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ABSTRACT
Stem cells are undifferentiated cells that are capable of proliferation, self-maintenance and differentiation towards specific cell phenotypes.

These processes are controlled by a variety of cues including physicochemical factors associated with the specific mechanical environment in

which the cells reside. The control of stem cell biology through mechanical factors remains poorly understood and is the focus of the

developing field of mechanobiology. This review provides an insight into the current knowledge of the role of mechanical forces in the

induction of differentiation of stem cells. While the details associated with individual studies are complex and typically associated with the

stem cell type studied and model system adopted, certain key themes emerge. First, the differentiation process affects the mechanical

properties of the cells and of specific subcellular components. Secondly, that stem cells are able to detect and respond to alterations in the

stiffness of their surrounding microenvironment via induction of lineage-specific differentiation. Finally, the application of external

mechanical forces to stem cells, transduced through a variety of mechanisms, can initiate and drive differentiation processes. The coalescence

of these three key concepts permit the introduction of a new theory for the maintenance of stem cells and alternatively their differentiation via

the concept of a stem cell ‘mechano-niche’, defined as a specific combination of cell mechanical properties, extracellular matrix stiffness and

external mechanical cues conducive to the maintenance of the stem cell population. J. Cell. Biochem. 112: 1–9, 2011. � 2010 Wiley-Liss, Inc.
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Stem cells are undifferentiated cells that are capable of proliferation,

self-maintenance and differentiation towards specific cell pheno-

types [Morrison et al., 1997; Reya et al., 2001]. The possession of

these features make stems cells an attractive source for cell-based

regenerative therapies. However, the success of such therapies is

dependent on the understanding, and ultimately the control of

the processes of both self-maintenance, required to maintain their

‘stem-ness’ and also lineage-specific differentiation. Self-main-

tenance and differentiation of stem cells in vivo are controlled by a

microenvironment described as the ‘stem cell niche’, which has

been defined as a specific location in a tissue where stem cells reside

for an indefinite period of time and produce progeny cells while

self-renewing [Ohlstein et al., 2004]. Cells that are no longer retained

within the niche environment may undergo differentiation, that is

also controlled by factors associated with their new microenviron-

ment. The microenvironmental cues are diverse and complex in

nature, but typically involve soluble and insoluble macromolecular

factors, but also physicochemical factors associated with the specific
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mechanical environment in which the cells reside. While the role of

macromolecular factors and their intracellular signalling pathways

have received extensive study, the control of stem cell biology

through mechanical factors remains poorly understood and is the

focus of the developing field of mechanobiology.

Mechanobiology is defined as the study of mechanisms by which

cells detect and respond to mechanical stimuli. The mechanical

forces imposed on the growing and differentiating foetal tissues

play an increasingly critical role in the developmental process,

effectively guiding the development of the functional organism.

Post-partum, mechanical demands increase dramatically. As such

major morphological changes progressively unfold under the

influence of the mechanical stimuli provided by external gravita-

tional forces and muscular contraction. Indeed mechanical forces

have been reported to affect developmental processes as diverse as

gastrulation in Drosophili [Desprat et al., 2008], left/right reversal of

major organs in vertebrates associated with abnormal fluid flow

[Kartagener and Stucki, 1962], cardiogenesis [Patwari and Lee,

2008] and skeletogenesis. Three major contributory factors may

be involved. First direct cell-generated forces, associated with the
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contractile components of the cytoskeleton and associated linkages

to the extracellular matrix. Secondly, the ability of cells to detect

and respond to the stiffness of their surrounding environment, via

durotaxis and finally, the effect of external mechanical forces,

generated via gravitational effects, muscle action or other cell

contractile processes. These processes do not work in isolation and

the mechanical environment of stem cells may involve contribu-

tions from all three processes in a highly complex and interacting

manner.

Mechanobiology contributes first to the understanding of

the hierarchical mechanical properties at the tissue, cellular and

subcellular levels and the inter-relationship between these pro-

perties. Moreover, mechanobiology reveals fundamental processes

associated with development, normal physiology and pathology,

through elucidation of mechanotransduction pathways, by which

mechanical perturbation is transduced into a biological response.

Furthermore, it is fundamental to tissue cell-based regenerative

strategies, particularly for load-bearing tissues. This has led to the

development of ex vivo bioreactors that incorporate mechanical

conditioning and advanced scaffold designs that provide a cont-

rolled micromechanical environment, thereby permitting the mani-

pulation of fundamental mechanotransduction pathways. These

approaches have been applied to both differentiated cells and stem

cells. With reference to the latter, mesenchymal stem cells (MSCs)

have been most extensively studied, due to their role in the for-

mation and maintenance of load-bearing tissues of the muscu-

loskeletal system. This review will outline both theoretical and

experimental approaches designed to explore the role of a variety

of mechanical stimuli in controlling stem cell maintenance and

differentiation.

THE STEM CELL MECHANICAL ENVIRONMENT
AND THEORETICAL MODELS OF STEM CELL
DIFFERENTIATION

The mechanical environment within tissues is complex, often

involving combinations of fluid pressurisation, tensile or compres-

sive deformation and associated fluid flow-induced shear forces.

The situation is further complicated within developing tissues, as the

differentiation process itself results in alterations of the mechanical

properties of both extracellular matrix and the resident cells. As such

there is a temporal modulation of the mechanical environment of

stem cells that unfolds in conjunction with cell differentiation and

tissue morphogenesis. A number of researchers have proposed that

the processes of mechanical modulation and tissue differentiation

are intrinsically linked, with the mechanical environment driving

differentiation. This hypothesis has been investigated through a

variety of experimental and theoretical studies.

For example, the amorphous mass of undifferentiated mesench-

ymal cells, responsible for the development of the skeleton, is

susceptible to the influence of mechanical signals mediated through

the extracellular matrix [Carter and Beaupré, 2001]. It has long

been postulated that adventitious, secondary cartilage develops on

cranial membrane bones of the embryo in response to intermittent

pressure and tension, associated with movement [Hall, 1972]. The
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importance of intermittent loading to chondrogenic development

has been further supported by studies involving joint immobilisa-

tion in the developing chick embryo [Murray and Drachman, 1969;

Hall, 1972]. Indeed following paralysis of skeletal muscles, abnor-

malities were reported to develop, including the absence of synovial

joint cavities, the fusion of long bones by fibrous tissue cartilage or

bone, the absence of adventitious and articular cartilages and the

distortion of the skeleton [Murray and Drachman, 1969].

An alternative approach has involved the use of theoretical

models to predict the effects of a variety of mechanical stimuli on

lineage-specific stem cell differentiation. These models have been

used to predict tissue differentiation during skeletogenesis, fracture

healing, bone distraction and the development of pseudoarthroses

[Carter and Beaupré, 2001]. As early as 1960, Pauwels proposed that

tissue deformation or stretching induces the formation of fibrous

connective tissue while compression induces cartilage formation

[Pauwels, 1960] (Fig. 1A). More recently researchers have made use

of finite element analysis, a common technique in engineering to

estimate the internal mechanical state within structures, to predict

the influence of hydrostatic pressure and distortional strain on

tissue differentiation [Blenman et al., 1989; Carter et al., 1998].

These models suggest a correlation between high levels of com-

pressive hydrostatic stress and chondrogenesis; low hydrostatic

stress and osteogenesis; and high distortional strain associated

with the formation of fibrous connective tissue or fibro-cartilage, as

indicated in Figure 1B.

Further adaptations of the modelling approach enable the

establishment of critical values for mechanical parameters in rela-

tion to differentiation. For example, a study proposed that local

strains lower than 5% induce intramembranous ossification, while

hydrostatic pressures greater than 0.15MPa and local strains smaller

than 15% induce endochondral ossification [Claes and Heigele,

1999]. However, from a biological viewpoint, it is clearly naı̈ve to

suggest that in all conditions these critical values represent sharply

delineated ‘cut-off’ values that will predict the differentiation of

tissues under the influence of distortional strain and hydrostatic

stress. Indeed fundamental changes occur within differentiating

tissues which can drastically change the nature of loading, for

example, the generation of extracellular matrix [Prendergast et al.,

1997]. In an attempt to analyse mesenchymal cell differentiation,

finite element models were developed, which incorporate the effects

of the relative velocity of fluid and solid constituents, fluid pressure

and tissue deformation [Prendergast et al., 1997]. The synthesis of

extracellular matrix by differentiating MSCs may, or may not, favour

the mechanical and perfusion characteristics required for lineage-

specific differentiation within that tissue, driving the progression of

cell phenotype in a step-wise manner. A ‘mechano-regulatory’

pathway (Fig. 1C) describesmesenchymal differentiation in a temporal

manner, where the emergence of a specific extracellular matrix (Point

X—Fig. 1C) can favour a divergence in phenotype (red dashed line)

from a steady-state condition (solid line). In the presence of significant

shear strain and associated motion, fluid velocity and shear forces

are also maintained favouring differentiation to fibrous connective

tissue. However, an up-regulation or change in collagenous matrix

production leads to a higher stiffness and consequent reduction in

fluid velocity and shear force leading to osteogenic differentiation.
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. Theoretical models developed by (A) Pauwels [1960], (B) Carter and Beaupré [2001] and (C) Prendergast et al. [1997] that describe the relationship between the

mechanical environment and mesenchymal tissue differentiation. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
More recent developments on the modelling approach have

incorporated other parameters that may interact with the mechan-

ical stimuli to direct differentiation, most notably alterations in

the oxygen environment and associated angiogenesis [Checa and

Prendergast, 2009]. This model also incorporates cell migration,

proliferation and apoptosis and has been further developed to

incorporate physiological variation in cellular parameters to predict

animal to animal variation in differentiation reported in vivo within

a defined bone chamber model subjected to mechanical loading

[Khayyeri et al., 2009].

STEM CELL MECHANICS AND IN VITRO MODEL
SYSTEMS

The mechanical properties of stem cells influence their response to

the mechanical environment, their ability to migrate and ultimately

their differentiation. Consequently, in vitro model systems have

been developed to examine cellular and intracellular mechanics

of stem cells, the influence of external mechanical forces on diffe-

rentiation and the associated mechanotransduction signalling

pathways. These techniques allow investigation of the hypotheses

that arise from the theoretical modelling studies described above.

The ideal approach involves simulating the in vivo mechanical

environment within a defined in vitro model system. Those studies

attempting to characterise the mechanical properties of stem cells

and their intracellular components, tend to utilise a short-term load-

ing approach, often coupled with live cell microscopy techniques.
JOURNAL OF CELLULAR BIOCHEMISTRY
Many of these studies involve the application of a mechanical force

to an individual cell. However, to investigate the influence of

mechanical forces on stem cell metabolism and differentiation,

separate model systems are required involving prolonged culture in

the presence of mechanical perturbation. These studies often employ

a population of cells cultured either in monolayer or within a 3D

scaffold. This enables the examination of the heterogeneity of any

response, due to the possible presence of subpopulations of cells and

also spatial differences in the mechanical environment, such as

localised differences in strain or fluid flow. Both single cell and

population approaches may be used to examine the underlying

mechanotransduction signalling behaviour in stem cells.

A description of the key common model systems used and

their contribution to stem cell mechanobiology is outlined in the

following sections. These may be divided into systems used for

short-termmechanical loading of single cells (Fig. 2) and systems for

longer-term loading of entire cell populations (Fig. 3).

STEM CELL MECHANICS—SINGLE CELL
APPROACHES

MICROPIPETTE ASPIRATION

The micropipette aspiration technique is used to deform an

individual cell with a known aspiration pressure (see Fig. 2a). Such

a technique has been widely used to determine the mechanical

properties of a variety of cell types including stem cells [Hochmuth,

2000]. Micropipettes, with inner diameters typically between 5 and
STEM CELL MECHANOBIOLOGY 3



Fig. 2. Schematic representation of experimental techniques used to inves-

tigate the mechanical properties of individual stem cells. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
15mm, may be used to induce deformation of the whole cell, or

alternatively discrete regions of the cell, depending on the cell

diameter. Moreover, the properties of subcellular components, most

notably the nucleus and cytoskeleton may be investigated. With the

control of a hydraulic micromanipulator, the micropipette is moved

into contact with the cell surface and pressures applied and the

cell visualised using bright field or fluorescence microscopy. Two

approaches have been used for performing the aspiration technique.

For the incremental approach, pressure is applied typically in

steps up to 5 cmH20 (0.49 kPa), with the equilibrium cell aspiration

length, L, recorded at each pressure. The apparent Young’s modulus

may then be determined using a theoretical model [Theret et al.,

1988]. In this model, the cell is assumed to be a homogeneous, elastic

half-space material and the Young’s modulus, E, is therefore given
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as follows, where F(h) is defined as the wall function with a typical

value of 2.1:

E ¼ 3�ð�Þ
2�

�P

L=a

� �
(1)

The Young’s modulus can thus be determined from the slope of

the linear regression of the normalised length L/a versus the

negative suction pressure P.

For the alternative approach, in which pressure is applied in a

single step, the following equation is fitted to the temporal changes

in aspiration length measured experimentally (Eq. 2). This model

assumes that the cell behaves as a homogenous linear viscoelastic

three-parameter solid half-space.

LðtÞ ¼ �ð�Þa�P

�k1
1� k2

k1 þ k2
e
�t=�

� �
(2)

The pipette internal diameter is given by ‘a’ whilst the relaxation

time constant ‘t’ is defined as follows (Eq. 3).

� ¼ �ðk1 þ k2Þ
k1k2

(3)

The parameter k1, is termed the equilibrium or relaxation

modulus (Er or E1), k1þ k2 is the instantaneous modulus (Ei) and m

is the apparent viscosity. Using this viscoelastic model it is also

possible to determine the apparent equilibrium Young’s model given

by:

E ¼ 3

2

� �
k1 (4)

It should be recognised that although these models benefit from

being simple, they neglect geometrical factors, such as finite cell

dimensions, evolution of cell-micropipette contact region and

curvature of the micropipette edges. Thus, other models incorpor-

ating these geometric factors into a computational form have been

developed [Haider and Guilak, 2000], which can also account for the

inhomogeneities in the cellular properties.

In a recent study, the mechanical properties of MSCs were

assessed using micropipette aspiration in their undifferentiated state

and during osteogenic and adipogenic differentiation [Yu et al.,

2010]. The authors report values for instantaneous and equilibrium

Young’s moduli for the undifferentiated cells of approximately 450

and 100 Pa, respectively. These values rise significantly and

progressively during osteogenic differentiation over a 21-day

period to reach values approximately twice that of the undiffer-

entiated cells. These changes are closely associated with alterations

in the cell size and morphology, and with alterations in the

cytoskeleton. Indeed a previous study demonstrated a significant

reduction in the modulus of MSCs following disruption of the actin

cytoskeletal organisation [Tan et al., 2008]. Embryonic stem cells

have also been studied using micropipette aspiration, with results

suggesting a marked stiffening of the nucleus during differentiation,

associated with the nuclear skeletal component Lamin A/C, which is

only expressed in differentiating cells [Pajerowski et al., 2007].

These findings suggest that both embryonic stem cells and MSCs

may be more deformable than their differentiated progeny. This
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Schematic representation of experimental systems used to apply compressive, tensile or fluid flow induced shear strain (e) to populations of stem cells in vitro. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
physical plasticity may facilitate the migration of stem cells through

solid tissues to the sites of tissue damage.

ATOMIC FORCE MICROSCOPY (AFM) AND CYTOINDENTATION

AFM and related cytoindentation/compression techniques have also

been used to investigate stem cell mechanics through the application

of a defined deformation to a cell, or a region of a cell. The technique

involves the indentation of the cell surface with a small probe,

whose movement is controlled at constant velocity and can be

imaged through a conventional light microscope [Radmacher et al.,

1996; Sato et al., 2000]. The tip or probe can interact with various

locations on the cell surface with the force indirectly recorded under

indentation control of the tip. Hence structural properties, in the

form of the force–deformation relationship, can be obtained.

However, in order to extract material properties such as cell

modulus, from a stress–strain response, finite element models have

been proposed to account for the shape of the probe tip and,

potentially, its small size relative to the depth of indentation [Costa
JOURNAL OF CELLULAR BIOCHEMISTRY
and Yin, 1999]. These techniques have been applied to characterise

the mechanical properties of a number of cells, with comparisons

made between undifferentiated and differentiated cells. For

example, single indentation studies on undifferentiated and early

differentiating mouse embryonic stem cells revealed that the

mechanical properties of the undifferentiated cell was different from

day 6 differentiating cells [Pillarisetti et al., 2009]. In a similar

manner human embryonic stem cells exhibit a progressive increase

in modulus as the cells differentiate toward a chondrogenic

phenotype [Ofek et al., 2009]. Differences have also been reported

in the mechanical properties of MSCs, derived from either bone

marrow or adipose tissue and cells from their relevant differentiated

lineages, namely osteoblasts, chondrocytes and adipocytes [Darling

et al., 2007]. The authors report similar properties for both stem cell

types. However, there were notable differences between the stem and

differentiation cells in terms of the ratio between elastic and

viscoelastic, or time-dependent. Specifically, the stems cells

exhibited higher ratio values, suggesting that the cells are initially
STEM CELL MECHANOBIOLOGY 5



very stiff but would not resist sustained loading over time. It has also

been suggested that alterations in mechanical properties during

MSC differentiation may be associated with the cytoskeletal

organisation [Yourek et al., 2007].

MECHANICALLY INDUCED STEM CELL
DIFFERENTIATION—CELL POPULATION
APPROACHES

APPLICATION OF SUBSTRATE TENSION TO STEM CELLS CULTURED

ON NON-RIGID SUBSTRATES

It is possible to culture a wide variety of cell types, including many

stem cell types, as an adherent monolayer on a 2D substrate without

disruption of the cellular phenotype. These studies traditionally use

rigid substrates, such as tissue culture plastic, but the utilisation of

non-rigid substrates permits study of various aspects of mechan-

obiology. First the deformation of the substrate under the action of

cell-generated force, permits assessment of the intrinsic contractile

characteristics of the cells. Moreover, the use of substrates with a

variety of stiffness permits interrogation of the ability of cells to

detect and respond to their extracellular mechanical environment.

These latter studies have been instrumental in determining the role

of durotactic mechanisms in driving stem cell differentiation. In a

seminal study, it was demonstrated that MSCs adapt to the stiffness

of their substrate by differentiating toward lineages that reflect

the substrate stiffness [Engler et al., 2006]. Thus, cells grown on soft

substrates, with a stiffness equivalent to that of brain tissue, diffe-

rentiated into neurons. By contrast cells grown on a substrates with

similar stiffness to muscle or bone appropriately differentiated into

myocytes or osteoblasts. A similar effect has recently been reported

for embryonic stem cells, with substrate stiffness affecting genes,

such as Brachyury, Mixl-1 and Eomes, that are expressed during

gastrulation and are associated with mesodermal and endodermal

differentiation [Evans et al., 2009]. Stiffer substrates also prefer-

entially differentiate neural stem/progenitor cells to oligodendro-

cytes, rather than astrocytes [Leipzig and Shoichet, 2009]. The

effects appear, mechanistically, to be associated with both diffe-

rential spreading and the interactions between the cytoskeleton and

the extracellular matrix.

Other studies have superimposed a range of tensile mechanical

stimuli on cells cultured on a deformable substrate. By far the most

common approach is to culture cells on an elastomeric membrane,

which may be coated with a variety of adhesion molecules, such as

collagen 1, fibronectin or laminin. Using this approach a number of

variables can be studied, including orientation of strain (uniaxial vs.

biaxial), the magnitude, frequency and duration of dynamic tensile

strain regimes and the nature of the modified substrate surface. A

number of recent studies have reported enhancement of osteogenic

differentiation by MSCs on application of cyclic tensile strain,

typically at magnitudes ranging from 0.4% to 5% [Ward et al., 2007;

Chen et al., 2008; Huang et al., 2009]. Higher levels of tensile strain

favour differentiation toward a tendon/ligament-type phenotype or

myogenic differentiation [Chen et al., 2008]. These findings concur

with predictions arising from the theoretical models described

above.
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APPLICATION OF FLUID SHEAR TO STEM CELLS

The application of fluid flow results in the generation of a shear

stress at the cell–fluid interface (Fig. 3). The influence of fluid shear

stress has been most widely examined in relation to differentiated

vascular endothelial cells and osteoblasts/cytes, however, several

recent studies have investigated the effects of fluid shear on the

differentiation of stem cells. Both cone-and-plate and parallel

plate flow chambers have been employed in conjunction with cells

cultured in monolayer [Sato et al., 1996; Deguchi et al., 2005]. In

contrast to substrate tension, where the greatest cell strain occurs

along the basal surface, fluid shear generates greatest cell distortion

on the apical surface. However, even at low very low shear stress

there may be distortion of transmembrane cellular components

such as the primary cilium or the glycocalx. The nature of the flow

environment may influence response, with the magnitude of the

shear stress being determinative of cellular response. Moreover,

differences between continuous flow and dynamic flow environ-

ments involving pulsatile or oscillatory flow regimes have been

reported.

The initiation and maintenance of embryoid bodies from mouse

embryonic stem cells is sensitive to alterations in the hydrodynamic

environment, induced via rotary orbital suspension culture [Sargent

et al., 2009]. Moreover, profound differences in the gene expression

profile were demonstrated at various rotary orbital speeds. Shear

stress is also reported to influence the endothelial differentiation by

embryonic stem cells, demonstrated by increased expression of the

vascular endothelial cell-specific markers Flk-1, Flt-1, vascular

endothelial cadherin, and PECAM-1 [Yamamoto et al., 2005]. Simi-

lar effects have been reported for the induction of haematopoiesis

from mouse embryonic stem cells [Adamo et al., 2009].

The exposure of MSCs to shear stress induces increased

proliferation and modulation of signaling pathways including

intracellular calcium signaling and activation of ERK 1 and 2,

indicating the involvement of the MAPK pathways [Li et al., 2004;

Riddle et al., 2006]. The exposure to low magnitudes of shear

stress (0.3–2.7 dyn/cm2) induce osteogenic differentiation, includ-

ing increased expression of osteopontin and osteocalcin [Li et al.,

2004; Kreke et al., 2005, 2008]. Other studies have suggested that

higher magnitudes of shear stress may induce the expression of

endothelial cell markers, such as CD31, von Willebrand factor, and

vascular endothelial–cadherin, from a mesenchymal progenitor cell

line [Wang et al., 2005].

APPLICATION OF MECHANICAL STIMULATION TO STEM CELLS

SEEDED IN 3D SCAFFOLDS

For many cell types, including stem cells, model systems have been

developed that involve culturing the cells within a 3D scaffold.

These systems may be used for mechanobiology studies, with tensile

or compressive strain applied to the scaffold transferred through the

scaffold material to the seeded cells (Fig. 3). Accordingly, studies

have examined the response of stem cells subjected to mechanical

stimuli within a wide variety of 3D scaffold systems. For low

modulus scaffolds, such as the widely used hydrogels, agarose and

alginate, compressive strain can be applied using relatively simple

bioreactor systems and monitored using microscope-mounted

loading rigs, to enable simultaneous visualisation of cells at diffe-
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 4. The stem cell mechano-niche concept. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
rent levels of applied gross compression. The mechanical environ-

ment associated with macroporous or fibrous scaffolds is more

complex than simple hydrogel systems due to the wide variation in

cell attachment geometries.

Much of the work in this context has focussed on musculoskeletal

differentiation by MSCs, in effect providing experimental validation

of the theoretical models described above. Chondrogenesis has been

demonstrated to be enhanced by dynamic compression in studies

conducted by a number of groups involving scaffolds including

agarose, alginate and fibrin-polyurethane composites [Angele et al.,

2004; Campbell et al., 2006; Mouw et al., 2007; Li et al., 2010]. These

studies have typically identified alterations in cartilage-specific

gene expression including SOX-9, collagens II & X and aggrecan.

Compression has also been demonstrated to influence intracellular

calcium signalling in MSCs within alginate constructs [Campbell

et al., 2008]. Most of these studies have considered a single loading

regime, however a recent study by Li et al. [2010] investigated a

range of regimes that may, theoretically, drive differentiation of

adult MSCs toward chondrogenic, osteogenic or fibrous lineages.

They demonstrated that higher dynamic frequencies and higher

compression amplitudes induced the greatest chondrogenic gene

expression, while lower amplitude/lower frequency conditions

induced a greater ratio of osteogenic markers (osterix, collagen I)

to chondrogenic markers.

Similar studies have been performed using embryonic progenitor

and stem cells. Takahashi et al. [1998] studied the effects of static

compression on murine embryonic limb bud cells encapsulated in a

collagen gel system. Statically compressed samples showed enhan-

ced appearance of toluidine blue stained cartilage nodules and

collagen type X staining compared to free-swelling controls. An

accelerated process of chondrogenesis under static compression was

observed by gene expression analysis for collagen type II and

aggrecan. Indeed, type-II collagen expression was directly propor-

tional to the magnitude of the applied force. Other studies have also

examined the effects of dynamic compressive stress on chondro-

genesis in vitro [Elder et al., 2001]. Limb-bud cells, seeded in 3%

agarose constructs and exposed to dynamic loading (0.25–9.0 kPa

at 0.33 Hz), exhibited an increase in cartilage nodule formation

compared to unloaded and statically loaded controls. Dynamic

loading increased the amount of sulphate incorporation twofold

when compared to control constructs.

CONCLUSIONS

The preceding sections provide an insight into the current

knowledge of the role of mechanical forces in the induction of

differentiation of stem cells. While the details associated with

individual studies are complex and typically associated with the

stem cell type studied and model system adopted, certain key themes

emerge. First, the differentiation process affects the mechanical

properties of the cells and of specific subcellular components such as

the nucleus. Secondly, that stem cells are able to detect and respond

to alterations in the stiffness of their surrounding microenvironment

via induction of lineage-specific differentiation. Finally, the appli-

cation of external mechanical forces to stem cells, transduced
JOURNAL OF CELLULAR BIOCHEMISTRY
through a variety of mechanisms, can initiate and drive diffe-

rentiation processes.

The coalescence of these three key concepts permit the intro-

duction of a new theory for the maintenance of stem cells and

alternatively their differentiation via the concept of a stem cell

‘mechano-niche’, as illustrated schematically in Figure 4. The

mechano-niche may be defined as a specific combination of cell

mechanical properties, extracellular matrix stiffness and external

mechanical cues conducive to the maintenance of the stem cell

population. Accordingly, alterations in any of these parameters may

cause the stem cell no longer to be retained with the mechano-niche

and to undergo differentiation under the control of its new

microenvironment. The initial trigger for loss of mechano-niche

environmental conditions may come from any of the three factors.

For example, alteration in the mechanical properties of the

neighbouring extracellular matrix (Fig. 4—labelled 1) as a result

of local matrix formation may drive differentiation through

mechanisms associated with substrate stiffness. Alternatively, the

introduction of external or cell-generated mechanical perturbation

(Fig. 4—labelled 2), induces loss of mechano-niche properties that

results in subsequent alterations in cell (Fig. 4—labelled 3) and

matrix stiffness as the stem cell begins to differentiate. Finally,

induction of differentiation via non-mechanical mechanism, for

example, associated with the presence of growth factors or altered

oxygen levels will rapidly cause loss of mechano-niche conditions

as the cell andmatrix stiffness alter. Moreover, the inter-relationship

between the three major controlling factors (red arrows) suggest that

alteration to one factor will subsequently lead to alterations to the

other two factors, thereby reinforcing the drive to differentiation

once a cell has left its mechano-niche. The reinforcement of

differentiation cues supports the directionality of the differentiation

process, wherein cells are unlikely to be able to regain the factors

necessary for the mechano-niche once they have been lost. Thus,

under normal physiological conditions differentiation is a direc-

tional process. However, it would be interesting to determine

whether reprogramming of differentiated cells to a stem cell like

phenotype, for example, associated with the derivation of induced
STEM CELL MECHANOBIOLOGY 7



pluripotent stem cells from fibroblasts is associated the recreation of

mechano-niche environmental conditions.

In conclusion, this review suggests that the mechanical environ-

ment plays an important role in controlling both the maintenance of

stem cells and their lineage-specific differentiation. Currently, our

understanding of the mechanisms underpinning these processes

remain limited and further research in the field of mechanobiology

will be pivotal to our developing understanding of stem cell biology.
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