveal the recognition events

in the interactions of integrins and the c¡oskeleton as discussed above (llsieh et al., l99I',

Simpson et al., 1994). The expression of integrin genes may be regulated by

differentiation-specific macromolecules s¡sþ as litemin D, and retinoic acid (Haussler,

1986; Slovik et al., 1986; Heino and Massague, 1989). Such regulation is known to be

dependent on the group of DNA-binding proteins called transcription factors (lFs)

(Haussler, 1986; Getzemberg et a1.,1991). Interestingly, this may represent a very similar

form of stimulation compared to that of mechanical srain. In this study we have found

expression of p¡ integrin as early as 30 minutes (Fig. 3). However, the mechanically-

stimulated response for the disribution of the integrin subunits studied here does not

appear to follow the same pattem. The laner may be expected since such distribution is

taking place after gene regulation. Even though there may be interactions with other

systems including changes in membrane fluidity (Bissel et al., 1982) causing integrin

redisnibution as a resuh of mechanical stimulation, mRNA changes for B, integrin seen

he¡e a¡e rema¡kably simila¡ to studies fo¡ other genes such as platelet derived growth

facror-B (PDGF-B) (Hsieh el al., 1991; Resnick et al., 1993). Recently, studies on rhe

PDCF-B gene have caused a breakthrough towa¡ds the undentanding of the mechanically-

induced moleculal response. This will be discussed in morc detail bclow.

Transcriprtonfactors are regulalory rnolecules of genc qression

The primary objective of gene cxpression is the synthesis of messenger RNA

(Mitchetl and Tjian, 1989). This phenomenon depenils largely on the TFs, nuclea¡ prcteins

also called "receptors" that bind to specifrc DNA regions of gene promoters or sites for

transcripdonal control of a gene. These reglons a¡e called responsive elements (REs) and

depending on the message encoded in the RE sequence, the TFs may enhance o¡ inhibit the
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transcripdon of a given gene. However, how do mecha¡ically-induced sigaling molecules

stimulate the tra¡scription of genes?

,.{s discussed above, Resnick et al. (1993) studied the effect of mechanical

stimulation on the PDGF-B gene. These authors have identified a region of DNA in the

PDGF-B gene promoter, which appears to b€ rEqui¡ed in order to confer reqponsiveness to

this gene as a ¡esult of mechanical stimulation. In other words, a mechanical stimulation

responsive element (MSRE) has been localized, MSREs are highly conserved regions and

appear in other genes that have been found to be up-regulated by mechanical stimulation,

such as transforming growth facto¡-pr (Heino and Massagué, 1989) and tissue

plasminogen activator (Diamond et al., 1990). Thus, the presence of MSREs also i¡dicate

the activity of a TF which is likely to be specific to mechanical stimularion. TFs have been

extensively studied for such biological regulatory molecules, such as vitamins, hormones,

neurotransmitters and other biological modiflrers (Haussler, 1986). Such is the case for

Vitamin D3 and retinoic acid (Haussler, 1986; Slovik et al,, lg86; Heino a¡rd Massagué,

1989). Studies on these molecules have demonstrated their regulation of integrin

expression (Sömjem et al., 1980; Slovik e¡ ¿J., 1986; Heino and Massague, 1989), which

likely, takes place through a TF-RE regulated mechanism.

Metabolísm of mechanical stimulation specific receptor (MSSR)

The expression, regulated post-ranslational modifications, binding affinities and

interactions with nuclear proteins play an imporunt role in the speciñciry of TFs to REs.

This appears to be the case fo¡ a hypothetical TF specific to mechanical stimulation or

MSSR (Fig. 4). Nuclear protein exrracrs or MSSRs that have the ability to bind

spe¿ifically to MSRE, have also bcen shown to form multiple complexes with other nuclea¡

proteins (Resnick et al., 1993). Although funher study is necessary ro characterize

interactions of the MSREs, interaction of the TFs (MSSR) with othe¡ nuclear proteins

appeaß to be re4uired for gene activation. TF oncogenes such as c-þs fomr hete¡odimers

ar,d c-jun form homodimers in o¡der ¡o initiate gene transcription at their specific REs
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(Kouzarides and Ztff , 1988). In fact, dimerization propeffies may be essential for RE

recognition, since sequence specificity of the REs apparently is not the onJy conside¡ation

to determine RE selectivity of TF binding (Kouzarides and Ztff , 1988; Mitchell and Tjian,

1989). The laner is seen in the transformadon of ste¡oid receptors by hormone binding

(Beato, 1989) such as in Vitamin D3 and retinoic acid (Haussler, 1985; Heino and

Massagué, 1989). However, at this point it is diffrcult to determine the exact binding of

MSSRs to MSREs since the regulation of TFs appears to be very complex. TF-TF or TF-

protein interactions may play a role in a variery of gene regulation mechanisms. C¡oplasm

of nuclea¡ TFs prior to bcing stimulated may be associated with other proteins, to which

they are dissociated upon .sdmulation (Yemamoto, 1988). Yet i¡termediate c¡oplasmic

proteins may play a role in mediating TF-RE binding (Nevins, 1987). In addition, one

must keep in mind that ægulation ofTFs and gene regulation by TFs are cascade processes

a¡d rate-limiting steps are lilely to be present. ln the case of mechanical stimulation of

endothelial cells by flow, expression of the TFs c-jun and c-fos may also represent an

acrive binding of their respective REs (Hsieh et al., 1997). However, it is not clea¡ if such

binding is limiting for the activation of other TFs.

To date, little is known about MSRES and the proposed MSSR. Yet, the

significance of these findings to the clinical orthodontic practice is indicative that a

mechanical stimulatory-response on biological tissues once believed to be isolated, has

been shown to be genetically controlled. Our data on integrin regulation is consistent with

this idea. Figures 4 and 5 depict I Eodel for integrin regulation of MSSRs to MSREs

binding, showing the role of the cytoskeleton and of Ducleû proteins in mechanically-

stimulated gene transcription. By contrast, it can not be overlooked that although

Eechanical stimulation is very important in maintenance of physiological and o¡thodontic-

induced tissue metabolism, there is also evidcnce that other factors may bc involved.

According to Banes (unpublished observations), it seems to be just as imponant fo¡ some

"selected" cells to ignore mechanical acriviry, This appears to take place in endothelial a¡d
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smooth muscle cells in some refractory periods of cellular activity primarily as a resuh of

shea¡ sress. This selectivity withi¡ similar cell populations may be explained by a lack of

MSSRs o¡ MSREs or their modification, thus inhibiting gene activarion. ln this study we

have shown that mechanical stimulation is responsible for a selective expression of

integrins (Fig. 3) corroborating earlier frndings which show differences in stimulation

and/o¡ inhibidon of expression of cenain genes by srain (Komuro et a1.,1991).

Although, information on binding proteins and marix-associated regions with other

componenrs of the nuclea¡ matrix is still speæulative, undoubtedly, ttre DNA se4uences of

MSREs and the hypothetical MSSRs have a great poæntial of mediating mechanical signal

t¡ansduction. We have discussed a missing link in birding of marix-associated regions

and/or REs. Howeve¡, it is important to ¡emember that mechanical stimulation is not a¡

isolated phenomenon. Stimulation by merhanical signals at the cell level is also regulated

by a variety of other morphogens, such as growth factors, hormones and

morphoregulatory molecules (Simpson et al., 1994), In addition, a single system probably

does not solely explain the complexity of the mechanically-induced cellula¡ response.

New studies on the effects of mechanical stimulation upon these basic cellular

mechanisms are sta¡ting to clarify the principles of cellula¡ behavior that are frequently

taken for granted at úe clinical level. Furu¡e experimentation both at the basic and clinical

levels will g¡eatly enhance our understanding of both physiological and therapeutic

application of mecha¡ical forces. Nevertheless the main goals remain to delive¡ clinical

Eanagement through confolled loading panems which could prevent and/o¡.reverse dssue

breakdown and yet provide the desi¡ed fi¡nctional and aesthetics ¡esults.
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Figure 1. Phase contrast micrographs of HOS-TE 85 cells in cultu¡e. (A) 24 hours after

seeding of the cells, there is rapid growth and the cells san forming clusters

(arrows). (B) Cell clusters f¡om (A), grow a¡d coalesce with othe¡ clusters

until complete confluency is reached. (C) At 48 to 72 hou¡s of the initiation of

the culturei, incr€ased cell proliferation takes place at localized sites (arrows) in

which mineral is deposited and bone nodules a¡e fonned (anow) in (D).
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Figure 2. Immunolocalization srudies of HOS TE-85 cells. photomicrographs of

unsrrained (a a¡d c) and srained (b and d) TE-85 HOS cells. (a) unsrrained

culru¡es incubated with p, integrin antibodies showed a change in the labeling

distribution when these cells wc¡e me¡hanically srained, as integrin subunits

appeared to redistribute towa¡ds the cell center (b). Simílarly, control

unstrained cultu¡es incubated with u., integrin antibodies (c) also showed a

charige in labeling after mechanical srimularion (d), however, c., labeting was

srill evidenr ar the cell perifery in both unstrained and strained cells.

Magnification (a-f) X 1250.
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Figure 3. Photomicrographs of nonhem blots showilg nRNA of p¡ and c" integrin

subunits. (A) effects of mechanical strain in p¡-integrin subunit mRNA

expression. Note that strain (+) causes an increase of p, rrRNA at 30 minutes

and again ât 3 days and I week, when compared with unstrained controls (-).

(B) same as thar shown in (A). Note the inc¡ease in pr mRNA at 3 days of

srain application. (C) effects of mechanical strain in c" integrin subunit

nRNA expression. Note that súain (+) does not change the mRNA

expression at any given time period when compared with unstrained controls

G). (D) same as that shown in (C). Note that no changes a¡e seen with the

application of st¡ain. Connol mRNA (probe for cyclophylin) indicates

comparable amounts of RNA per lane and 28 S indicates the position of the 28

srRNA. I-egends a¡e: (A) and (C) 15'(15 minutes), 30'(30 minutes),2 h (2

hours),24 h (24 hours),3 d (3 days) and I w (l week); and (B) and (D) 2 h (2

hou¡s), 24 h (24 hou¡s) and 3 d (3 days).
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Figure 4. Diagram depicting a simplified model of integrin-regulated mechanical

stimulation-induced response in bone cells. Although, the interactions of

integrins-cytoskeleton and cytoskeleton-nucleus have not been described here,

they play a very imponant ¡ole in úre transducing of mechanically-induced

signals. However, the focus of this work is to describe a molecula¡ mechanism

for this response, The mechanical stimulation specific receptor (MSSR) may

be located at the cytosol or directly into the nucleus as shown here. Upon

mechanical stimulation the MSSR could be tanstocated f¡om the c¡osol to the

nucleus or get activated in the nucleus by a cascade process, ærminating with

its binding to the mechanical stimulation responsive elemenr (MSRE). This

binding carries the stimulation or inhibition of expression in selected genes. ln

the nucleus the activity of MSSR may be regulated by: l) 3-D arrangement of

DNA, 2) a dimerization of rhe MSSR isell 3) binding of other nuclea¡ facrors

or proteins (NP) and a) interaction of MSSR wittr nuclear matrix proteins (#s 1

and 4 a¡e funher discussed in Fig. 6). All these regulatory events modulate the

activity of MSSRs, however, it may be higtrly speculative to suggest which

relationship these factors may have, if any.
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Figure 5. Diagram describing a simplified model for rhe association of MSSR with

nuclear matrix proteins, Upon mechanical stimulation the nuclear matrix may

distribute itself so as to allow for MSSR-MSRE binding as indicated, since

active genes have been shown to be associated with the nuclea¡ matrix.

gimiì¿¡'ly the th¡ee-dimensional disribution of DNA, also given by the nuclear

matrix and modulated by mechanical stimulation, confers tissue specificiry

(green areas) for the MSSRs binding as shown here.
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Chapter TEN

General Discussion



GENERAL DIscussloN

During the cou¡se of this thesis, the imFonance of mechanical stimulation in the

function and maintenance of bone has been emphasizæd many times. This statement often

came followed by a recognition that an insufñcient body of literatu¡€ is available to explain

underlying cellular me¿hanisms responsible for such dynamic cell stimulation. Álthough,

the main purpose of this investigation is to clarify the complexity of strain-stimulated cell

¡esponses, few di¡ect &nswers may have ¡esulted f¡om the present studies, in fact more

quesdons were ¡aised during the studies dcscribed herein. Since each chapter includes

pertinent discussions, an anempt will be made to avoid unnecessa¡y repetitions. In this

general discussion, initially the main conclusions will be d¡awn from chapten two to nine.

Subsequently, our new data will be correlated with existing howledge in the a¡ea of strain-

induced signal u'ansduction mechanisms.

Initially, a reproducible and accu¡ate system for mechanical stimulation of bone

cells was needed. Such interest stemmed f¡om observations in which cells subjected to

stimulation might respond in a simila¡ fashion to their counterparts in vivo, functioning

constantly under some form of load. Preliminary information suggested that the Flexercell

Apparatus would be a useful method for studying stnain in many cell t¡pes, including bone.

The propenies of this system focused on str€tching a deformable subsrate on which the

cells attach. However, there was no proof that anached cells would indeed be strained and

thereby stimulated under these ci¡cumstances. Consequently, the Flexe¡cell appa¡atus was

redesigned to allow for di¡ect observation of cell shape changes following srain. In chapter

rrvo, r,ve concluded that srain wes effectively applied, producing an increase in peripheral

area of three diffe¡ent cell types without producing any visible degree of cell damage.

These observations substantiate the potential for this apparatus in the srudy of strain-

induced cell responses. The advantages and disedvantages of this and other systems

curently under use to study similar mechanisûls \ ere discussed in chapters two, tfuee and

eight and have been reviewed by Gilben er d/. (1994).
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Afte¡ the necessary cha¡acterization of the culru¡e conditions, further experiments

were designed in a logical sequence. ln chapter three, experiments were designed to study

the signal Eansducdon pathways in merhanically-stimulated bone cells. The response of

bone cells to strain showed that stimulation of IP3 levels and PKC aaivity uke place sooner

than any changes in cAMP levels. The relationship of srain-stimulated responses with

parathyroid hormone (PTH) has indicated that srain induction of PKC, IPr and cAMP

were potentiated by PTH, and ürat these were not eicosanoid driven. F¡om these studies,

we hypothesized that signal transduction was closely related to the cell c¡oskeleton. The

tight binding of phosphatidylinositol lipids to the c¡oskeleton has been krown fo¡ some

time in int¡acellular signaling mechanisms (Janmey, 1994 fo¡ a review). In chapter three,

the changes in the immunolocalization of PKC confinned the laner. Moreover, also in this

chapter, srain-induced changes in cytoskeleton were evidenced by imm¡¡s¡ocalization of

vimentin, vinculi¡ and c-actinin. Chapter four erplored funhe¡ srain-induced cytoskeleton

stimulation. The synthesis and distribution of both the focal adhesion proteins vinculi¡ and

talin a¡d the intermediate protein vimentin were increased following strain during the time

periods srudied. This was also true fo¡ selected subunits of the integrin family of receptor

proteins. From this we concluded that the mechanisms of cell response to strain would

likely involve integrin-mediated signaling, through focal contact areas. Chapter five

illusrared many hypothetical aspects of connective tissue response to strain in a mini-

¡eview fo¡rnat and, therefore, will not be discussed fi¡¡ther. Once the poæntial for integrin-

mediated signaling was eståblished, based on these and othcr studies in the literature,

interest a¡ose concerning the mechanism by which molecular cxpression of these reccptors

could bc regulated by strain. Thus, experiments werc designed to study úe exp¡ession of

the ubiquitous integrin subunit p¡ at va¡ious time pe¡iods as observed in chapter six. It was

found that pl ERNA Icvels increased sharply at 30 minutes and 3 days from the onset of

stimulation. In chapter seven, study of additional c, integrin subunit revealed that

molecular reqponse was not coincident for both subunits studied. Strain did not change c,
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integrin mRNA expression at any time period. The conclusions drawn from chapters six

and seven i¡dicated that strain effects appeared to b€ quite specific and revealed a distinct

strain response at the nuclea¡ level. Chapter eight further describes the cytoskeletal

adaputions upon mechanical strain stimulation. It was concluded that srimulated cells

appear to increase cell attachment through an inc¡eæe in focal contacts. Finally, chapter

nine postulates a model fo¡ a molecula¡ ¡esponse of srain cente¡ed on integrin mRNA

expression. Molecula¡ mechrnlsrns may include a mechanical stimulation specific receptor

(MSSR) and a series of nuclea¡ modulated interactions.

Implicatiors of srrain-induced response in signal trawductíon mechanisms

It is very imponant to determine the underlying mechanisms by which bone and

othe¡ cell types modulate their strucrure i¡ response to physical stimulation (Simpson et a/.,

1994). Hence, original questions in this study were formulated to determine: to what

extent strai¡ induced specific signaling mechanisms; how these mechanisms ranslated into

cell functions; how changes in membra¡e signals correlated with c¡oskeletal and receptor

rearangement; ard how strain stimulation could determine nuclea¡ cell response. In

chapter three changes in well known sigraling pathways have been shown as well as a

PTH-induced potentiation of bone srain response. PTH-induced response in bone cells

comprises several mechanisms that have been described elsewhere. However, it is ¡elevan¡

for this discussion to indicate how selected PTH action may regulate strain response,

specially as PTH associates with Ca2*. For instance, two Ca2* channels have been

identified as PTH-activated, these are cAMP-¡egulated and PKC-acdvated channels

(Yamaguchi et al.,1987; Vadia.kas and Banes, 1992). Although, Ca2+ level changes v¡ith

strain were not studied here, the activation of a Ca2+-induced pathway as a result of strain

can not be ruled out. As discussed in chapter one, there are many studies suggesting the

role of Ca2+ channels as me¡hanotransducers. A plausible h¡pothesis has been suggested

by Alcon and Rasmussen (1988); strain appears to cause an increase in the cycling benveen

influx/efflux of Ca2. asross ttre plasma memb¡ane, cven though the concentration of Ca2+
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remains low afte¡ transient increases following mechanical stimulation. However, we a¡e

still somewhat ¡eluctant to consider Ca2+ channels as true mechanoEansducers. Watson

(1991) suggested that a mechanotransducer must contain two basic cha¡acteristics: a

functional association with the underlying cytoskeleton and a secondary or teftiary structure

capable of transducing signals via interactions with signaling pathways and the

c¡oskeleton. By contrast, although Ca2+ as a second messenger panicipates in numerous

intracellula¡ Ee.chanisms, ion permeability is a rather general response and a transient

memb¡ane punctue cannot be ruled out in mechanically stained cells (Charles er a/.,

1991). However, preliminary studies using Ca2* channel blockers failed to elicit a

response in our experiments. Currently, it is still not clear what role extracellular Ca2* may

play in strain-induction of Ca2* as opposed to that of seain-inducted C¿2+ from inracellula¡

stores. Additional srudies focusing on this problem a¡e warr¿nted.

Eventhough Ca2* may not constitute a sgparate signaling pathway, its action as a

messenger is closely related to other pathways. Increases in membrane phospholipids with

mechanical strain a¡e associated with t¡ansient increases in Ca2+ levels, due to the

inte¡action between Ca2* a¡d phospholipids. ln chapær three, it has be¿n shown that srain

caused an inc¡ease in inositolphospholipid sctivation prior to any other parhway.

Additional studies in the literaore have reported a very rapid inøease in intracellula¡ Ca2.

levels afte¡ a single membrane stimulation (se¿ Jones et al.,1991for a review), suggesting

that in ou¡ studies this Ca2*-phospholipid interaction may also be uking place. Such a

relationship has long indicated the imporuncc o¡ g¡z+-protein and Ca2+-lipid-binding as

shown by Eansitions between geVsol ståtes of the actin cytoskeleton alterating the

mechanical state of the cell (Janmey, 1994). There are ntany actin-binding Foreins

regulated by C6z+. These can be divided into filament-scvering, filament end-blocking, F-

actin side-binding or cross-linking, proteins that link F-actin to other structures and motor

proteins (see Stossel, 1993 and Janmey, 1994 for a review). According to Janmey (1994),

Ca2* and phospholipids have opposite effects in the cell cytoskeleton, Ca2+ appears to
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solate the cell c''toskeleton through specific protein binding, while phospholipids appea.r to

block Ca2* effects enabling a reorganization of the c¡oskele¡s¡. $imil¿rly, PTH-induced

Ca2* inc¡ease has also been implicated in c¡oskeletal disassembly @gan et al., 1991).

Cytoskeleton assembly/disassembly is vital in processes such as cell migration and

chemotaxis (Stossel, 1989; Stossel, 1993 fo¡ a review); processes closely related with

changes induced by activation of Ca2* channels. One may argue that Ca2* channels a¡e

indeed mechanoransducers!? However, as pointed out by Ingber (1993), simply because

a biological mechanism can be explained by a single theory does not mean that such a

mechanism is cor¡e¡t.

From chapters fou¡ to nine we have identified the integrin family of membrane

receprors as prime candidates for the ¡ole of mechanotransducers. It must not be

overlooked, however, that such a role rray be by no means exclusive to inægrins or to Ca2*

channels or to any other pathway that has not been cxamined he¡e. As an example, the

vironectin receptor c subunit appears to contain multiple shon sequence elements that a¡e

homologous to rhe Ca2* binding elements of other proteins (Suzuki et a/., 1987). It has

been shown that the a sunbunit of the platelet receptor gp IIb-Itra is able to bind Caz*

(Fiugerald and Phillips, 1985). Moreover, it appean that the presence of Caz+ is necessa¡y

for assembly of the receptor inracellularly (Fiøgerald and Phillips, 1985; Suzuki el ¿/.,

1987), although these cations have not yet been shown to possess any regulatory role in

integrin activity. This interaction is very intcæsting and rather complex, nevenheless, at

this point integrins appea¡ to stand out as sEain Fansduccrs according to the classic

definition by Wason (1991).

Implicatiotts of strain-induced response in integrin recqøn and cytoskeleton

Many reports have shown an increase il cell growth with the application of

mechanical fo¡ces (discussed in chapten th¡ee to nine). In fact, strain may stimulate cell

growth by cither an independent and/o¡ a syncrgistic response to glowth factors

(Vandenburgh, 1992 fo¡ a ¡eview). Gro*th factors, as well as polypeptide hom¡ones such
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as PTH, modulate cell activity through speciñc rcceptor-mediated rcsponses (Moolenaar er

al., 1986). Activated receptors propagaE signals via an integration of cascade ¡eacdons of

biochemical and physiological changes (Abdel-Latif, 198ó). The mechanoreceptor

hypothesis corresponds closely to the activation of speci-fic receptors in growh factor-

activated mechanisms (Ingber, 1991 for a review). Not only integrins behave as

mechanosransducers by both biochemical signaling and structural stimulation of the

cytoskeleton, but also it has be¿n shown hete that integrins respond selectively to strain.

The¡efore, it is not farfetched to hypothesize that integrins may perceive strain-stimulation

in a fashion similar to growth factors. However, one rDay frnd it difficult to consider

mechanical stimulation and integrins as having a m,re agonist-receptor relationship. Indeed,

a wide range of mechanical stimulations affecting cell behavior and spccificity of response

may not always be possible from the extracellula¡ envi¡onment. By conrast, nothing

prevents intracellular sigrals from modulating membrane receptor activity (Ginsbetg et al.,

1992). Such inside-out signaling is precisely what appears to take place in integrin-

mediated cell signaling (Damsky and Werb, 1992; Ginsberg et al., 1992; Sastry and

Horwitz, 1993), as discussed in chapter seven.

Accessory protein binding play an imporunt ¡ole in integrin subunit signaling.

Examples have been described for both membrane-bound and cytoplasmic proteins.

Brow¡ et al. (44) sequenced a 50 kDa integrin-associated memb¡ane protein required for

enhancement of neutrophil phagocytosis and Hermanowsky-Vosatka et al. (1992)

describcd a c¡osolic low molecular weight lipid, called integrin modulating factor (IMF-I ),

which rises as a consequence of leukocyte activation to control cell adhesiviness @amsky

and Werb, 1992). Ridley and Hall (1992) have reponed that the GTP-binding protein råo

appears to r€gulate the assembly of sress fibers in focal contacl sites. Actin polymerization

changes induced by agonists such as insulin also tales place through rho or rac @idley er

a1.,1992), A simila¡ mechanism appears to be pr€sent in the activation of platelea through

surface integrin-associated glycoproteins (Damsky and lilcrb, 1992; Cla¡k and Brugge,
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1993). However, the i¡teraction of inositolphosphatcs with the cyoskeleton (Divecha and

Irvine, 1995) demonstrates that signaling mechanisms can be directly associated with

membrane receptors (Stephens ¿, al.,1993). Funhermo¡e, integrin association with insuli¡

re¿eptor substrate (Vuori and Ruoslahti, 1994) clearly demonstrates that a c¡oskeletal-

mediaæd signaling has a synergistic growth factor effect. Integrins may rrpresent a form

of anchoring site fot proteins and small enzynes, allowing their interaction with the

respective substrates, thereby stimulating signaling cascades.

In chapters four to seven and nine, srain-induced integrin rearrangement has þen

examined. Although, we did not study rlimerization properties of diffe¡ent subunits, we

observed that application.of srai¡ may cause a change in spatial distribution of integrin

¡eceptors and,/o¡ a reorganization of diffcrent subunits, thus possibly creating a chimeric

re¿eptor. This so-called "new" receptor may only last during the onset of the stimulatory

period. By comparison, cell stimulation in the form of heat shock has been shown to cause

loss of immunoreactive integrins at dre cell su¡face (Majda et al., 1994). This phenomenon

may also be explained by a change in the conformational shape of the receptor or by

¡eceptor shedding from the membrane, similar to that during remodeling and cell

locomotion (Bretscher, 1986; Ginsbe¡g et al., 7992; Majda et al., 1994). A temporary

rearrangement of inægrin subunits æ a result of mechanical stimulation appea¡s to reflect an

increase in protein synthesis and/or metabolism. ,{Ithough, in chapter four, we have found

an increase in synthesis of most integrin subunits studied following srain application, it is

puzding why similar stimulation fails to inøsse nRNA cxpression in both Fr and c, in a

manne¡ simila¡ to that of protein synthesis. Chapter seven described in detail the

differences in mRNA expression for both subunits. A siople explanation may reside in rhe

existence of a subcellular pool for a* simil6¡' to the one sccn for p¡ subunit, cven though

experimental problems in protein synthesis studies cannot be disca¡ded. In any case, it has

been reponed here fo¡ the fi¡st time, that r¡echanical stimulation caused an increase in the

mRNA expression of specific integrin subunis. Such stimulation appears to be highly
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selecrive and time-dependent. It is disappointing, however, the lack of information

available on stimulation of integrin mRNAs from other studies, even though some

comparisons can be d¡awn from repons showing a decrease in integrin mRNA levels in

heart myoc¡'tes of normotensive rats following an increase in blood pressure (Mamuya el

al., 1992). Unfomrnately, it was not possible to expand the observations found here with

funher experiments using additional integrin subunits. It may be anticipated that, similar to

substrate-adhesion experiments, mRNA cxpression fo¡ different iategrin subunits will

respond in a srain-type and time dependent Eumer.

Each integrin heterodimer promotes somewhal differpnt ligand binding specificities

(Che¡esh et al., 1989). Nonetheless, the interaction of integrin subunits with the ECM

modulates cell behavio¡ and cytoskeleton organization (Romer et a/., 1992). Such

inte¡action is central in integrin-mediated signal transduction following strain. Studies have

shown that the cytoplæmic domain of p¡ integrin can blnd to focal contact proteins like talin

Clapley ¿, al., 1989) and o-actinin (Otey et al., 1990). ln addition, the same domain

p¡omotes identification of inægrins in focal contact a¡e¿s colocalizing with proteins such as

vinculin and tensin (Burridge et al., 1988; Burridge et al., 1992). This ability of the

cytoplasmic domain of p¡, and recently of p3 integrins, to direct ¡eceptor localization has

been fu¡ther identified by using chimeric proteins lacking the presence of the extracellula¡

ligand binding region of the receptor ([.a Flamme et al.,1992;Yamada et a1.,1992). As a

result the a subunit appea¡s not to have sufficient information to characterize integrin

distribution (Yamada et al., 1992). This inracellular mechanism involving rccepror

distribution which is possibly controlled by agonist-recep¡or occupancy corroborates the

hypothesis of suain-induced inside-out signaling (Ginsberg et al., 1992). Cha¡acterization

of inægrin binding dynamics will not only clari$ processes of sigral ranstluction but also

cell adhesion, ceII migration and oarix asscmbly.

The areas of focal contacts a¡e considered very important, espe¿ially as sites of

signal transduction @u:ridge et al., 1988 Burridge et al., 1992 for a review). In which

3@



case, it was logical for us to study the effects of strain in these a¡eas in addition to the

underlying cytoskeleton. Application of me¿hanical stain in bone cells appean to cause an

increase in focal contacts as well as a change in focal conøct orientation. Suain changed

the distribution (chapters three to five and eight) and synthesis (chapter four) of focal

contact proteins. This was not surprising, since suain is capable of promoting a substantial

increase in total protein synthesis (Komuro et at., l99g; Sumpio et a/., 1990, Komuro el

al., l99l) and a considerable degree of c¡oskeleton remodeling (fenacio et al., 1989;

Pender and McCulloch, 1991; Simpson et al., 1994). In muscle cells, both synthesis and

degradadon of total protein appear to be clevated (Simpson et al., 1994). However, the

¡esult is a net growth since protein synthesis is elevated to a greater degree (Laurent and

Millward, 1980; Simpson et al., 1994). There is little information on protein synrheric

activity in srain-induced bone cells. Buckley et al. (1990) showed that strain increased

both collagneous and non-collagenous proteins, including vinculin, in osteoblasts. This

agrees with our findings. Focal contact and acd¡-binding proteins, such as a-actinin,

filamin and talin, have been shown to bind to phosphorylated phosphatidylinositol

pospholipids (Janmey, 1994). Consequently, it can be suggested that an inc¡ease in

celtula¡ focal contact areas (as observed Êom srudies in chapten th¡ee, f¡ve and eight) will

potentially ranslate into a mo¡e efñcient signaling pathway &om membrane receptors to cell

cytoskeleton, both through chemical and mechanical signals.

Regulation of cytoskeletal proteins is fundamental in detennining the shape and

function of cells (Ben Ze'ev, 1991 for a review). 'Changes in cell shape have been

considered as potential regulators of transduction signals (Hong and Brunette, 1987;

Watson, 1991; Oakley and Brunnete, 1993; Surdy ¿r ¿r., 1993). Application of srain has

clea¡ly be€n shown to change bone cell shape in this study. However, a potential piÉall of

cytoskeletal staining here hæ been the study of isolated cells, as opposed to confluent

cultues. ln addition, such an approach does not account fo¡ the presence of a strain-

stimulated cellular rËsponse being transient or too shon to deæct. Furthermore, interactions
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of nucleus-cytoskeleton may be continuous with c¡oskeletal-EC1\4 and to neighboring cells

ín vivo (Pienu and Coffey, 1991 for a review). Such ¡elationships potentially play an

imporønt role in cell orientation and cell polarity. Nevenheless, as sructural i¡teractions

determine cell shape, we believe that the combination of stimulated cytoskeletal

components, focal adhesion proteins and membrane signaling pathways systematically

work together to uanslate me¿hanical stain into strain-induced cell response. The concept

of "renseg¡iry" has been suggested to explain the inæraction of all these mechanisms.

Components of the cytoskeleton netwo¡k may Þ divided into contractile, clastic or

noncompressible proteins (Watson, 1991). Tensegrity is but the balance between

contraction, resistance of contractile microfilaments and compression-¡esistant

microrubules, respectively (Pienta and Coffey, 1991; rüfatson, 1991; Ingber, 1993). This

model provides some attracdve features to explain the equilibrium amongst cytoskeletal

components, cell shape and cellula¡ signaling. Currently, more wo¡k is needed to fully

characte¡ize this or other models of strai¡di¡e¡ted cellula¡ function and response.

The cellular cytoskeleton is a ¡ema¡kable and complex three-dimensional structu¡e

pafiicipadng in the reguladon of many vital cellular processes. A complete description of

cytoskeleton involvement in cellula¡ functions is beyond the scope of this discussion,

nonetheless, this system determines structural positionings of many innacellular

components, including that of the nucleus. Nuclear positioning has been shown to possess

essenrial functions in the regulation of protein synthesis and gene expression @ussel and

Dix, 1992). This positioning is panly regulated by the binding of the cytoskeleton to the

nuclear membrane (Berezny, 1991; Bissel er ¿J,,1992). In chapter nine we have discussed

a novel approach to nuclea¡ signal transduction following mechanical stimulation. This is

an active area of study, and futu¡e investigations will clarify the role of strain and those of

tlre c¡oskeletal scaffolding in the modulation of regutatory p,mæins in gene expression.

In conclusion, combinations of signaling pathways, receptors and c¡oskeletal

components involve a series of chemomechanical reactions within a mechanically
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stimulated cell envi¡onment. Models have been suggested to explain the coordination of

these chemomechanical responses. However, rnany questions in strain-induced cell

response remain, and new information will undoubtedly stimulate innovative ideas for the

transfer of information, cell activity and cell functions in cell biology of mechanically

srained cell systems.
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Chapter ELEVEN

Future Directions



FUTURE DIRECTIoNS

Many are the biological processes that appear to mediate and be modulated by

mechanical stimulation-induced cell response. Theæfo¡p, only a sample of possible ñ¡tu¡e

research can be included here. A logical priority would bc an anempt to study some of the

concepts described herein with another system capable of reproducing a more favorable

physiological type of strain, In addition, it would be bcneficial to sh¡dy a system that took

into account the micro envi¡onment of cell boundary stimulation. The processes of bone

formation can also be fu¡ther cha¡acterized with an in depth histological analysis of bone

nodules formed invitro. This approach would put to rest rnany criticisms on strain levels

and on the significance of cell cultu¡e models to study srain-induced cell response.

Due to a vast array of messengers and signaling pathways, it has been impractical to

include more pathways in our investigations. However, many mechanisms are still largely

unknown in bone cells stimulated by strain. Additional studies on mechanically-stimulated

protein synthesis a¡e also wa¡ranted. Specifically, different stimulation periods could be

used to investigate the timing of focal contacts and cytoskeletal rcarrangement. The

preliminary inforrnation reponed he¡e in srain-induced proæin reorganization is somewhat

qualitative. The use of more innovative techniques will determine the interaction of

microfilament, intennediate fi"laments and microtubules with mechanical strein and greatly

enhance the precise deterrnination of ilrportant facûors such as protein distribution, cell

polarity, cell orientation, p¡otein spatial and tcmporal organization, nuclea¡ marix

disribution and others. To that end techniques such as fluorpscence activaæd cell soning

could bc used. Furtherrro¡e, it is neccssa¡y b examine the ¡ole of Ca2t in actindependent

cytoskeleton assembly. Individual Ca2t dcpendcnt proteins, such as gelsolin and ñlamin,

can be studied to deterÉine their ¡ole in srai¡-i¡duccd cytoskeletal rêa¡rangcmcnt. Fo¡

insunce, by inhibiting the activity of these a¡d othc,î c¡oskeletal p'roæins that specialize in

actin-filament severing, one måy gain valuablc insighs on how srain may deærmine the
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process of cytoskeletal reanange6s¡¡. $imilarly in studies of proæin synthesis, timing can

also be improved for nRNA analysis in strained cells.

The imponance of integrin modulated signaling transduction pathways in strained

cells has been extensively discussed. Thus, it would be valuable to look into the role of

strain in phosphorylation studies of specific inægrins, actin-binding and memhrane-binding

proteins. In panicular, how thes€ proteins may enhance signal Eansduction Eechanisms of

bone response. Molecular analysis could be used to study rhe cytoskeletal protein

described here, integrin subunits not discussed here and other cellular rcceptors such as

cadherins, selectins and members of the immunoglobulin superfamily which likely play a

¡ole in the processes of mechanically stimulated responses. Ou¡ and other models on the

molecula¡ strain-i¡duced cellular responsc could be funher investigaæd by using gel shift,

fooçrinting and run on assays. Finally, the use of transgenic animals could be used to

srudy r¡e role of defi¡ed molecular cellular corponents in regulating srain-induced signal

t¡a¡ s duc tion,
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