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REVIEW

Early effects of embryonic movement:
‘a shot out of the dark’

Andrew A. Pitsillides

Department of Veterinary Basic Sciences, Royal Veterinary College, London, UK

Abstract

It has long been appreciated that studying the embryonic chick in ovo provides a variety of advantages, including
the potential to control the embryo’s environment and its movement independently of maternal influences. This
allowed early workers to identify movement as a pivotal factor in the development of the locomotor apparatus.
With an increasing focus on the earliest detectable movements, we have exploited this system by developing novel
models and schemes to examine the influence of defined periods of movement during musculoskeletal develop-
ment. Utilizing drugs with known neuromuscular actions to provoke hyperactivity (4-aminopyridine, AP) and either
rigid (decamethonium bromide, DMB) or flaccid (pancuronium bromide, PB) paralysis, we have examined the role
of movement in joint, osteochondral and muscle development. Our initial studies focusing on the joint showed that
AP-induced hyperactivity had little, if any, effect on the timing or scope of joint cavity elaboration, suggesting that
endogenous activity levels provide sufficient stimulus, and additional mobilization is without effect. By contrast,
imposition of either rigid or flaccid paralysis prior to cavity formation completely blocked this process and, with
time, produced fusion of cartilaginous elements and formation of continuous single cartilaginous rods across loca-
tions where joints would ordinarily form. The effect of these distinct forms of paralysis differed, however, when
treatment was initiated after formation of an overt cavity; rigid, but not flaccid, paralysis partly conserved pre-
cavitated joints. This observation suggests that ‘static’ loading derived from ‘spastic’ rigidity can act to preserve joint
cavities. Another facet of these studies was the observation that DMB-induced rigid paralysis produces a uniform
and specific pattern of limb deformity whereas PB generated a diverse range of fixed positional deformities. Both
also reduced limb growth, with different developmental periods preferentially modifying specific osteochondral
components. Changes in cartilage and bone growth induced by 3-day periods of flaccid immobilization, imposed
at distinct developmental phases, provides support for a diminution in cartilage elaboration at an early phase and
for a relatively delayed influence of movement on osteogenesis, invoking critical periods during which the devel-
oping skeleton becomes receptive to the impact of movement. Immobilization also exerts differential impact along
the proximo-distal axis of the limb. Finally, our preliminary results support the possibility that embryonic hyper-
activity influences the potential for postnatal muscle growth.

environment. Indeed, this relationship is examined in

Introduction . . .
troductio detail in several of the other papers in the current issue of

It is generally acknowledged that a dynamic adaptive
relationship exists between the structural characteristics
of connective tissues and their prevailing mechanical
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this journal. Furthermore, it is commonly asserted that
these structural characteristics, which provide functional
competence, are maintained and also established, at
least partly, by these adaptive mechanisms. There is
indeed much evidence in a range of tissues supporting
the contribution of these adaptive mechanisms to the
maintenance of adult musculoskeletal competence.
A role for such adaptation in developmental attain-
ment of appropriate structure is, however, largely
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unsubstantiated. The extent to which movement controls
acquisition of appropriate connective tissue structure
during embryonic development remains therefore
largely undefined. This review focuses on the role of
movement or the mechanical sequelae it engenders
in the embryonic development of joint cavities, and
briefly examines the role of movement in cartilage and
bone formation in the hind limb skeleton.

Joint formation

The processes responsible for synovial joint development
are usually divided into two phases. The first involves
the formation of cartilaginous anlagen and the inter-
vening interzones in which the joints will develop, i.e.
limb ‘patterning’. The second involves the formation
of the articular cartilage, synovium and other related
structures within the joint. This depends on elaboration
of the joint cavity, containing synovial fluid, a process
referred to as ‘cavitation’. This subdivision has meant,
however, that each of these continuous phases is often
examined without reference to the other (Lamb et al.
2003a). It is possible that this subdivision has led to
confusion about the mechanisms involved. Thus, funda-
mental issues remain unresolved, such as (1) is the site
at which a joint will form defined before or after the
cartilaginous anlagen are produced? and (2) is cavita-
tion achieved by controlled cell death? These issues are
beyond the scope of this review but are examined
critically elsewhere (Pacifici et al. 2005; A. Pitsillides and
D. Ashhurst, personal observations).

Any review of joint formation would be incomplete
without a brief overview of limb patterning. Limb
patterning involves dynamic relationships between a
thickened region of ectoderm, the apical ectodermal
ridge (AER) and the underlying distal limb mesenchyme,
or progress zone, which is retained in an undifferentiated,
proliferative state during outgrowth. The ‘progress
zone model’ predicts that the timing and location of
the departure of each cell from the influence of the
AER dictates its commitment to a specific fate (Wolpert
et al. 1975; Storm et al. 1994; Tickle, 1995; Duprez et al.
1996; Capdevila & Johnson, 1998; Sanz-Ezquerro &
Tickle, 2001; Tickle & Wolpert, 2002). Two recent studies
suggest an alternative view: that progenitor cells are
assigned segmentally to the stylopod, zeugopod and
autopod during outgrowth, without later mixing of cells
between adjacent segments (Dudley et al. 2002; Sun
et al. 2002). This infers that different limb segments are

therefore ‘specified’ as distinct domains. These studies
provide insights into the mechanism(s) that determine
the precise location of specific skeletal structures, and
are very likely to impact on our understanding of joint
development; it is clear that their relationships are
beginning to be defined (de la Fuente & Helms, 2005;
see Lamb et al. 2003a).

Regardless of the above, it is apparent that synovial
joint cavity formation must successfully generate ‘new’,
non-adherent surfaces by a process involving the assembly
of a cell-free, fluid-filled separation, which will facilitate
painless and almost frictionless articulation of a joint.
As limb condensations are indeed discrete by this stage,
it is apparent that cavitation occurs between the ends of
predetermined cartilaginous elements to create surfaces
that are continuous with the synovial lining and associ-
ated structures, including menisci (see Pitsillides, 1999).
With physical support from an arrangement of muscula-
ture and ligaments, these structures provide diarthrodial
joints with a range of movement required for locomo-
tion. It is clear that the cavitation process also requires
precise regulation. Diarthrodial joints have a range of
finely adjusted anatomical arrangements and their
development needs to be meticulously controlled. Such
control ensures joint shape, dictates articular surface
convexity/concavity, and controls congruity. Different
joints may conceivably utilize diverse strategies for
specifying their position, but a major supposition is that
the cavitation process itself is achieved by a conserved
mechanism in all joints.

The first explicit evidence that the location for joint
formation has been specified involves the elaboration of
an ‘interzone’ of mesenchymal cells defining a boundary
between opposed skeletal elements. Thus, joints form
at sites between discrete chondrogenic regions, the
length and location of which are created by prior limb
patterning events. These expand appositionally to form
the opposing cartilage anlagen. A fundamental role for
these intervening mesenchymal interzones is evident
when one considers that their specification interrupts
what might otherwise develop into a single, continuous
cartilaginous anlage (or rod). The morphology of
interzones can vary from a simple thin layer of closely
compacted cells between the developing articular
surfaces in human joints, to a more obvious three-layered
structure containing a central laminar layer bordered
on either side by chondrogenous layers that interface
with the developing epiphyses in chick interphalangeal
joints (Archer et al. 1994; Edwards et al. 1994; Pitsillides,
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1999). Neither the basis of this divergence in interzone
structure nor the potential implications for joint
formation are understood. It is evident, however, that
interzones remain isolated from, or indeed actively
antagonize, any stimuli that promote neighbouring
chondrogenesis (Lizarraga et al. 2002). Recent studies
have emphasized the importance of several factors,
including stanniocalcin, parathyroid hormone-related
protein, o531 integrin, Wnt9A and Wnt/B-catenin
signalling in the early stages of synovial joint formation
(Vortkamp et al. 1996; Hartmann & Tabin, 2001; Stasko
& Wagner, 2001; Garciadiego-Cazares et al. 2004; Guo
et al. 2004). Later, the interzones become flattened and
attenuated by continued expansion of the neighbouring
elements. The presumptive capsule, initially continuous
with the interzones, and the developing synovium both
become vascularized. Ligament and tendon insertions
develop from additional lateral condensations surround-
ing the presumptive joint (Benjamin & Ralphs, 1997) and
tissue separation begins within the avascular centre of
this interzone where the precise differentiation that is
essential for joint cavitation takes place (Osborne et al.
2002a).

Joint formation was originally thought to depend
upon surrounding tissues (Fell & Canti, 1934). However,
the early stages of joint formation are now known to
be relatively unaffected by the removal of surrounding
cartilaginous tissues (Holder, 1977). It is also known
that removal of interzones results in the moderately
unrestricted expansion and eventual union of cartilage
segments to induce joint fusion. This knowledge
strengthens the notion that interzones must act to
restrict local cartilage differentiation. It appears that
the cellular origins of skeletal elements are initially
homologous, only losing their capacity to change once
they have responded to exclusive differential stimuli
(Edwards & Francis-West, 2001). Thus, the removal of a
specific cell population will result in the loss of the
tissues for which they represent a progenitor pool.

The joint cavitation process within the interzone
requires extremely precise spatial control over the
position at which separation between the elements will
occur: the ‘plane of cleavage’. A specific characteristic
that unambiguously identifies cells within these early
presumptive joint regions as those that will create a
plane of cleavage has yet to be described. Several reviews
conclude that this process is regulated by localized cell
death (Spitz & Duboule, 2001; Mariani & Martin, 2003),
but critical evaluation indicates that there is little firm
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evidence that cell death actively participates in cavita-
tion (A. Pitsillides and D. Ashhurst, unpublished data).
It appears that the formation of a joint space involves
changes in composition of the extracellular matrix (ECM)
and our studies indicate that selective increases in local
synthesis, export and cellular binding of hyaluronan (HA),
as well as other specific modifications in ECM quality,
may contribute to joint cavitation (Edwards et al. 1994;
Pitsillides et al. 1995a; Dowthwaite et al. 1998; Pitsillides,
1999; Kavanagh et al. 2002a). It is noteworthy, how-
ever, that Pacifici et al. (2005) recently postulated that
a dual mechanism, initially dependent on cell death
and reliant on local HA production only later, could
provide the basis for a unifying mechanism. This possi-
bility is currently being examined.

Role of movement in joint formation

Many studies have concluded that a lack of muscular
activity results in the fusion of opposing joint elements
and absence of articular cavities, indicating that embryonic
limb movement serves an essential role in joint cavity
formation (Fell & Canti, 1934; Hamburger & Waugh,
1940; Lelkes, 1958; Drachman & Sokoloff, 1966; Murray
& Drachman, 1969; Yasuda, 1973; Ruano-Gil et al. 1978,
1980; Mitrovic, 1982; Osborne et al. 2002a,b). Thus,
numerous modes of eradicating movement including
the immobilization of limbs in ovo by administration of
botulinum toxin, decamethonium bromide (DMB) or
succinylcholine, neurectomy or simply the maintenance
of limbs in organ culture have been shown to influence
joint formation. These studies support the cumulative
view that restricting normal embryonic limb movement
prevents cavity formation in previously uncavitated
joints, and results in new cartilaginous ‘fusions’ by
promoting the regression of previously cavitated joints.
Onessimple interpretation of these findings is that both
the acquisition and the maintenance of joint cavities rely
upon movement-induced mechanical stimuli. Although
these studies endorse a role for movement in joint
cavitation, they do not necessarily provide mechanistic
understanding. Movement may, for example, contribute
by creating differential patterns of growth, by physically
disrupting tissue at the joint line, or by altering the
local ECM composition.

Indeed, it has been shown using *H-thymidine labelling
of grafted limbs that while division and growth took
place in cartilaginous areas, there was very little evidence
for growth in interzonal areas, suggesting that cavitation
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may depend upon differential patterns of growth (see
Wolpert et al. 1975). Our labelling studies for Ki67, a
proliferating cell nuclear antigen, in developing human
limbs also support low proliferation of interzone cells
compared with chondrogenic regions, as do similar
studies in rabbits (Edwards et al. 1994; Kavanagh et al.
2002b). The possibility that movement controls joint
cavitation by modulating local growth remains,
however, largely unaddressed. It has nevertheless been
shown that the prevention of cavitation, the stunting
of morphogenesis and the induction of skeletal distor-
tions are achieved with only mild effects on the growth
of chick limbs paralysed for 3 days (Drachmann &
Sokoloff, 1966). Similar studies using long-term (days
7-19) chick immobilization to induce cavitation failure
in almost all joints was also shown to cause only a slight
delay in development (Murray & Drachmann, 1969).
Therefore, differential growth would appear insufficient
as a sole mediator of the influence of movement in joint
cavity formation.

At this point it may be worthwhile to consider the
postnatal changes that occur in cartilage; in a basic
modification, its chondrocytes acquire a vertical
columnar organization with distinct horizontal strata
associated with endochondral growth (Stevens et al.
1999). In Monodelphis domestica, articular cartilage
growth is thought to depend on a balance between
endochondral ossification at the tissue base (the sub-
chondral plate) and the rate or duration of appositional
cell production from stem cells resident at the articular
surface (Archer et al. 2003; Dowthwaite et al. 2004).
The surface articular chondrocytes may thus be derived
either from epiphyseal growth cartilage or from a non-
chondrogenic source in the joint interzone. Our recent
description of a non-invasive model for joint loading
through natural points of articulation will allow us to
determine whether mechanical cues regulate the recruit-
ment and behaviour of this surface zone stem cell
population of chondrocytes (De Souza et al. 2005a).

Returning to the mechanism by which cavitation is
achieved, it is also possible that mechanical forces
generated by muscle contraction directly disrupt cell-
cell cohesion along the plane of cleavage, leading to a
mere liquefaction of tissue substance. This is unlikely, as
the morphogenetic events leading up to cavitation are
intrinsically determined and it would appear pointless
to predefine this population if mechanical disruption
alone is responsible for creating a joint in their midst,
thereafter. Moreover, the diverse joint shapes have

incredible, inherent precision and it seems unlikely that
they would rely on a seemingly crude, imprecise dis-
ruptive force generated by movement alone for their
elaboration. Rather, cavitation appears to be a process
of selective differentiation (Hamerman et al. 1970).
Another possibility is that movement regulates the
localized ECM (re)modelling or synthesis that is required
for normal cavitation, and that this also underpins the
blockade of joint cavitation in immobilized limbs. Fell &
Canti’s (1934) description of joint tissue chondrification
in cultured chick limbs is consistent with this view. Many
authors have since described fibrous, cartilaginous or
even bony ‘fusions’ across presumptive joint sites in
immobilized limbs. This suggests that movement does
indeed contribute to the alterations in ECM synthesis that
normally accompany tissue separation at these sites. It has
been known for some time that early cavities contain an
anionic polysaccharide (Andersen, 1961; Anderson, 1965).
For this and other reasons (Craig et al. 1990) we hypoth-
esized that increases in HA synthesis and its localized
retention is a principal event in joint cavity formation.
Our studies reveal that enzymatic metalloproteinase-
mediated degradation of fibrous and adherent ECM
constituents is unlikely (Edwards et al. 1996) and that
the participation of phagocytosing macrophages in
cavitation is also doubtful (Takabatake & Yamamoto,
1991; Edwards et al. 1994). We have, however, confirmed
that selective increases in local synthesis (UDPGD activity),
export and cell binding of HA may contribute to
cavitation by a mechanism reliant on changing ECM
composition (Pitsillides et al. 1995a,b; Dowthwaite
et al. 1998; Kavanagh et al. 2002a; see Pitsillides, 1999).
The significance of these events has been endorsed by
our findings in DMB-immobilized limbs, where a failure
to form joint cavities was associated with merging of
the interzone with articular surfaces to form a homo-
geneous rounded cell zone uniting opposed cartilages,
culminating ultimately in their cartilaginous fusion (see
Ruano-Gil et al. 1978; Kavanagh et al. 2006). This was
supported by studies showing that administration of HA-
oligosaccharides, capable of disrupting the association
between HA and its known cell surface-associated bind-
ing partners, such as CD44, could block joint cavitation
in ovo (Dowthwaite et al. 1998). In both circumstances
we found that cells in ‘new’ fusion tissues exhibited
decreased UDPGD expression and activity levels, decreased
CD44 and moesin expression and changes in Alcian blue
staining at presumptive joint lines that were consistent
with local decreases in HA synthesis, accumulation and
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binding (Dowthwaite et al. 1998; Bastow et al. 2005). It
is therefore tempting to speculate that movement
promotes cavitation by stimulating HA synthesis by cells
at the joint line, and that its withdrawal results in an ECM
unsuitable for friction-free movement. This is supported
by analyses of cellular phenotypes that indicate that this
specialized differentiation requires local shear forces
(Wilkinson et al. 1993; Pitsillides et al. 1999a; Pitsillides,
1999).

Further mechanistic deciphering of this mechanode-
pendent process is also provided by in vitro studies.
These established that cells derived from embryonic
chick articular surfaces: (i) retain their differentiation
status in vitro and (ii) exhibit increases in UDPGD, CD44,
cellular HA-binding capacity and HA-synthase3 mRNA
in response to short periods of dynamic mechanical
strain stimulation (Dowthwaite et al. 1999, 2003). These
results suggest that movement-related mechanical stimuli
contribute to the acquisition of this articular surface cell
phenotype. Attempts to define an upstream regulator of
this phenotype recently culminated in the identification
of the selective activation of the MEK-ERK pathway in
cells at sites of presumptive cavitation, and loss of this
activation in immobilized limbs. Activation of this
specific mitogen-activated protein kinase (MAPK) cascade
was also induced in articular surface cells by mechanical
strain stimuli in vitro. We also demonstrated the
relevance of such MEK-ERK pathway activation to the
joint cavitation process by using selective inhibitors
and specific transfection strategies to show that ERK
activation status directly regulates cellular HA synthesis
and binding (Bastow et al. 2004, 2005; Lewthwaite et al.
2006). Together with studies showing that MEK-ERK path-
way activation negatively regulates chondrogenesis,
this shows a pivotal role for this MAPK in the joint forma-
tion process.

It may be pertinent to re-emphasize at this point that
immobilization inhibits cavitation without affecting
earlier joint specification, outgrowth or patterning of
the limb. These earlier events are intrinsically regulated
and independent of muscular activity (Fell & Canti,
1934; Drachmann & Sokoloff, 1966; Mitrovic, 1982; see
Lamb et al. 2003a). This provides the basis for identifying
genes linked unequivocally to the cavitation process (or
to patterning). We have used in ovo immobilization to
distinguish between genes that impact upon different
phases of joint formation. We have found differential
regulation of growth/differentiation factor-5 and FGF-
2/4 by immobilization in ovo (Kavanagh et al. 2006).
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Our findings support a direct mechano-dependent role
for FGF-2 but not FGF-4 in cavitation and the likely
influence of GDF-5 predominantly in chondrogenesis.
Future, gain/loss-of-function studies coupled with immo-
bilization will allow factors operating independently
of movement, but which directly promote cavitation,
to be unambiguously defined.

Targeting specific developmental ‘windows’ using
selective neuromuscular strategies

Chick embryos are often used to study long bone and
joint development (Hamilton, 1952; Farquharson et al.
1996). Avian joints exhibit an anatomy, akin to reptiles,
that is adapted for flight and they initially contain fibro-
cartilaginous articular surfaces (Archer, 1994). Neverthe-
less, chick joint morphogenesis closely resembles that in
humans (O'Rahilly & Gardner, 1978). As birds are ovip-
arous, their development is not complicated by maternal
influences, and manipulation in ovo is therefore
relatively easy and non-invasive. More importantly, the
temporo-spatial sequence of chick developmental events
and specifically the formation of limbs are extremely
well documented (Hamburger & Hamilton, 1992; Nalin
et al. 1995). This documentation allows distinct phases
in the development of selected joints to be examined at
specific, defined times. ‘Targeting’ interference to those
events taking place before, during or after cavitation
within individual joints is therefore feasible (Fig. 1).
Through use of neuromuscular agents, this is exploited
in the next section to explore how particular components
of the mechanical milieu contribute to the initial elab-
oration or subsequent maintenance of joint cavities.
This strategy is later modified to define how movement
contributes to cartilage and bone formation during
skeletal development.

Differential effects of ‘rigid’ and ‘relaxed’
paralysis

It is established that long periods of in ovo DMB
treatment achieve ‘rigid’ limb paralysis and result in
chick joint fusion (Drachman & Sokoloff, 1966). DMB
blocks depolarization irreversibly by binding to post-
junctional membranes of motor endplates and resists
acetylcholinesterase degradation (Bowman & Rand,
1980). Administration initially causes repetitive muscle
firing, but ultimately ‘block by depolarization’ prevents
action potential propagation. Tension of such tetanus
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Fig. 1 Diagram to demonstrate the scope to influence distinct
phases of cavitation in particular joints. This provides details
on the days of gestation, the relative stages of chick
development as well as the time at which cavitation
commences in the knee (stifle), tibiotarsal (TT) and
metatarsophalangeal (MTP) joints. Also shown are the
‘treatment windows' (stages 36-39 and 39-41) that allow
distinct phases of cavitation (before, during or after) of these
joints to be selectively targeted. In most studies, treatment
with drugs used to evoke immobilization has started relatively
early during development and only the relatively long-term
effects of treatment have been examined.

does not wane; muscles respond with a spasticity caus-
ing legs to extend rigidly and the head to thrust back.
Muscular activity engenders many mechanical stimuli,
including a static loading of joints by virtue of sustained
muscle contractions, but also in dynamic stimuli resulting
from their intermittent and discontinuous quality.
Accordingly, DMB removes the dynamic component
of skeletal movement, but is likely to retain the static
loading it exerts across diarthrodial joints by virtue of
muscle contraction.

Pancuronium bromide (PB), by contrast, produces
flaccid or ‘relaxed’ paralysis. Acting as a non-depolarizer
it competitively antagonizes acetylcholine receptors
and acetylcholinesterase makes its actions reversible
(Bowman & Rand, 1980; Crossland, 1980; Taylor, 1990;
Rang et al. 1995). PB is therefore likely to remove both
the dynamic component of skeletal movement and
any joint loading achieved by muscle contraction. PB
administration to premature infants produces a reduced
manually applied hip and knee joint flexion and ankle
joint dorsiflexion, suggesting that flaccid paralysis
reduces neonatal joint mobility and that spontaneous
activity prevents such contracture (Fanconi et al. 1995).
We used PB and DMB to manipulate skeletal movement
in ovo, and compared their effects at early as well as
late phases of joint formation to define the contribu-

tion of movement and joint loading to initial cavitation
and later maintenance.

Having confirmed efficacy by direct observation of
embryonic motility in ovo, we showed that three days
of paralysis before cavitation with either PB or DMB
resulted in a failure in joint cavitation (Osborne et al.
2002a,b). Even partially developed joints exhibited
severely retarded cavities, with fused anlagen and an
apparent absence of menisci and cruciate ligaments.
Thus, skeletal movement appears to be a necessity dur-
ing initial formation of the overt cavity. Immobilization
with PB after joint cavity formation also promoted signific-
ant joint fusion. At the same stage, however, paralysis
with DMB failed to exert such a significant influence,
with all joints remaining cavitated, albeit with abnormal
articular surfaces (Osborne et al. 2002a,b). Thus, once a
cavity is established, muscularly induced static loading
contributes to its preservation whilst flaccid paralysis
promotes a more rapid decline in these precavitated
joints. These observations suggest that the ‘dynamic’
aspects of movement are important in forming a joint
cavity and that ‘static’ compressive force contributes to
the preservation of joint cavities once formed.

Embryonic movement and positional deformity

In the context of this series of reviews, it would be
pertinent to comment on the positional deformities
induced by these two forms of paralysis. This may famili-
arize colleagues in related fields with the many roles of
early embryo movement (Beckham et al. 1977). Three
days of immobilization (stages 36-39 or 39-41) with DMB
induced a reproducible well-recognized, contracted-
flexed phenotype, while PB initially produced relaxed
body posture, lacking muscular tone (Osborne et al.
2002a,b). Mid-gestation bp-tubocurarine also induces
many contractures resembling arthrogryposis multiplex
congenita, reduced weight and multiple positional
deformities of the extremities, ‘fetal akinesia deformation
sequence’ (Drachman & Coulombre, 1962; Moessinger,
1983). Although use of PB has already been associated
with neonatal deformity, joints appear to develop nor-
mally in mice lacking skeletal muscle, suggesting that
movement may not, however, be required for mammalian
joint development (Hasty et al. 1993). It is possible that
embryo movements instigated by maternal activity are
sufficient in mammals.

We found that PB induces a significant range of fixed,
surprisingly diverse positional deformities, heterogeneity
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of phenotype producing roughly equal numbers of feet
in extreme flexed and extreme extended positions (Lamb
et al. 2003b). In addition to limb, spinal and craniofacial
deformities, PB also restricted the normal geometric
pattern of weight gain to an arithmetic accretion. Because
the observed patterns of limb growth disturbance that are
induced by PB treatment are relatively homogeneous,
we consider it unlikely that this variety of ‘positional’
phenotypes can be explained on the basis of indirect
effects via growth regulation. Prolonged but not acute
PB treatment promoted jaw prognathism and torticollis
that became more pronounced and severe with increas-
ing duration. This can be contrasted with the lack of
any marked effect on kyphosis. Increased duration of
PB treatment also promoted greater knee flexion and
hyperextension of tibiotarsal joints. Speculatively, this
may reflect the long-term consequences of a complete
isolation from the earliest developmental movements.
Thus, DMB appears to drive particular deformities
tonically to produce a single pattern of ‘stereotypic’
contractures (Hosseini & Hogg, 1991a,b; Osborne et al.
2002a,b). By contrast, PB treatment results in a pheno-
typic ‘plasticity’ that appears to be the result of
‘muscularly unlimited’ contractures (Lamb et al. 2003b).
Not surprisingly, neuromuscular agents also have actions
beyond the skeletal system, e.g. PB and DMB both
result in a reduced heart rate. In egg-bound embryos this
may reduce blood flow, oxygen and nutrient delivery,
and so decrease growth. As many authors have described
the effects of rigid paralysis, the remainder of this review
will focus on the effects of flaccid paralysis, imposed using
various strategies, to address the role of movement in
cartilage and bone formation during development.

Flaccid immobilization discloses discrete
periods in cartilage and bone development on
the basis of their ‘'mechanosensitivity’

It is established that spontaneous movement is detect-
able in embryo chick limbs from as early as 5 days of
gestation (Hamburger & Balaban, 1963). Evidently,
movement starts well before those periods that we
have ‘targeted’ (from 8 to 12 days, see above). We have
monitored embryo movement at this later time and
found that it consists of variable periods of spontane-
ous activity (~10-40 s min™). Cartilaginous differentia-
tion is also known to be a very early event (above)
whereas osteogenesis, of chick tibiae for example, is not
observed until day 7 (Scott-Savage & Hall, 1979; Hall,
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1987; see Hall, 2005). It is apparent that the influence
of movement on skeletal growth can be addressed by
examining the effects of PB-induced immobility from
day 10; we therefore deployed an alternative strategy
(Fig. 2a).

We have chosen to initiate PB treatment at a fixed
time during development (day 10) and to evaluate its
effects along the proximal-distal axis of the limb, after
various times thereafter (days 11, 14 and 18). Our inves-
tigations disclosed several findings, including: (i) that
the length of all skeletal elements was reduced (femur-
P2) by PB treatment; (ii) that this was more dramatic in
the most distal elements; (iii) that tibial cartilage/bone
ratios were relatively unaffected between days 10 and
14, but showed a decline in bone accretion between days
14 and 18; and (iv) that epiphyseal but not diaphyseal
widths were reduced (day 14, Table 1) to a greater
extent in the relatively ‘less mature’ distalmost elements
(Lamb et al. 2003b). These findings agree with those
using alternative forms of paralysis showing that such
restraint diminishes long bone growth predominantly
of the phalanges. Our studies provide some rationale
for previous observations indicating that paralysed
elements exhibit modified growth trajectories, which
make them stouter (Bertram et al. 1997). These analyses
suggest a ‘switch’ from a PB-induced restriction of
cartilage expansion at earlier stages to a selective restraint
upon ossification only at later stages. In addition, it also
indicates that there is a developmental phase during
which the ossification of long bones is relatively insen-
sitive to mechanical stimuli engendered by movement.
This is an intriguing possibility that has been addressed
in detail by modifying our ‘targeted’ immobilization
strategy still further (Fig. 2b).

To address the notion that endochondral long bone
ossification may consist of phases that can be distin-
guished on the basis of their sensitivity to mechanical
stimulation, we initiated flaccid paralysis from days 8,
11 and 14 and examined impact at day 18. Our prelim-
inary studies have demonstrated that bone growth of
individual skeletal elements was as severely affected by
PB-evoked immobility that commenced on day 14 as it
was by the more prolonged immobility from day 8. This
is despite the fact that these elements will have been
undergoing ossification for at least the previous 6 days
(days 8-14). This supports a relatively late acquisition
of the ‘mechano-sensitivity’ of bone and that embryo
bone growth includes an early phase during which it is
more or less insensitive to mechanical cues.
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Fig. 2 Diagrammatic representation of distinct targeting strategies used to treat embryonic chicks to establish the effects of
flaccid immobilization on hind-limb development. (a) Dosing strategy used to establish the short- and long-term effects of flaccid,
relaxed paralysis (induced by daily treatment with pancuronium bromide) on skeletal development. Treatment commenced at
stage 36 (day 10) and effects examined in chicks at stages 37, 40 and 44 (days 11, 14 and 18, respectively). (b) Dosing strategy
used to establish the stage at which the effects of pancuronium bromide-induced flaccid paralysis exert their impact on skeletal
development. Treatment commenced at stages 26, 43, 37 and 40 (days 5, 8, 11 and 14, respectively) and the effects on
development examined at stage 44 (day 18). Also shown for reference is the stage at which tibial osteogenesis commences.
Together, these ‘treatment windows' (a and b) will allow the phase at which flaccid immobilization exerts influence on particular

facets of skeletal development to be determined.

Table 1 Effect of decamethonium bromide (DMB), pancuronium bromide (PB) and 4-aminopyridine (AP) on knee (K), tibiotarsal
(TT) and metatarso-phalangeal (MTP) joint epiphyseal breadth. Treatment from stages 36 to 39 (*P < 0.05; ** < 0.01 vs. TS)

Proximal epiphysis (cm + SEM)

Distal epiphysis (cm + SEM)

Treatment K TT MTP

K TT MTP

Control (TS) 0.20 (0.000) 0.22 (0.008)

DMB 0.15* (0.014) 0.14** (0.008)
PB 0.16** (0.008) 0.16** (0.008)
AP 0.19 (0.007) 0.23 (0.008)

0.11 (0.007)
0.05** (0.004)
0.06** (0.008)
0.13 (0.000)

0.11 (0.007)
0.05** (0.000)
0.06** (0.008)
0.12 (0.004)

0.28 (0.014)
0.21* (0.008)
0.21* (0.008)
0.30 (0.023)

0.19 (0.008)
0.11** (0.008)
0.13** (0.008)
0.20 (0.000)

These findings can be interpreted in many ways. One
possibility is that intrinsic, genetic factors are responsible
for initiating bone formation and that extrinsic, epigenetic
factors, including mechanical sequelae brought about
by movement, predominantly impact upon this process
only at later stages of development. Taken together
with the induction of positional deformity by PB (see
above), it is tempting to suggest that PB isolates embryos
from extrinsic stimuli and allows intrinsic mechanisms
to dominate development. If so, it is apparent that
epigenetic mechanical influences may not act only to

condition future mobility but may also prolong any
immobility experienced during earlier development. It
is questionable therefore whether these PB-induced
changes in skeletal architecture should be considered
as an apt ‘active process’ of functional adaptation or
whether these changes represent the convergence
toward a musculoskeletal ‘blueprint’ upon which the
mechanical consequences of movement might act.
Another interpretation relies on the concept that
there are ‘critical periods’ during development of the
skeleton. Studies by Hall (1977) examining the effect of
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administering single doses of thallium on particular
days of development and examining their specificimpact
upon tibial growth and organization at various times
thereafter have indeed defined critical periods in tibial
development. Studies showing that identical critical
periods were retained in vitro have confirmed that these
responses to thallium represent an intrinsic property
of the developing tibia (Hall, 1985). Thus, the tibia was
found to show sensitivity to thallium only between days
6 and 8 and that the dramatic reduction in thallium-
induced tibial deformation evident on day 9 coincided
with a decline in chick growth rate during this phase of
development (Hall, 1977, 1985). However, the relation-
ship between this ‘critical period’ in tibial growth
and development, associated with changes in overall
growth rate and defined by its sensitivity to exogenous
thallium, and the response of the tibia to PB-induced
immobilization shown by us to be acquired at later
times (day 14 or so) has not yet been defined. It remains
possible therefore that our findings point to a ‘critical
period’ during which the tibia, in this instance, becomes
receptive to mechanically derived cues and exhibits a
mechanoadaptive capacity. Further work using targeted
developmental ‘windows' for administration of neuro-
muscular agents (described herein, see also Hall, 1985)
will allow this to be addressed.

We have also shown that although PB limits long
bone length, it does not significantly affect diaphyseal
width, indicating that these latter growth processes are
less reliant upon movement (Lamb et al. 2003b). This
notion is consistent with the studies of Hosseini & Hogg
(1991a), which showed that DMB-induced paralysis from
day 6 to 11 failed to modify histological features of
tibial chondrification, initial perichondrial ossification
and vascular invasion, but that more prolonged paralysis
results in reduced bone formation. The importance of
differentiating between the processes of growth in bone
length and width has already been stressed by Bertram
et al. (1997), and our studies suggest that growth plate-
associated cellular populations are more sensitive to
immobility than periosteal osteoblasts. This is consistent
with diminished rates of chondrocyte proliferation and
recruitment in chick growth plates and the significant
reductions in clavicle, mandible and long bone growth
induced by DMB treatment (Hall & Herring, 1990;
Germiller & Goldstein, 1997). These considerations stress
the importance of muscular activity for normal skeletal
growth and development (Rauch & Schoenau, 2001) and
can be related to the implementation of daily physical
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exercise regimes for very low-birth-weight infants
(Moyer-Mileur et al. 2000). A need to revisit use of
PB-like drugs in premature infants is highlighted (see
Lamb et al. 2003b).

Determining the effects of embryonic
hyperactivity

The concept that components of the adult musculo-
skeletal system are in a dynamic adaptive relationship
with their mechanical environment is supported by
many studies that have examined the effects of disuse/
‘'unloading’ and exercise/’overloading’, including our
own (De Souza et al. 2005a,b). We therefore sought
evidence that embryo ‘exercise’, through induction of
hyperactivity, also impacts on the developing musculo-
skeletal system. To achieve hyperactivity we have used
4-aminopyridine (AP), a non-selective voltage-sensitive
K* channel blocker that augments impulse-evoked
acetylcholine release and post-junctional excitability to
maintain depolarization (Osborne, 2000; Lewthwaite
et al. 2003). AP may re-excite axons by prolonging the
presynapse action potential to cause repetitive firing
and may augment muscle contractility via an unknown
direct action on muscle (Bowman & Rand, 1980; Rang
et al. 1995).

Having confirmed that AP indeed induced a longer
duration of movement (Fig. 3), we found that AP did not
dramatically affect temporal or morphological develop-
ment of chick hind limb articular joints. This suggests
that the duration and magnitude of mechanical forces
imparted by normal movement are sufficient to regulate
the histotypical proliferation and differentiation involved
in joint cavity formation, and that excess stimuli are
devoid of significant influence on this process. This
compares favourably with results from chick quadrato-
jugal joints maintained in vitro, which showed that
only two daily flexures of the presumptive joint were
sufficient for differentiation and maintenance of tissues
of the functional joint (Hall, 1968; see Buxton et al. 2003).
Our preliminary observations suggest, nevertheless, that
AP-treated chicks have larger patellae, and articular
surfaces with a ‘mushroom-like’ shape. These are
consistent with studies indicating that reserpine-induced
hypermotility results in the formation of larger than
normal joint cavities (Ruano-Gil et al. 1985). Our findings
also provided evidence of an increase in body weight
and that AP treatment produced larger hind limb joint
areas and increases in the length of some distal elements
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in these otherwise apparently normal chicks (Osborne,
2000; Lewthwaite et al. 2003). Measurement of cartilage/
bone area ratios did not disclose any pronounced effects
of AP-induced hyperactivity on endochondral ossification
between stages 36 and 39. More recent studies have
established that tibial and femur length were increased
in chicks that were treated with AP at an identical
developmental stage, but examined later (Heywood et al.
2005). These studies indicate that embryonic hyper-
activity may promote growth of the skeletal elements.

Skeletal muscle is likely to exhibit pronounced
mechanically induced increases in mass in adults. Thus,
it is possible that AP-induced hyperactivity and its
mechanical sequelae impact on muscle as well as carti-
lage and bone development. The formation of muscle
fibres occurs in two stages. In the first early embryonic
stage, primary fibres form through the fusion of newly
developed myoblasts. In the second stage, secondary
fibres form using the primary fibres already formed as
a scaffold (see Van Horn & Crow, 1989; Wigmore &
Dunglison, 1998). Thus, increases in muscle fibre number
acquired during the developmental stages could enhance
the potential for postnatal muscle growth. We have
found that AP-induced hyperactivity from days 10 to
13 induces significant increases in nuclear number per
cross-sectional area in the semitendinosus muscle, with-
out any effect on the total muscle area (Lewthwaite et al.
2003). This result has been supported by the observations
of Heywood et al. (2005), who also disclosed similar AP-
induced increases in the potential for postnatal muscle
growth, as well as increases in mean body mass. These
data suggest that embryonic hyperactivity promotes a
phenotype with greater post-hatch muscle growth poten-
tial, and that this may extend to promoting long bone
length when appropriately targeted during development.

The above highlights the possibility that a relationship
exists between musculoskeletal adaptation to extrinsic

for each treatment).

mechanical stimuli and growth potential. Indeed, it is
broadly acknowledged that greater scope for increases in
bone mass and architecture in adaptation to load-bearing
are associated with those periods of fast adult growth
(see Parfitt, 1994). However, It remains to be determined
whether this relationship extends to embryonic periods
of geometric growth (weight gain) during which it
might be hypothesized that the mechanical sequelae
of movement will exert their most profound influence.
This is obviously a difficult hypothesis to test directly.
Our previous studies have therefore used an indirect
approach to examine whether the scope for such
mechano-adaptive responses is indeed related to growth
rate (Dallas et al. 1993; Pitsillides et al. 1995b). We utilized
embryonic tibiotarsi from distinct breeds of chicken that
are genetically selected for inherently different growth
rates and compared increases in autocoid release and
osteoblast glucose 6-phosphate dehydrogenase (G6PD)
activity as quantitative markers of the mechanical strain-
induced response. Somewhat surprisingly, this showed
that the greatest capacity for strain-induced increases
in nitric oxide release and osteoblast G6PD activity were
apparent in the slower growing breeds and that the
lowest capacities were apparent in the fastest growing
chickens (Pitsillides et al. 1999a). These observations
are consistent with those that have shown that slower-
growing chickens demonstrate significant increases in
adult bone strength when maintained in conditions that
promote greater load-bearing movement (Gregory et al.
1991; Fleming etal. 1994), whereas faster-growing
chickens fail to exhibit appropriate increases in bone
strength when subjected to regimens that are designed
to increase load-bearing through exercise (Patterson
et al. 1986). This observation suggests that intrinsically
high rates of growth may effectively desensitize bones
to extrinsic adaptive stimuli. Moreover, it suggests that
the adaptability of bone to load-bearing is a feature
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that can be selected for genetically. It will be intriguing
to compare the mechanisms and changes in gene
expression that might underpin the apparent acquisi-
tion of mechanosensitivty of embryonic bone in these
chickens with divergent growth rates. It is also possible
that such growth-related adaptability may extend to
other components of the musculoskelatal system, but
this remains to be addressed.

Conclusions and considerations

There are many perspectives from which knowledge of
the contribution of movement to embryonic develop-
ment can be viewed. A capacity to regenerate joint
tissues, such as articular surfaces, subchondral bone,
menisci or ligaments, would transform modern thera-
peutic approaches to cartilage repair and regeneration.
Many methods, including implantation of artificial
matrices, perichondrium, periosteum, and transplanted
chondrocytes and mesenchymal stem cells, have been
utilized in attempts to repair osteochondral defects and
there is an awareness that cartilage formation can be
promoted by controlled loading and motion. However,
these approaches have not yet been used successfully
to stimulate formation of tissue that duplicates the com-
position and mechanical properties of articular cartilage.
Nevertheless, regeneration often recapitulates embry-
onic processes of tissue formation (Erlacher et al. 1998)
and so defining the mechanisms by which mechanical
cues ‘engineer’ these architectural changes during
development may indeed facilitate their therapeutic
repair. Translation of avian studies to mammals is likely
as it is known that chickens also develop osteoarthritis
and joint pathology due to trauma and that certain
breeds are prone to dyschondroplasia (Thorp, 1996;
Anderson-MacKenzie et al. 1998).

There are a few differences that should be considered
before these results in chick are extrapolated to other
species. Chick epiphyses remain cartilaginous until
maximum bone size is reached, and they contain a
proliferation zone that is penetrated by vascular canals
from the epiphysis (Randall & Reece, 1996). Our studies
have therefore concentrated on the slow-growing White
leghorn chicken breed, which undergoes even calcifica-
tion of the cartilaginous matrix. It will be interesting to
examine whether immobilization and hyperactivity
evoke similar changes in the developing limbs of breeds
that have been selected for their very high inherent
rates of growth.
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It is also possible that such studies will provide infor-
mation on how embryonic movement contributes to
developmental attainment of functional competence.
Our findings and those of others raise an intriguing
question: do individual early episodes of embryo
movement orchestrate subsequent changes to facilitate
an even greater scope for movement during later
episodes? If this were indeed the case, it would ques-
tion the notion that purely adaptive mechanisms are
responsible for establishing the characteristics of con-
nective tissues that reflect their prevailing mechanical
environment. Some evidence points to the existence of
‘critical periods’ of skeletal development (Hall, 1977,
1985) and our studies evoke later periods of development
during which movement begins to exert a dramatic and
significant contribution. Clearly, both the mechanical
sequelae of movement and the structural characteristics
of these tissues are changing rapidly during develop-
ment; it therefore seems unlikely that a purely adaptive
capacity underpins this relationship.

Our studies have made major assumptions regarding
the mechanical consequences of rigid and relaxed
paralysis and the precise changes in stimuli they engen-
dered. It is therefore vital that these issues are revisited
wherever possible in a context in which external
control of these mechanical factors can be exploited
in vitro; this will facilitate the mechanistic deciphering
of these events. In the context of the developing joint
cavity, it is known that embryonic movement does not
modify the earliest limb patterning events that control
the location at which a joint will ultimately form. How-
ever, movement does contribute to later events that
co-ordinate the cavity-forming process at such sites; move-
ment and particularly the loading it engenders across
the joint are also likely to contribute to maintaining joint
cavities once formed. Indeed, immobilization-induced
modifications in ECM composition at the site of the
presumptive joint are consistent with the idea that
mechano-adaptive changes contribute to the initial
elaboration and later maintenance of the structures
that are required in the joint to facilitate articulation.
It is germane that many syndromes are associated with
the development of prenatal contractures in humans
(Swinyard & Bleck, 1985). There is a large body of evidence
indicating that these phenotypes can be attained via
effects on the central nervous system, motor endplates
or by primary degeneration of muscle. These considera-
tions provide clues to the factors that control musculo-
skeletal development and to the role of movement.
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The normal response of bone to load-bearing in the
growing and adult animal is known to rely on the
‘novelty’ of the stimulus. Thus, osteogenic/anti-resorptive
changes in bone cell behaviour are stimulated by novel
distributions, frequencies or magnitudes of mechanical
strain application that are sufficiently different from the
mechanical strains to which the bone is architecturally
adapted (Rubin & Lanyon, 1984; Rubin et al. 2001; De
Souza et al. 2005a). It may therefore be pertinent to
consider our findings from this standpoint. Thus, a
central question is whether similar arguments also apply
during development. Is it likely that all ‘new’ mechanical
experiences during development will have marked
effects on bone modelling and that their novelty is
ensured by the fact that the developing embryo will
‘always’ be experiencing these influences for the first
time? Our recent findings suggest that this might not
necessarily be the case, and that bone does not initially
exhibit an inherent sensitivity, but appears to acquire
its sensitivity to the mechanical milieu as part of its
development. If so, then identification of the changes
in gene expression that coincide with such shifts in the
response of bone to the mechanical environment may
be beneficial in controlling bone mass and architecture
where they are compromised by disease. Finally, we
have demonstrated that early developmental changes
in movement may translate into longer-term changes
in muscle’s capacity for growth. This highlights the
possibility that defined periods of embryonic movement
may impact upon the future adaptability of individual
components of the musculoskeletal system to mechanic-
ally derived stimuli.
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