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    During the last two decades there have been many studies demonstrating the responses of cells of mesenchymal origin (osteoblasts, chondrocytes, fibroblasts, etc.) to mechanical stimulation. However, due to the use of various experimental methods, it has become difficult to compare the research data. Many studies implement the variations of the method of cyclic mechanical stimulation via stretchable membranes onto adherent cells, but other methods exist as well. To compare the data from different experimental methods the mechanical stimulation should be characterized by its displacement, frequency and acceleration (or by the wave shape of the applied force), but in most of the studies neither all this information nor even the common stimulation parameters for cells activation are apparent.




    The previous data demonstrate that cellular deformation affects the cytoskeleton, which results in the activation of a cascade of secondary messengers that stimulate metabolic or proliferative response, i.e. mechanotransduction pathways. Unfortunately standardized biomechanical protocols for the optimal in vitro mechanical stimulation of cells are lacking. This standardization should provide all the essential biomechanical information, such as an exact specification of a mechanical force applied, and, if it is cyclic, the mechanical profile specifications should be given. Additionally information on the cell deformation is required. If this information will be provided the optimal parameters of the mechanical stimulation will be determined and the presently existing controversy regarding these parameters will be at least partially settled. This will open the opportunity for the future more effective and comparable studies for determination of the intracellular mechanisms involved in cellular mechanotransduction. However presentation of the current data and knowledge, which are derived from different biomechanical experimental methods of the cellular mechanotransduction research, should also contribute to the communication in this expanding research field.
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    Skin, bone and cartilage are the important examples of live tissues that respond to mechanical stimulation and that require it for their metabolic maintenance. The cells in these organs, which are responsible for matrix regeneration and responsive to mechanical stimulation, are, among others, the fibroblasts, the osteocytes (osteoblasts) and the chondrocytes (chondroblasts). All these cells are of the mesenchymal origin and maturate from multipotent mesenchymal stem cells (MSCs). It was previously shown than MSCs can maturate to one of these cell types when exposed to appropriate media (osteogenic, chondrogenic, etc.) with the addition of mechanical stimulation with the optimal characteristic mechanical parameters.




    

      In this book the authors address the special characteristics of the responses of these types of cells to mechanical stimulation. The process of the cellular mechanical stimulation, mechanotransduction, is partially similar among these cells, but there are also several very important differences in mechanical parameters and cellular pathways. The current knowledge on the characteristic cellular mechanotransduction pathways is expanding. The authors aimed to concentrate on the description of the more investigated pathways, which are characteristic to each cell type.




      The book starts with the chapters on general aspects of cellular biomechanics and description of the experimental equipment that is commonly used for the research of cellular mechanotransduction in vitro in two dimensional cultures, especially when the cells are adherent to plastic surfaces. The characteristic pathways of mechanotransduction in MSCs, osteoblasts and osteocytes, chondrocytes and fibroblasts are described in following chapters and eventually a description of clinical implementation of mechanical stimulation is added with emphasis on distraction osteogenesis, involving osteoblast stimulation, and on the skin stretching techniques based on fibroblasts’ stimulation.




      The area of cellular mechanotransduction research is still widely open for further research and discoveries. In this book the authors tried to summarize the current knowledge on mechanotransduction in the MSCs and the three mature cell types, which are responsible for the maintenance of tissues that provide body support, cover and movement.
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      Abstract




      Eukaryotic cells contain specific structural segments that determine the cellular biomechanical characteristics, with the aid of numerous molecular structures. Cell mechanics is mostly determined by the cytoskeleton dynamics in coordination with the extra- and intra-cellular milieu. Cells can sense mechanical forces and, by signalling system, convert them to biological response through mechanotransduction pathways. Cells of mesenchymal origin are specially sensitive and responsive to mechanical forces because they are involved in building of the biomechanically efficient tissues for force propagation.
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      CELL UNIT




      Living cell is able to supply its own requirements of energy utilisation, molecular synthesis, transport and maintenance through its life cycle. The cell shape is determined mostly by the two major factors, the plasma membrane, which acts as an anchor for proteins connecting to it, and the actin cortex, which provides a mechanical support [1]. The actin, part of the cytoskeleton, plays a major role in determining the structural deformation due to its ability of fast remodelling [2]. These supporting structures play an important role in controlling the cellular shape during mitosis and cellular migration (Fig. 1) [3, 4].




      The actin cell cortex cooperates with a flexible plasma membrane. They both act as resistance to deformation and transmit forces from the extracellular environment into the inner cell [5].




      It is now clear that the actin and plasma membrane interact with each other. These interactions influence the extracellular to intracellular biochemical and biomechanical pathways.
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Fig. (1))


      Schematic representation of actin fibres distribution during cellular deformation and movement.



      The direction of the migrating cells is determined by the rearrangement of the cell adhesion molecules (CAM). The CAM-CAM integration and the cell shape are controlled by the microtubules, another part of the cytoskeleton, bonding and the adhesion domain centers.




      

        Cellular Scaffold




        As a hemi solid structure, the cell depends on the scaffolding. There are mainly three types of filaments which include the skeleton of the cell, i.e. cytoskeleton: 6-10 nm in diameter actin filaments, 7-11 nm intermediate filaments and 25 nm microtubules. This system plays a role in forming a “road” to and away from the nucleus. For the cell to keep its shape without collapsing, it has to maintain a sufficient cortical pressure, which depends on F- actin [6, 7], myosin II [8, 9] and intermediate filaments [10]. The tension of the cells also influences the cell shape and movement [11, 12], locomotion [13, 14], and mitosis [15].




        In addition to the internal forces, there is a balance with externally applied force to regulate the cellular functions [16, 17]. Extracellular matrix (ECM) is a part of and regulates the extracellular forces. The molecular component surrounding the cells provides a structural support via interactions with integrin receptors.


      




      

        Signalling Pathways




        Cells communicate with the surrounding environment. Most of the communication of this nature is mediated by fluid shear stress that is converted into activation of cellular pathways and ending with gene expression [18]. These mechanotransduction pathways have still not been determined sufficiently. However, it is known that they induce cytoskeleton remodelling, giving a direction to the cell movement according to the direction of the fluid flow.




        Additional way of signalling is via the extracellular scaffolds anchoring into cell with receptor clusters, i.e. focal adhesion complexes, which form channels from the cytoskeleton to the extracellular matrix [19]. These channels also contribute to the intracellular propagation of signalling and changing the cytoskeleton shape [20].


      




      

        Cell Adhesion




        The mechanism of cell adhesion, including its mechanics and kinetics, is of high interest in the research of cellular biomechanics. Cell adhesion is a good example of interweaving of cell signalling and changing of cellular shape. Many mathematical models have analysed the cell processes which are part of this process. It appears that the overall process of cell adhesion is based on kinetic, thermodynamic and mechanical properties of cellular membrane and of the cytoskeleton. The adhesion mechanism involves receptor-ligand bonds. The adhesion domains are the areas of biochemical reactions, which control the enzymes that govern the adhesion process. The adhesion domain is thermodynamically controlled by cohesive forces from the cells surrounding which pass through the actin anchorage at the cellular membrane [21-25]. The order of the adhesion bonds starts from the stronger initial bond followed by weaker successor bond, etc. This order is essential to generate local efficient adhesions. Even for a temporary adhesion this order of bond events is essential [26, 27]. However, in several experimental settings the temporary cellular adhesions are generated by a random order of events of the unrelated bonds [26, 28, 29].




        In the normally adhering cells, slow dissociation of bonds is also in the precise successor order, according to the adhesion surface properties. This order is essential for cell functioning as a unit and not as an unorganised cluster.




        The cellular adhesion micro domains act by biochemical reactions which are controlled in situ by the activator and inhibitor molecules [30]. The cellular adhesion process is usually initiated in the micro domains with a rapid biochemical turnover [31, 32]. The stabilisation of adhesion domains is determined by the interrelations between the receptors on the cell membrane, the CAMs and the actin cortex [33].




        The control of the cell tissue adhesion is determined by the interactions of local ligands with blocking sites on CAMs and on the surface of cellular membrane.




        This theory on the dynamics of cellular adhesion is supported by the classic experimental model of Erich Sackmann et al. [34] who showed that after forming the steady state of CAM – ligand - receptor bonding, addition of soluble blocking antibodies caused shrinking of the adhesion domains. Due to the fact that the antibody had stronger affinity to the domain site, the ligand could not attach to the domain and the domain became unstable and the adhesion of the cell became ineffective.


      




      

        Deformation of Molecules




        The three dimensional structure of molecules is highly interconnected with their biological activities and plays a crucial role in mechanotrasduction. Commonly the proteins change between active and not active state when subjected to different mechanical forces. The interconnection forces, e.g. Van der Waals forces, electrostatic forces and hydrophobic interactions, determine the volumetric three dimensional shape of a molecule in order to create a stable fit with the specific ligand and/or receptor. For example the hydrogen bonds, which are generally weak, contribute to the molecular stability when accumulated simultaneously in large numbers. The three dimensional shape of the receptor and ligand molecules determines their bonding abilities in the chain of force propagation through the cell. Thus the effect of the forces acting through the chain of cellular mechanotransductionon pathways can be “switched on” or “switched off” according to the three dimensional shape of the key molecules following the effect of forces that were mentioned above. These cellular signalling pathways are regulated by the changing in the shape of molecules. In this process the ligand – receptor interactions are the key points in the chain of pathways of transmitting the mechanical force from ECM into cells via the binding domain [35].


      




      

        Cellular Mechanosensing




        The actin cytoskeleton acts with several components, i.e. myosin II motor, actin filament and actin crosslinks which bind to the membrane via anchoring proteins. The external forces are transmitted to the cytoskeletal components. Tianzhi Lou et al. [36] described a model of signalling during force propagation in cells (Fig. 2).
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Fig. (2))


        Cellular mechanosensing and signaling.



        The cytoskeleton - membrane interconnection acts as dynamic elastic component. An extracellular mechanical force passes via the anchoring proteins on the membrane and transmitted to the parallel chains of actin and myosin II interconnected by the actin crosslinker (AC). The further transmission of force can be reduced, inducing less mechanosensitive signals, if the ACs are disconnected from the actin chains. The opposite process occurs when all the ACs are occupied and the force redistributed to the cytoskeleton, with higher accumulation of myosin II. This interrelation of the cytoskeletal components has a regulatory role in cellular force transduction, when the interactions between actin, myosin II and ACs are force dependent.


      




      

        Cell Migration




        Cell migration depends on the formation of traction forces which are opposite to the forces arising from cytoskeleton and from adhesions to the extracellular environment. The migration mechanism involves deformation of the cellular structure. Thus, a cell moves in the direction of the vector of traction force if it exceeds the opposite vector of the internal resisting stress.
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