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Morphogenesis is regulated by intrinsic factors within cells
and by inductive signals transmitted through direct contact,
diffusible molecules, and gap junctions. In addition, con-
nected tissues growing at different rates necessarily generate
complicated distributions of physical deformations (strains)
and pressures. In this Perspective we present the hypothesis
that growth-generated strains and pressures in developing
tissues regulate morphogenesis throughout development. We
propose that these local mechanical cues influence morpho-
genesis by: (1) modulating growth rates; (2) modulating
tissue differentiation; (3) influencing the direction of growth;
and (4) deforming tissues. It is in this context that we review
concepts and experiments of cell signaling and gene expres-
sion in various mechanical environments. Tissue and organ
culture experiments are interpreted in light of the develop-
mental events associated with the growth of the limb buds
and provide initial support for the presence and morpholog-
ical importance of growth-generated strains and pressures.
The concepts presented are used to suggest future lines of
research that may give rise to a more integrated mechano-
biological view of early embryonic musculoskeletal
morphogenesis. (Bone 31:645–653; 2002) © 2002 by
Elsevier Science Inc. All rights reserved.
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Introduction

In recent years there has been increased recognition and appre-
ciation of the importance of physical factors in the morphogen-
esis of the musculoskeletal system. Muscle contractions begin in
utero and in ovo in the late embryonic stages. The forces that are
generated impose a time-dependent, distributed pattern of
stresses (local force intensities) and strains (local deformations)
throughout nearly all of the musculoskeletal tissues. These phys-
ical cues guide the growth and differentiation of mesenchymally
derived cells throughout life and are critically involved in skel-
etal regeneration.6

Initial patterning and early embryonic morphogenesis of skel-
etal elements occur in the absence of muscle contractions. It is
commonly assumed, therefore, that morphogenesis in the devel-
oping embryo is exclusively under the control of intrinsic genetic

regulation and the local chemical environment of the developing
tissues. It is clear, however, that as different tissues form they
begin to grow at different rates. Whenever two connected tissues
grow at different rates, the more rapidly growing tissue is
compressed, whereas the slower growing tissue is stretched in
tension (Figure 1). During development complex configurations
of connected tissues grow at different rates. Under these condi-
tions, engineering principles predict the generation of time-
varying, quasi-static stresses and strains throughout the develop-
ing cells and tissues. We propose that these patterns of
mechanical cues are not unlike a complex field of morphogens
that can directly influence cell and matrix biology and subse-
quent morphogenetic events. We use the terms growth-generated
strains and growth-generated stresses to refer to the local defor-
mations and corresponding internal force intensities that are
created by differential growth in developing tissues. The sources
of growth-generated strains and stresses are the same. Biological
events at the tissue level are often related to hydrostatic pressure
imposed on cells and tensile deformation of cells and local
extracellular matrix (ECM).7 We will, therefore, emphasize
growth-generated strain (particularly tensile strain) and pressure
(hydrostatic compressive stress) when characterizing the growth-
generated strain and stress environment present during early limb
morphogenesis.

The objective of this Perspective is to present and examine
the hypothesized regulatory role of growth-generated strains and
pressures, using the limb as a model system. We review selected
results on mechanotransduction and explore the concept that
genetic control of limb morphogenesis is inherently carried out
within a complex time history of growth-generated strains and
pressures that strongly regulates early morphogenesis. Our per-
spective suggests that a richer appreciation of the events that
control early skeletal patterning and development can be gained
by understanding the relationships between growth-generated
stress/strain and the local tissue, cell, and molecular biology.

Signals During Early Skeletal Morphogenesis

Morphogenetic Cell and Tissue Forces

Cells can actively produce both tensile forces and compressive
pressures that are transmitted to connected cells and the extra-
cellular environment (Figure 2). Previous research has consid-
ered the role of these cell-generated stresses during certain
stages or events of early morphogenesis, including primary
invagination,14 neurulation,4 and skeletal pattern formation.63

Contractile proteins, such as members of the actin and myosin
families, are the cellular components that produce cell-generated
tensile forces or tractions. Muscle contraction is the most elab-
orate form of cell-generated traction but is not present in early
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development. Another well-recognized example of cell-gener-
ated traction is associated with cell motility. Cell migration, such
as neural crest cell migration, is critical to events of early
development and is dependent on cell motility. To move, cells
must exert a traction on the substratum (Figure 2). This cell-
generated traction is visible when a fibroblast is cultured on a
thin deformable sheet.36 The basis of some biomechanical mod-
els of pattern formation is the experimentally observed effect of
cell-generated traction on artificial substrates.80

Growth is the dominant source of cell-generated pressures.
The increase in volume associated with cell proliferation, ECM
production, and cell hypertrophy exerts a radially directed pres-
sure against the surrounding extracellular environment (Figure
2), as has been modeled for tumor growth.8 We hypothesize that
when multiple cells in a tissue divide, mature, and hypertrophy
the individually produced pressures combine over a region of
tissue to form a significant source of cell-generated pressure.

In contrast to cell-generated stresses, imposed tensions and
pressures originate outside of the affected cell or tissue (Figure

3). During early development, sources of imposed stresses may
include: (1) external forces applied to the embryo by the sur-
rounding environment (e.g., the uterus); or (2) cumulative cell-
generated tensions and pressures from neighboring cells (illus-
trated in Figure 1). Under normal developmental conditions,
external forces are randomly applied to the embryo and are not
thought to contribute significantly to morphogenesis. We be-
lieve, however, that during early development growth-generated
stresses from neighboring cells are an important source of im-
posed tensions and pressures.

Cell Signaling and Mechanotransduction

During early embryonic morphogenesis, developing cells receive
extrinsic signals that lead to particular changes in cell behavior—
for instance, differentiation, migration, or proliferation. Induc-
tion, this process of an external signal directing a cell’s devel-
opment, is commonly thought of in terms of a signal from one
group of cells to a neighboring group of cells. Although the
source of the inductive signal is often another cell, the source can
also be acellular chemical or physical aspects of the extracellular
environment. In our view of development, which includes the
proposed mechanism of growth-generated strains and pressures,
target cells receive inductive signals in four basic ways: (1) direct
contact; (2) diffusible molecules; (3) gap junctions; and (4)
imposed tensions and pressures (Figure 4).

A direct contact signal is produced when a plasma-mem-
brane-bound receptor on the target cell surface binds to a ligand
on another cell surface or in the ECM (Figure 4a). The bonds
formed by these molecules are important for biochemical signal
transmission and often for the physical connections that are
established. Physical connections are necessary for both produc-
tion of cell-generated tractions and pressures and for propagation
of imposed tractions and pressures through tissues. The inductive
signal can also be a diffusible molecule that binds to a receptor
on or in the target cell (Figure 4b). Morphogens are diffusible
molecules that elicit a qualitatively different cell response based
on morphogen concentration. A great deal of interest has focused
on the potential role of morphogens during limb patterning and
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Figure 1. Differential growth of connected tissues generates pressure
and tension. During development, regions of undifferentiated tissue (a)
receive inductive signals that cause changes in gene expression (b). The
different gene expression in regions X and Y can cause corresponding
alterations in rates of growth (b), leading to more rapid growth in region
X. The tissue that is growing faster (X) will undergo pressure (c) as the
slower growing tissue (Y) acts as a constraint. Conversely, the slower
growing tissue will undergo tension as the faster growing tissue stretches
it. This basic rule of faster growing tissue in tension and slower in
compression holds for any configuration of tissue. The tensions and
pressures created may act as inductive signals and further alter gene
expression, changing the X and Y expression to X� and Y�.
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Figure 2. Cell-generated tractions (tensile forces) and pressures. Trac-
tion: cells must exert a traction on the substratum in order to move. The
traction is generated by contractile proteins within the cell. Cell-gener-
ated tractions can only be transmitted to the surrounding environment
through integrins, cadherins, and other physical connections. Pressure:
increase in volume associated with cell proliferation, ECM production,
and cell hypertrophy exerts an outwardly directed radial pressure against
the surrounding environment.
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Figure 3. Imposed tensions and pressures have been shown to be very
important in regulating cell and tissue function. Tension always causes a
stretching (tensile strain) in some direction. The strains associated with
uniform pressure are small, but directional and opposing pressures on
either side of a cell tend to “sandwich” the cell and can produce a
flattening similar to that due to tension. Shear stress, another component
of the mechanical environment, always creates a tensile stretch in one
direction. Strains are always accompanied by stresses. Situations exist,
however, where developing tissues can undergo large strains with small
stresses and vice versa. Compliant tissues or tissues that rapidly remodel
in response to imposed strains, for example, can undergo significant
stretching with only small corresponding stress. Conversely, tissues with
high water content can be exposed to a large hydrostatic pressure (a
specific kind of stress) with little associated strain.

646 J. H. Henderson and D. R. Carter Bone Vol. 31, No. 6
Growth-generated strains in limb morphogenesis December 2002:645–653



morphogenesis. Whether candidate molecules, such as sonic
hedgehog (SHH), act directly as morphogens within the limb
field remains unclear.43 Gap junctions are the most abundant cell
junctions and consist of channel-forming proteins that allow the
passage of small molecules, such as ions (Figure 4c). If the
inductive signal is a small molecule and gap junctions are
present, the signal can pass directly from an adjacent cell to the
target cell through the gap junctions.

When discussing the proposed inductive role of imposed
tensions and pressures (Figure 4d), it is important to note a
fundamental difference between these signals and signaling
mechanisms such as direct contact, diffusible molecules, and gap
junction. Both direct contact and gap junction signaling require
close contact between the signaling cell or ECM and the target
cell. Although diffusible molecules can act over a distance, the
distance and rate of signal propagation are limited. In contrast,
tensions and pressures created at one site of an organism may
impose tensions and pressures at another site, simply due to the
physical connections that are made between anatomical struc-
tures. In addition, the propagation of these signals could be
virtually instantaneous. Therefore, differential growth in one
portion of the developing limb has the potential to create growth-
generated stresses over the entire limb and may influence devel-
opment and morphogenesis at distant locations.

For an imposed tension or pressure to act as an inductive
signal there must be a mechanism of mechanotransduction
through which the cell translates the mechanical signal into a
particular biological response. Although cell response to me-
chanical stimuli is recognized as a fundamental biological phe-
nomenon,45 the cellular pathways involved in mechanotransduc-
tion are poorly understood and have only recently received
substantial attention.

A number of gene families have been shown to have mech-
anosensitive members: ECM proteins (collagens, aggrecan, car-
tilage matrix protein, cartilage oligomeric matrix pro-
tein)9,75,85,89; growth proteins regulating the cell cycle (cyclins,
Cdks)66; cytokines (IL-1, IL-6, IL-10)12,53; growth factors
(TGF-�, FGFs, BMP-2/4)12,68,72 vertebrate hedgehog family
members (Indian hedgehog)88; matrix metalloproteinases
(MMPs)22,49; and angiogenic and antiangiogenic factors
(VEGFs, angiopoietin-2, METH-1).3,90 Stimulus-specific gene
expression may be achieved by “mechanoresponsive” promoter
elements. Stretch responsive elements have been found in the
promoters of genes including tenascin-C and type X colla-
gen.11,87,89

Research is beginning to reveal the pathways through which
cells transduce a mechanical signal into a biochemical signal.
Tension applied to integrins results in internal cytoskeletal and
nuclear scaffold realignment, and Ingber has suggested that the
cytoskeletal framework of the focal adhesion complex may
provide a major site for signal integration between growth factors
and ECM-based signaling pathways.42 A number of other mech-
anisms of mechanotransduction have been proposed and inves-
tigated, including strain-related potentials, stretch-activated ion
channels, membrane tension, and the primary cilium.45 Trans-
duced mechanical signals can lead to changes in transcriptional
regulation through intracellular signaling. This signaling may
occur through one or more second messenger systems, such as
the adenylate cyclase/cAMP system, the inositoltrisphosphate (IP3)
system, or the Ca2� system.25 We predict that future investiga-
tion of growth-generated strains and pressures and continued
elucidation of the biological mechanism of mechnotransduction
will reveal a causal role for morphogenetic mechanical signals
during development.

ECM

Target cell Target cell Target cell

Target cell

a) Direct Contact b) Diffusible Molecules c) Gap Junctions d) Imposed Tensions
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Pressure
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Figure 4. Primary modes of cell induction: the four basic ways in which inductive signals are transmitted to a target cell. (a) The signal can be a ligand
present on a cell surface or in the extracellular matrix (ECM) that comes into direct contact with a receptor on the target cell surface. (b) The signal
can be a diffusible molecule that binds with a receptor on the target cell surface (as shown) or with an intracellular receptor. (c) Gap junctions between
adjacent cells allow the passage of small diffusible molecules that can act as signals. (d) We propose that imposed tensions and pressures, components
of growth-generated strains and pressures from the mechanical environment, can act as inductive signals.

Table 1. Comparative developmental stages, with select events, in the chick and humana

Chick
Ageb

(stage/time post conception) Human
Age

(days post conception)

Wing represented by thickened ridge 16/51–56 h Appendicular ridges 30 d
Wing and leg buds first defined 17/52–64 h Arm and leg buds 31 d
Digital plate defined in leg bud 24/4.5 d Arm and leg buds fully formed 33–37 d
Three wing digits, four toes 28/5.5–6 d Differentiation of handplate 38 d
Basic adult limb form achieved 36/10 d Pentadactyl rudiments 42 d

aFrom Hinchliffe and Johnson.40

bFrom Hamburger and Hamilton.33
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Limb Growth and Development

Genes and Morphogens

The limb bud is the outgrowth of tissue that forms a future limb
(Table 1). The vertebrate fore- and hindlimbs arise from two
discrete areas of somatopleure along the embryonic flank.1,46

Before the limb buds appear, regions of cells along the ventro-
lateral sides of the trunk acquire the capacity to develop into a
limb.73 At this pre-bud stage, prior to visible structural changes,
a great deal of signaling activity is already at work: forelimb/
hindlimb identity is dependent on the action of members of the
Tbx family of transcriptional regulators74; fiboblast growth factor
(FGF) family members are involved in organization of the
pre-bud field; and retinoic acid (RA) activity is critical in the
initiation of limb-bud outgrowth.73 The cell biology of the
developing limb has received a great deal of attention, and the
signaling pathways between the apical ectodermal ridge (AER),
progress zone, and zone of polarizing activity (ZPA) are well
documented.73

Morphology and Growth-generated Strains

During limb-bud elongation, the mesenchymal cells that initially
formed the bud differentiate to form skeletal rudiments, tendons,
and dermis. The skeletal rudiments begin to form and develop in
a proximal-to-distal sequence (Figure 5). In vertebrates, limb
muscles arise from a population of presumptive muscle cells of
somitic origin that migrate into the limb-bud region (in the chick
at approximately Hamburger and Hamilton33 stage 12–14).55

The muscle tissue joins with presumptive tendon tissue, which in
turn connects to developing skeletal condensations, and the
growing tissues undergo dependent and coordinated growth.84

The bones of the limb arise in a sequential process of
mesenchymal cell condensation, chondrogenesis, and endochon-
dral ossification (Figure 6). Skeletal condensations in the chick
limb begin to form at stage 22.82 These condensations establish
the basic structure of the future skeletal elements and are initially
continuous with the surrounding undifferentiated mesenchyme.19

A barrier between skeletal rudiment and adjacent tissue first
appears at stage 27 and is composed of cells arranged circum-
ferentially around the central region of the diaphyseal portion of

the rudiment.19,70 These peripheral cells are fibroblastic in nature
and develop into a fibrous sheath surrounding the cartilage
element.19,70 A true perichondrium forms at stage 30 when the
cells in the barrier become elongated parallel to the rudiment
long axis and overlap.19,70 Perichondrial consolidation continues
and by stage 33 the perichondrium is bilayered with an outer
layer of flattened, tangentially elongated, tightly bound fibro-
blasts, and an inner layer of osteoblasts.19,70 Osteogenesis com-
mences as the osteoblasts begin depositing subperiosteal osteoid,
which coincides with the development of the perichondrium into
the periosteum.70 Ossification continues until all nonarticular
cartilage is replaced with bone.

We structure our analysis of limb morphogenesis using the
following postulate: Growth-generated strains and pressures
from the developing mechanical environment influence morpho-
genesis in one or more of four ways: (1) modulating growth
rates; (2) modulating tissue differentiation; (3) influencing the
direction of growth; (4) and deforming tissues.

Growth rate. Skeletal tissue growth is accomplished through
cell mitosis, cell hypertrophy, and ECM production. Mechanical
modulation of growth rate occurs when a cell receives a signal in
the form of an imposed strain or pressure from the mechanical
environment and the signal is transduced into an alteration of the
cell’s rate of hypertrophy, mitotic rate, or rate of ECM produc-
tion. A number of gene families that have been shown to have
mechanosensitive members are important to growth: ECM pro-
teins; growth proteins regulating the cell cycle; and growth
factors. Increasing levels of static compression loading of new-
born-calf articular cartilage cause upregulation of extracellular
signal-regulated kinase-1/2 phosphorylation18 and a decrease in
matrix sythesis.67 There is a stretch-responsive element in the
promoter of collagen X,87 and it is likely that other genes
involved in regulation of growth rate have mechanoresponsive
promoter elements.

Previous experiments provide evidence that perichondrial
constraint modifies rates of tissue growth. Developing skeletal
rudiments grow faster than the perichondria that surround
them.51 Based on a number of experimental observations from
chick and other experiments, Wolpert83,84 proposed that the
perichondrium constrains cartilage growth in the radial direction,
while allowing growth to proceed in the longitudinal direction.
This concept of “directed dilation” is consistent with Carey’s5

observation that the porcine femur increases more in width than

Figure 5. Cartilage condensation in the chick limb. During limb-bud
elongation, skeletal rudiments of the limb begin to form and develop in
a proximal-to-distal sequence. Stage 26–29; Alcian blue staining. Cour-
tesy of Cliff Tabin.

Figure 6. Coordinated growth and development of the musculoskeletal
system in the mouse forelimb. The mouse forelimb at embryonic day (E)
(a) E11.5, (b) E13.5, and (c) E14, which roughly corresponds to chick
stages 22, 26, and 31, respectively. Skeletal condensations and associated
soft tissues quickly form from the initially continuous mesenchyme of the
limb bud. Note the appearance, between days E11.5 and E14, of skeletal
tethering structures, such as ligament, tendon, and muscle condensations.
Original magnifications: (a) �87; (b) �80; and (c) �40. Adapted from
Dalgleish.13
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length until a recognizable perichondrium forms, after which
longitudinal growth far exceeds radial expansion. In addition,
both mutant39 and in vitro52,70 experimentation have shown that
improper formation or removal of the perichondrium results in
altered morphology consistent with Wolpert’s theory.

Wolpert’s concept of perichondrial constraint is based on the
idea that cartilage rudiment growth creates pressure in the rudi-
ment and tension in the surrounding perichondrium.83 This
imposed tension and pressure may have multiple mechanobio-
logical effects. As Wolpert recognized, the forces will physically
deform the growing tissue and create preferential elongation in
the longitudinal direction. Perhaps more importantly, these
growth-generated stresses may act as inductive signals, causing
the cartilage and perichondrium to alter the rate of growth,
direction of growth, or pathway of differentiation. A number of
molecular signals to and from the perichondrium are known to be
associated with controlling cartilage growth and differentiation,
including: the parathyroid hormone-related peptide (PTHrP) and
Indian hedgehog (Ihh) signaling pathway37; tenascin-C (TN-C)
and syndecan-348; bone morphogenetic protein (BMP)-417; and
Wnt-4 and Wnt-5a.37 These molecules are expressed in time-
dependent, localized expression patterns in the growing cartilage
elements and perichondria.

The similarity between the areas of tissue predicted to be
under tension and/or pressure and the observed molecular ex-
pression domains raises the possibility that growth-generated
strains and pressures are responsible for regulating the observed
expression patterns of the molecular signals. TN-C, for example,
is expressed in the developing skeleton and presumptive peri-
chondria48 and regulates osteoblast differentiation in culture.54

Statically applied tension upregulates collagen XII and TN-C in
fibroblasts cultured on a collagen matrix when compared with
cells cultured on a relaxed collagen matrix.10,11 Cyclic stretching
of chondrocytes induces the expression of Ihh, which upregulates
BMP-2/4 and type X collagen transcription through BMP-re-
sponsive elements in the type X collagen gene.86–88

Rooney and Archer70 removed the entire perichondrium from
a stage 32 chick ulna and cultured the rudiment overnight. A
simple computer analysis of the growth-generated stresses in
perichondrial constraint predicts that experimental removal of
the perichondrium severely reduces the magnitude of growth-
generated pressures in the rudiment (unpublished data). During
culture following perichondrium removal, Rooney and Archer
observed an average overall increase in rudiment length of 16%
greater than controls.70 This increase in rudiment growth may be
a response to the removal of rudiment pressure that is normally
generated by the presence of the perichondrium. Transection of
the perichondrium, which would be predicted to reduce growth-
generated pressures while maintaining rudiment-perichondrium
interactions, also resulted in an increase (11%) in average rudi-
ment length.70

Analysis of the results from musculoskeletal development
experiments suggests that growth-generated strains due to mus-
culotendon tethering also modulate growth rates during limb
development. Developing skeletal rudiments grow faster than the
musculotendon units (MTUs) that connect them, and it has been
commonly assumed that the difference in growth rates creates
tension throughout the MTUs.26,77–79 Using a simple, static finite
element computer analysis of an MTU-tethered skeletal rudi-
ment, we have demonstrated that the difference in growth rates
creates tension in the rudiment at the sites of tendon attachment
and pressure in much of the remaining rudiment.38 A large body
of experimental research, making use of limb-tissue transplanta-
tion techniques, muscular dysgenesis mutants, and induced pa-
ralysis models, support the hypothesis that growth-generated

strains of this type influence morphogenesis of the growing
skeletal rudiments and associated MTUs.

The beginning of motility in the chick fore- and hindlimbs
occurs at stage 29 (�6.5 days).32 Once muscle contractions
commence it is difficult to separate the morphogenetic influence
of growth-generated strains from the cyclic strains imposed by
muscle contraction. A number of now classic limb-tissue trans-
plantation experiments30,31,34,60–62 allowed observation of the
developing limb with the effective elimination of muscle con-
traction. The experiments showed that, in the absence of muscle
function, bony ridges still formed at tendon insertion sites. We
suggest that growth-generated static strain of muscle is the
morphogenetic determinant responsible for this finding. Ridges
formed under transplantation conditions are smaller than those
produced during normal development, which is consistent with
growth-generated strains in transplants yielding a reduced effect
when compared with the normal combination of growth-gener-
ated strains and muscle contraction as seen in host animals
(Figure 7).34

Muscular dysgenesis (mdg), an autosomal-recessive trait in
the mouse, produces a severe generalized deficiency of skeletal
musculature and complete lack of muscle contraction.2,64,65 The
appearance of muscular abnormality in mdg mice occurs prior to
the onset of muscle contraction. Over time, the number of
muscular abnormalities increases and the skeletal muscles of the
mutant are smaller, less well organized, less compact, and less
firm than wild-type.65 Just as transplantation experiments should
provide a model of skeletal morphogenesis under the influence of
growth-generated strains and pressures of normal magnitude, the
mdg mouse should provide a model of development with reduced
or absent MTU-associated growth-generated strains and pres-
sures. Limb transplants exhibit ridges at the sites of tendon
insertion, whereas the mdg homoxygote presents with a consis-
tent absence of similar ridges.64 Although further experimenta-
tion is required to verify the role of growth-generated strains in
ridge formation, we present these results as an initial indication
that, in the absence of muscle contraction, growth-generated
strains may not only be present and sufficient for ridge formation
but also necessary.

Tissue differentiation. Mechanical modulation of tissue dif-
ferentiation occurs when an imposed strain from the mechanical
environment is transduced into an alteration of a cell’s pathway
of differention. Formation of bony ridges may involve growth-

Figure 7. Limb tissue transplantation. (a) Right humerus of host. (b)
Nerveless right humerus of transplant developed on the umbilical cord.
Note the presence, with reduction in size, of bony ridges at sites of
muscle attachment. Adapted from Hamburger.34
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generated strain-modulated tissue differentiation: Growth-gener-
ated strains and muscle contraction would prompt chondrocytes
at the tendon attachment site on the developing rudiment to
hypertrophy, precipitating osteogenesis and ridge formation.

Type X collagen is expressed by hypertrophic chondrocytes
during the process of endochondral bone formation.86 Wu et al.87

showed that the type X collagen gene is a mechanoresponsive
gene under cyclic loading conditions. Subsequent mapping of the
mechanoresponsive element in the gene promoter showed over-
lap with BMP-responsive elements.86 Based on this finding Wu
et al. suggested that mechanical loading stimulates type X col-
lagen transcription through upregulation of BMPs.86 Further
experimentation indicated that BMP-2/4 are located downstream
of Ihh in biomechanical regulation of type X collagen gene
transcription in hypertrophic chondrocytes.86 A static stretch-
responsive element of the collagen type X gene, or a related
gene, may be responsible for growth-generated strain modifica-
tion of tissue differentiation during bony ridge formation.

Injection of neuromuscular blocking agents into chick em-
bryos is another widely used technique for the study of immo-
bilization during limb development.16,28,29,41,56 As with limb-
transplantation experiments, paralysis experiments have the
potential to shed light on the role of growth-generated strains in
limb morphogenesis by removing the confounding effects of
muscle contraction. Movement in the chick embryo begins at 3.5
days (�stages 21–23), but motility in the wings and legs does not
occur until 6.5 days (�stage 30).32 Paralyzing agents are com-
monly injected at days 6–7 and induce paralysis prior to the
onset of muscle contraction in the limb. As with limb-tissue
transplants, paralyzed embryos show normal musculoskeletal
differentiation and joint formation prior to the stage of joint
cavitation, but muscle activity is necessary for joint cavitation
and musculoskeletal maintenance.16,57,59 Ridges at tendon inser-
tions develop but are reduced in size,29,41 further supporting the
limb-transplantation findings.

Paralyzed embryos exhibit the presence of patellas with
reduced size.16,41 Sesamoid bones, such as the patella, are
thought to arise from a combination of mechanical and biological
factors.24,50,71 Passive stretch of tendons around bony protuber-
ances may create growth-generated pressures in the tendon of
sufficient magnitude to induce sesamoid formation even in the
absence of muscle contraction. Further experimentation that
separately examines tendon development without loading, with
growth-generated pressures, and with muscle activity, is needed
to differentiate between this and other possible explanations.

Stress due to growth is quasi-static, but stress due to muscular
activity is cyclic. Although cyclic stresses have received substan-
tial attention,15,68,69,75,81 few investigations have examined the
role of static stresses in tissue differentiation. Hall et al.27

showed that pressures in the “physiological” range, applied for
20 sec, 5 min, or 2 h, stimulated matrix synthesis rates in articular
cartilage. Carter et al.7 used a computer model to predict quasi-
static stress and strain patterns in tissues during distraction
osteogenesis. The model predicted tissue differentiation patterns
consistent with a histological study of distraction osteogenesis in
a mouse model. Kanzaki et al.47 examined the effect of static
mechanical stress on osteoclastogenesis-supporting activity of
periodontal ligament (PDL) cells. PDL cells were compressed
continuously and then cocultured with peripheral blood mono-
nuclear cells (PBMCs). Under static mechanical stress the PDL
cells upregulated osteoclastogenesis from PBMCs by receptor
activator of nuclear factor-�B ligand (RANKL) upregulation via
prostaglandin E2 synthesis.

Direction of growth. The mechanical environment can also
influence the direction of tissue growth. Regulation of growth
rate and regulation of tissue differentiation involve significant

changes in cellular gene expression. Mechanical regulation of
direction of growth, however, can primarily be a physical direct-
ing of growth processes through reorganization of cytoskeletal
structure without a major change in gene expression. Over time,
a cell’s cytoskeleton can adapt to the primary strain direction,45

strains in the ECM can induce directional motion of cells,63 and
growth of developing skeletal rudiments often becomes highly
directional.70,84

During the endochondral growth and ossification of long
bones, the chondrocytes of the physis, or growth plate, are
oriented into chondrocyte columns arranged so that cartilage
growth and ossification is directed toward the bone end.6 In a
similar process earlier in development, flattened diaphyseal
chondrocytes of developing cartilage rudiments orient them-
selves so that hypertrophy creates growth almost entirely along
the long axis of the rudiment.70 Rooney and Archer70 found
alterations in direction of growth during culture following peri-
chondrium removal. With resection of the perichondrium and,
thus, removal of the predicted constraining and directing growth-
generated strains, rudiment morphology changed as the previ-
ously organized directional growth was lost. Stage 32 ulna
rudiments produced an S-shaped element in �90% of cases.

Deformation. Mechanical modulation of cell growth rate,
tissue differentiation, or direction of growth involves an active
cellular response to an external mechanical signal. In contrast,
tensions and pressures can also directly cause macroscopic de-
formation of entire tissues. This mode of mechanical influence
changes the shape of the tissue without the need for an active
cellular response. A simple example arises from folding of
undifferentiated epithelium; that is, in contrast to invagination or
evagination, which are believed to involve active cellular defor-
mation, epithelial folding can result from externally applied
forces.21

Tissue deformation occurs without an active cellular response
but can lead to critical morphogenetic tissue interactions, espe-
cially during early development. An interesting example is found
outside of our limb model system. During cranial development,
tissue deformation plays an important role in formation of the
positional relationships between skull and brain tissues. By
embryonic day 10.5 (E10.5) the mouse telencephalon has begun
to expand to form the cerebral hemispheres. During the next 3
days, as the cerebral hemispheres continue to expand, they take
with them a thin layer of neural crest-derived cells, which later
form the meninges.44 Exposure of embryos to RA at E10.0
reduces the meningeal neural crest and inhibits parietal ossifica-
tion, suggesting that intramembranous ossification of the meso-
dermal parietal bones requires interaction with neural crest-
derived meninges.44 These findings illustrate the important role
growth-generated tissue deformations can play by facilitating
necessary tissue rearrangements and interactions.

In an experiment relevant to our discussion of limb morpho-
genesis, Glücksmann23 grew a cultured rudiment into “barrier
rudiments” and observed the resulting deformation of the grow-
ing rudiment. Barriers were placed in the direction of expansion
of a rudiment. The rudiment “thus had to grow against a resis-
tance,”23 and growth-generated stresses were created. The
growth-generated stresses, which in this experiment amounted to
an axial force and “buckling,” resulted in the rudiment bending
or even breaking.

As Glücksmann further noted, once bending occurred the
convex side of the deformed rudiment was “subjected to tension
and the concave to pressure.”23 In addition to causing deforma-
tion, these growth-generated stresses could further act as regu-
latory signals. Glücksmann observed that the pressure and ten-
sion stresses exerted on the cartilage led to “disintegration of the
hyaline ground substance and its replacement by a fibrillar
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system,” an example of the mechanical environment creating
both deformation and tissue differentiation. Similarly, perichon-
drial constraint involves modulation of growth magnitude and
growth direction. As these two examples illustrate, the mechan-
ical environment may often influence morphogenesis through a
combination of mechanisms.

Research Challenges

Although we have focused on skeletal morphogenesis in the
limb, the principles of growth-generated strains and pressures
discussed are widely applicable to development as a whole.
Human clinical observations and animal studies35,58 have shown
that normal rapid growth of the brain and associated changes in
intracranial pressure and volume play a critical role in cranial
morphogenesis. Growth of the brain generates an outward pres-
sure on the internal surface of developing calvariae and creates
tensile strains within the calvariae and across fibrous sutures.76

Although the importance of pressures and tensile strains during
cranial development is well established, research is only now
beginning to reveal the connection between these mechanical
cues and the genes expressed in the cranium and dura mater.20

Investigation of growth-generated strains in cranial morphogen-
esis should provide significant insight into skeletal development,
normal cranial development, and conditions such as hydroceph-
alus, microcephalus, and craniosynostosis. Knowledge gained in
the limb and axial skeleton can be used to explore the role of
growth-generated strains and pressures in other organ systems.

Many fundamental questions related to growth-generated
strains and pressures remain. Although investigation of growth-
generated strains in the axial skeleton will provide many inter-
esting opportunities, limb morphogenesis alone presents a num-
ber of immediate research possibilities and challenges. The
material properties of tissues during early development are
largely unknown and must be measured to facilitate accurate and
meaningful computational modeling of growth-generated strains.
The measurement of these properties will not be trivial, as the
sample size available for testing will challenge the limits of
current techniques of macro- and micromaterial property mea-
surement. The magnitudes and distributions of growth-generated
strains in the developing limb are also unknown and methods of
imaging and measuring these deformations must be developed.
Measurement of these magnitudes will improve our general
understanding of growth-generated strains and will provide con-
crete patterns and values with which to test the accuracy of
computational models. Once refined, computational models of
growth-generated strains can be combined with genetic assays,
such as visualization of gene expression, to probe the connection
between the mechanical aspects of growth-generated strains and
the biological response. The results of these investigations will
likely provide a new tool for exploring mechanisms of mechano-
transduction.
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