Immobilized Chicks as a Model System for Early-Onset Developmental
Dysplasia of the Hip
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ABSTRACT: We have almost no understanding of how our joints take on their range of distinctive shapes, despite the clinical relevance
of joint morphogenesis to postnatal skeletal malformations such as developmental dysplasia of the hip (DDH). In this study, we
investigate the role of spontaneous prenatal movements in joint morphogenesis using pharmacological immobilization of developing
chicks, and assess the system as a suitable model for early-onset hip dysplasia. We show that, prior to joint cavitation, the lack of
dynamic muscle contractions has little impact on the shape of the hip joint. However, after the timepoint at which cavitation occurs, a
dramatic effect on hip joint morphogenesis was observed. Effects in the immobilized chicks included flattening of the proximal femur,
abnormal orientation of the pelvis relative to the femur and abnormal placement and coverage of the acetabulum. Although many
clinical case studies have identified reduced or restricted movement as a risk factor for DDH, this study provides the first experimental
evidence of the role of prenatal movements in early hip joint development. We propose that the immobilized chick embryo serves as a
suitable model system for the type of early-onset DDH which arises due to neuromuscular conditions such as spinal muscular atrophy.

© 2014 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res
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Joint morphogenesis, the emergence of shape, has
been referred to as the “least understood aspect of
joint formation,”* and we have very little understand-
ing of the mechanisms directing the development of
joint shape, despite the clinical significance of this
process. The most commonly presenting condition
resulting from abnormal fetal joint morphogenesis is
developmental dysplasia of the hip (DDH). DDH is a
condition in which hip joint morphogenesis does not
proceed correctly, and occurs when the juvenile hip
joint is unstable, partially dislocated (subluxated), or
completely dislocated.? The condition has an incidence
of 5 per 1,000 hips® and if treatment is not adminis-
tered or is unsuccessful, osteoarthritis is likely to
develop. There are several important deficiencies in
our basic understanding of DDH. Because DDH is
more common in female infants, and also has a
familial trend in incidence, genetics has been assumed
to play a role in DDH. Apart from identification of one
gene associated with DDH incidence in a specific
ethnic group (HOXD9),* no genetic risk factors for
DDH have been identified in multiple populations,
despite ongoing research on the topic.® While it is
known that reduced or restricted movements in utero
due to conditions such as neuromuscular disorders,
breech position and oligohydramnios increase the risk
of DDH,® the hypothesis that reduced movement in
the womb can lead to DDH has never been tested
experimentally, and there is no animal model system
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for pre or neo-natal onset DDH. The closest model
system to human DDH is canine hip dysplasia (CDH),
a common hip condition in dogs. However, CDH is
never present at birth,” while most human infants
diagnosed with DDH will have indications of the
condition at, or soon after, birth.

Two main types of dislocation have been identified;
teratologic dislocations and typical dislocations.? Tera-
tologic dislocations occur early in utero and are
associated with abnormal muscle activity, for example,
in the case of neuromuscular disorders.? Early-onset
forms of DDH have also been referred to as “paralytic”
DDH.® Typical dislocations occur in otherwise healthy
infants, and occur later in development or after birth.
In the final stages of gestation, environmental factors
such as breech and oligohydramnios increase the risk
of DDH,? and straight leg swaddling increases the risk
of DDH developing after birth.? A recent study from
Wang and colleagues demonstrated that straight-leg
swaddling after birth, particularly early or prolonged
swaddling, increased the risk of postnatal onset hip
dysplasia in a rat animal model system.®

The most important events of very early hip joint
development are the formation and morphogenesis of
the proximal femur and pelvic bones, and the encapsu-
lation of the femoral head by the acetabulum. Develop-
ment of the human hind limb was described in detail
as early as 1901 by Bardeen and Lewis® and in more
detail by Bardeen in 1905.1° As described by
Bardeen,'® at 11 mm crown to rump length (around 7
weeks gestational age; conversion from crown to rump
length to gestational age from Hadlock et al.''), the
femur and pelvic blastemas are present and undergo-
ing chondrification. At this stage of development, the
femoral blastema is still continuous with pelvis. By
14 mm (around 7.5 weeks), the three rudiments of the
pelvis are distinct, while a simple femoral head with
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the beginnings of a greater trochanter is present. At
this stage, the femur has a “dumbbell” shape, is at an
angle of 45° to the sagittal midplane of the embryo,
and is almost perpendicular to the developing pelvis.'?
The first fetal movements occur at around 7 weeks,
while independent limb movements have been
reported from 9 gestational weeks.'® From 23 mm (9
weeks), the femur becomes increasingly adducted,
with an angle of 20° to the midline apparent by 30 mm
(almost 10 weeks).!? By 20 mm (8.5 weeks) the acetab-
ulum is formed by the fusion of the three pelvic
rudiments, and a short femoral neck is evident. By
33mm (10 weeks), the main shape characteristics of
the pelvis and proximal femur have been estab-
lished.'® Coverage of the developing femoral head is
shallow at the initial formation of the acetabulum, but
by the time the joint cavity appears between 36 and
42mm (10-11 weeks), much of the femoral head is
enclosed by the acetabulum.?> The acetabulum
becomes progressively more shallow up until soon
after birth.'* The femoral head also changes shape
during the fetal period. The femoral head is almost
globular during early development, but approaches a
hemi-spherical shape at birth.'* During postnatal
growth, the femoral head once again becomes more
globular, but never becomes as spherical as it was
during early development.'* The key aspects of hip
joint development have also been described for the
chick in a recent study from our group.'® At Hamburg-
er Hamilton'® (HH) stage 26 (day 5 of incubation), the
pelvic and femoral blastema are present and continu-
ous at the hip joint.'® The ilium and ischium are
identifiable at HH27, while the pubis is present by
HH28 (6 days of incubation).® Independent limb
movements first occur at 6.5 days (HH29),'” prior to
the formation of the perforated acetabulum by HH31.
The major anatomical features of the femoral head are
present at HH32 (day 8), a day prior to cavitation of
the hip joint at HH34 (day 8.5). Similarly to that of
the human embryo, the developing chick femur under-
goes gradual rotation with respect to the pelvis and
body axis with increased adduction between HH29 and
HH35.'® The key events in hip development follow the
same sequence in both the human and chick embryo/
fetus, as illustrated for both timelines in Figure 1.

7.5 9

Immobilization of developing chicks has been exten-
sively used to characterize the effects of prenatal
movements on skeletal development [reviewed in'®].
Rigid paralysis (normally induced using neuromuscu-
lar blocking agent decamethonium bromide!®) and
flaccid paralysis (e.g., with pancuronium bromide?®)
lead to similar effects on the skeleton, but flaccid
paralysis has been shown to have more severe effects
on joint development.?’ The major effects of immobili-
zation on skeletal development include abnormal cur-
vature of the mandible, neck and spine, decreased
growth and ossification rates in all rudiments, with
some rudiments more severely affected than others.?!
Sesamoid formation and meniscus development are
also abnormal in immobilized embryos.?*?3 Immobili-
zation has been shown to have no effect on joint site
specification,???%?5 but a large body of evidence has
demonstrated that joint cavitation does not occur in
any major synovial joint in immobilized embry-
08.19:20.22.26.27 Oy a very small number of studies
have focused on the effects of an abnormal mechanical
environment on joint shape morphogenesis. Roddy
et al.?® studied shape changes in the knee joint of
chicks immobilized for up to 5 days, and found that
immobilization had the effect of simplifying the joint
shape, with flattened articular surfaces of the con-
dyles, loss of functional outgrowths such as the region
of the trochlea fibularis and a reduction in the width
of the intercondylar fossa.?® The expression patterns of
a number of genes involved in regulation of cartilage
growth (PTHLP, FGF2, and BMP2) were altered in
the immobilized specimens,?® implicating these genes
in the mechanoregulation of shape morphogenesis.
Mikic et al.?® investigated patterns of extracellular
matrix proteins during joint formation, and identified
altered production of Tenascin C in the chondroepiph-
yses of immobilized embryos as a possible contributor
to morphological abnormalities due to immobilization.
Drachman and Sokéloff?? also reported flattening of
the articular surfaces, while Osborne et al.?° found a
marked decrease in the width of the cartilage epiphy-
ses due to in ovo immobilization. Wong et al.?® immo-
bilized chick embryos by surgically excising the
lumbrosacral portion of the neural tube, and found
that the immobilized joints had smaller chondroe-
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phiphyses with irregular and flattened surfaces with
greater flaring. While abnormal morphogenesis of the
elbow joint has been reported for mouse knockouts
which develop without any skeletal muscle,3*3! no
detailed studies of joint morphogenesis have been
performed in the “muscleless limb” mutant mice. To
the best of our knowledge, nothing has been reported
on hip joint morphogenesis in any model system of
abnormal prenatal movements.

There is a pressing need to understand how prena-
tal movements affect joint shape, and a need to
investigate if animal models of abnormal prenatal
movement could serve as a suitable experimental
model for DDH. In this study, we investigate the
effects of blocking spontaneous movements using a
neuromuscular blocking agent from day 4 of incuba-
tion on hip joint morphogenesis at days 7, 8, and 9,
spanning a rapid period of morphogenesis both before
and after joint cavitation. The first movements in the
chick occur at 3.5 days of incubation (HH21),!” while
independent movements of the limb first occur at 6.5
days (HH29),'” and therefore commencing immobiliza-
tion treatments at day 4 ensures that no limb move-
ments should occur in the experimental embryos. We
use Optical Projection Tomography (OPT)3? in order to
obtain 3-D images of the hip joint shape under normal
and immobilized conditions in ovo. Direct 3D capture
enables shape analysis of the hip joint from a range of
angles, using virtual sections, and does not incur
distortions associated with physical sectioning or his-
tological methods. This study provides an experimen-
tal test of the hypothesis that restricted or abnormal
movements in the womb increases the risk of abnor-
mal hip development. If features of DDH are found in
the immobilized chick embryos, this will provide the
first model system for prenatal onset DDH.

METHODS

Fertilized eggs, supplied by a local farm (Granja Gilbert,
Cataluna, Spain) were incubated at 38°C in a humidified
incubator for 7-9 days. Following 3 days of incubation, 3 ml
of albumin was removed from the eggs. At day 4 of incuba-
tion, the immobilization treatment was started. Control
embryos were treated daily with 100pl of PBS plus
100 units/ml antibiotic/antimycotic (Pen. Strep., Gibco, Fish-
er Scientific, Madrid, Spain), while immobilized embryos
were treated daily with 100l of 0.5% Decamethonium
Bromide (DMB, Sigma) in PBS, also with 100units/ml
antibiotic/antimycotic. Decamethonium bromide is a neuro-
muscular blocking agent which induces rigid paralysis,
where contraction of all skeletal muscle fibers is sustained.2’
Sustained immobilization has been shown to decrease the
length, mass, and cross-sectional area of muscles, and the
isometric contractile properties were also found to be affected
in the muscles of immobilized embryos.?® The experiments
were performed in accordance with European Legislation
(Directive 86/609/EEC), under which no license is necessary
when working with embryos younger than two thirds
through gestation. Immobilized embryos were monitored for
movement daily, and no independent spontaneous limb
movements were detected during monitoring. Twenty-eight
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control and 32 experimental embryos were harvested on days
7, 8, and 9 of incubation, as detailed in Table 1, and all
embryos were staged using the Hamburger Hamilton (HH)'®
staging system. The right limb of each embryo was sectioned
through the anterior-posterior plane of the femur and
stained as described previously®® with Weigert’s Iron Hema-
toxylin, Fast Green and Safranin-O. The left limb of each
embryo was stained for cartilage with Alcian Blue and
scanned in 3D using Optical Projection Tomography (OPT)32
as described previously.®® Surface representations of the
limbs were created using ImagedJ (http://rsbweb.nih.gov/ij/,
last accessed December 2013).26 The hip joint was visualized
in a number of ways using Paraview (http://www.paraview.
org/, last accessed December 2013),” as described previous-
ly'%; with surface views of the pelvis and femur, virtual
sections through the pelvis and femur, surface view of the
pelvis with the femur virtually removed, and surface views
of the femur with the pelvis virtually dissected. An addition-
al virtual section through the anti-trochanter, parallel to the
main axis of the femur was also analyzed. The anti-trochan-
ter is a feature of the pelvis specific only to birds, and is an
outgrowth of the ischium adjacent to the junction with the
ilium which articulates with the femoral head in certain
movements. Rudiments were virtually dissected out from the
full image using Imaged. Individual rudiments were visual-
ized by color, where the boundaries between the rudiments
were determined by eye, with the knowledge that the three
rudiments of the pelvis together form the acetabulum.®® As
some limbs were damaged in the process, the final numbers
analyzed were slightly lower than the harvested numbers,
as detailed in Table 1 with their developmental stages. For
each timepoint, specimens were compared for the standard-
ized views described above, and at least two representative
limbs from each group were selected for presentation. The
size of the pre-acetabular ilium was compared between
groups, and standard ¢-tests were used to compare between
control and immobilized specimens at each timepoint, where
a p-value of less than 0.05 was taken as a statistically
significant difference. Since it has already been demonstrat-
ed that rudiment size is decreased in immobilized chicks
[reviewed insg], the ratio of the pre-acetabular ilium to the
width of the entire ilium (at its largest width) was used to
calculate this difference in order to investigate whether the
size of this individual part of the ilium was indeed changing
due to immobilization.

RESULTS
At day 7, after 3 days of treatment, there was no
apparent effect of immobilization on any aspect of hip

Table 1. Numbers of Embryos Harvested and Analyzed
Per Day for Control and Immobilized Groups, With the
Hamburger Hamilton (HH) Stages of Analyzed Limbs

Fully Fully
Harvested: Harvested: Analyzed: Analyzed:
Controls Immobilized Controls Immobilized

Day 7 8 9 7: HH30 7: HH30
Day 8 10 11 3: HH31 3: HH31
6: HH32 6: HH32

Day 9 10 12 2: HH34 2: HH34
7: HH35 7: HH35
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or pelvic development. Proximal femora from both
groups showed indications of the femoral head and
neck and the greater trochanter, while there were no
differences between the control and immobilized
groups for the shape or orientation of the pelvic
rudiments, as shown in Figure 2. At day 8, after
4 days of treatment, there were no differences in
morphology of the proximal femur, in the orientation
of the femur or the pelvic rudiments, or in the position
of the acetabulum, as shown in Figure 3. The only
effect detected at day 8 was a change in the size of the
pre-acetabular ilium (as labeled in Fig. 3) relative to
the width of the entire ilium, which was significantly
lower in the immobilized limbs (p < 0.05) (Fig. 3e—1).°
Some specimens had particularly delicate pubic bones

Controls Immobilised

cl c2 el e

¥ () z

Figure 2. Pelvic and femoral development at day 7 for control
(left) and experimentally immobilized (right) chick embryos. (a—
d) Pelvis and femur, ventral aspect of femur, (e-h) pelvis and
femur ventral aspect of pelvis, (i-1) dorsal aspect of pelvis, (m—p)
virtual section through the femoral head and parallel to the
main axis of the femur, (g-t) posterior aspect of femur, (u—x)
anterior aspect of femur. fh, femoral head; fm, femoral neck; gc,
greater trochanter; (y—b’) virtual section through the anti-
trochanter, parallel to the main axis of the femur. Magenta
arrowheads refer to the anti-trochanter. Scale bars 1 mm.
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Immobilised
e2

Controls

Figure 3. Pelvic and femoral development at day 8 for control
(left) and experimentally immobilized (right) chick embryos. (a—
d) Pelvis and femur, ventral aspect of femur, (e-h) pelvis and
femur ventral aspect of pelvis, (i-1) dorsal aspect of pelvis
(abnormal orientation of pubis in [i, j and 1] is due to damage
during processing), (m—p) virtual section through the femoral
head and parallel to the main axis of the femur, (q—t) posterior
aspect of femur, (u—x) anterior aspect of femur. fh, femoral head;
fm, femoral neck; ge, greater trochanter; (y—b') virtual section
through the anti-trochanter, parallel to the main axis of the
femur. Magenta arrowheads refer to the anti-trochanter. Scale
bars 1 mm.

whose orientation was altered in the clearing stage
after staining, as shown in Figure 3j and 1. The pubis
is normally adjacent to the ischium, as shown in
Figure 3k. As this artefact occurred in a number of
both control and immobilized specimens, the size or
alignment of the pubis has not been analyzed in this
study. No differences were apparent in histological
sections of control and immobilized limbs at day 7 or 8§,
when no cavity was yet present in either group, as
shown in Figure 4.

In contrast to specimens harvested at day 7 and 8,
almost all features of the hip joint were affected in the
immobilized limbs harvested at day 9. Of the nine
limbs analyzed in detail, eight of them had an abnor-
mal shape or protuberance of the femoral head, as
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Immobilised

Figure 4. Histological sections of the right hip joint through the anterior-posterior plane of the femur for each timepoint. Cavitation
of the hip joint has occurred by day 9 in the controls but not in the immobilized specimens. Scale bars 200 p.m.

shown in Figure 5 (rightmost 3 columns). Seven out of
9 of the immobilized limbs had abnormal or absent
indentation of the femoral neck relative to the femoral
head and greater trochanter as compared to control
limbs as shown in Figure 5 (rightmost 3 columns).
None of the immobilized hip joints at day 9 had both a
normal femoral neck and femoral head. There were
other abnormalities seen in the day 9 limbs, such as
the orientation of the pelvis relative to the femur,
which was different between the control and immobi-
lized groups; compare Figure 5s—u, a—c with v—x, d—f.
In the control group at day 9, sections through the
ilium at the femoral head show that the ilium is
almost parallel to the femur as shown in Figure 5s—u.
However, in the immobilized group, the orientation of
the equivalent section of the ilium relative to the
femur was the same as in specimens from the previous
day (compare Fig. 5v—x with Fig. 3m—p). The relation-
ship between the pelvis and femur was also abnormal
in other ways, such as the positioning of the acetabu-
lum. In a section through the femoral head, the distal
ilium is normally positioned in the indented femoral
neck (Fig. 5s—u). However, in some immobilized limbs,
as shown in Figure 5w, the ilium is positioned at the
femoral head, away from the location at which the
indentation of the femoral neck should be. In some
specimens, in a virtual section through the anti-
trochanter, it was not possible to separate the ilium
(at the anti-trochanter) from the proximal femur in
some immobilized specimens due to fusion of the
rudiments at the joint, as shown in Figure 5n’ and o'.
As in the day 8 specimens, the orientation of some

pubic bones (Fig. 50, p) were affected by the staining
process, and no analyses were performed on this
rudiment. When the length of the pre-acetabular
ilium relative to the width of the entire ilium was
measured, there was no significant difference between
the control and immobilized groups at day 9 for this
ratio. A joint cavity was present in the control embryos
at day 9, but no cavities were detected in the
immobilized embryos at the same timepoint, as shown
in Figure 4.

Not all limbs within the immobilized group at day 9
were affected to the same degree, which is expected
due to at least two sources of experimental variation;
slightly different dilutions of the drug due to different
sizes of eggs, and natural variations in the embryos
themselves. For example, some limbs were particularly
severely affected, such as the limb labeled “e2” at day
9. This limb had multiple abnormal features, such as
abnormal femoral head and neck, abnormal position-
ing of the acetabulum and orientation of the pelvis
relative to the femur, and complete fusion of the
proximal femur and the pelvis in some locations (Fig.
5, 2nd column from right), while others maintained
features of the normal hip joint, such as positioning of
the acetabulum (el, e3, Figure 5v, x) and anti-trochan-
ter (e3, Figure 5p’).

DISCUSSION

In this paper, we describe how pharmacological immobi-
lization affects shape morphogenesis of the developing
chick hip joint over the period between 7 and 9 days of
incubation. We have shown that immobilization had no
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Figure 5. Pelvic and femoral development at day 9 for control (left) and experimentally immobilized (right) chick embryos. (a—f)
Pelvis and femur, ventral aspect of femur, (g-1) pelvis and femur ventral aspect of pelvis, (m-r) dorsal aspect of pelvis (abnormal
orientation of pubis in [o, p] is due to damage during processmg) (s—x) virtual section through the femoral head and parallel to the

main axis of the femur, (y—d’) posterior aspect of femur, (e/—j

') anterior aspect of femur. fh, femoral head; fm, femoral neck; ge, greater

trochanter; (k'—p’) virtual section through the anti- trochanter parallel to the main axis of the femur. Scale bars 1mm. Magenta
arrowheads refer to the anti-trochanter. Zoomed in segments (s—p’ ) magnified 2.5 times with respect to original.

effect on any aspect of hip joint shape on day 7 of
incubation, with immobilization applied from day 4. At
day 8 of incubation, the only effect of immobilization
found was in the pelvic anatomy, as the length of the
pre-acetabular portion of the ilium was decreased as
compared to the total length of the ilium. However, at
day 9 of incubation, a range of effects on joint shape
were seen in the immobilized chicks, with specimens
exhibiting abnormal shaping of the proximal femoral
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head and acetabulum, and abnormal positioning and
orientation of the pelvis with respect to the femoral
head. Therefore, the hypothesis that restricted or abnor-
mal fetal movements lead to abnormal hip joint develop-
ment has been corroborated by our results. The
abnormalities found in the immobilized chicks are
features of severe DDH, and we propose that the
immobilized chick embryo model system is a suitable
animal model for early-onset DDH.



The first two groups of control and immobilized
limbs analyzed (harvested on days 7 and 8), which
were staged between HH30 and HH33, had not yet
undergone cavitation (Fig. 4). Our results show that,
apart from a decrease in the length of the pre-
acetabular portion of the ilium, no effect on hip joint
shape was detected due to immobilization in the pre-
cavitation joints. However, by day 9 of incubation,
when the chicks were staged between HH34 and
HH35, cavitation has occurred in the controls, but not
in the immobilized embryos, as shown in Figure 4.
This finding concurs with numerous studies which
have reported failure of cavitation in immobilized
chick limbs.1920:2226.27 Dyjifferences in shape were also
detectable in histological sections, where in the day 9
immobilized specimens the shape of the femoral head
was similar to the shape at day 8, while in the control
specimens at day 9 the shape has become much more
defined. Dramatic effects on almost all aspects of the
hip joint were evident from the 3D scans at day 9 of
incubation; the pelvis does not undergo normal
changes in orientation, the shape of the femoral head
is simpler in shape than controls at the same age, and
the size and positioning of the perforated acetabulum
is also affected. Our results suggest that cavitation is
crucial to the development of the complex shape of the
proximal femur and to the correct orientation and
interaction between the acetabulum and pelvis and
the proximal femur.

These results raise some key issues relating to the
sequence of events in the developing joint, which is
illustrated in Figure 1 for human and chick develop-
ment. Previous work from our group demonstrated
that the major morphological features of the hip joint
are present at least 1.5 days prior to cavitation,'® and
we previously hypothesized that pre-cavitational
movements at the joint could influence early morpho-
genesis. However, this hypothesis has been rejected by
our current work, as despite the fact that pre-cavita-
tional movements at the hip joint were absent in the
immobilized embryos, shape morphogenesis of the hip
proceeded as normal in the immobilized hips at days 7
and 8. Therefore, we can conclude that pre-cavita-
tional flexion of the joints does not play a role in early
joint shape morphogenesis. Growth related strains*!
could potentially still play a role, or alternatively, the
process of early joint shape morphogenesis could be
entirely biologically determined. Pre-cavitational
movements have long been identified as promoting
cavitation through physical separation of the rudi-
ments,?>*2 and this has been borne out in our results,
with no cavitation occurring in the day 9 immobilized
embryos. In contrast to the lack of influence of pre-
cavitational movements on joint shape, the current
research shows that physical separation by cavitation
and/or post-cavitational movements are essential for
the refinement and modulation of joint shape. While
others have shown effects of immobilization on the
shape of the pre-cavitational knee (stifle),2%52® an-
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kle?*? and interphalangeal joint,?*?® ours is the first

study to show that morphogenesis proceeds as normal
in the absence of limb movements up until the point at
which cavitation should occur. We propose that while
early stage morphogenesis does not depend on limb
movements, late stage morphogenesis is dependent on
cavitation and/or local joint movements made possible
by cavitation. These findings have important conse-
quences for developing future treatments for early-
onset DDH, as they show that the event of cavitation
is critical to joint shape development and that, there-
fore, inducing cavitation when it did not occur natural-
ly could ameliorate the effects on the hip joint.

The immobilized chick serves as a model system for
so-called teratologic hip dislocations, which occur early
in utero and are associated with neuromuscular prob-
lems such as spinal muscular atrophy.? While DDH
incidence is greater in female infants® and in the left
hip (reportedly due to restricted movement of that side
because of restricted adduction next to the mother’s
spine),’ many neuromuscular conditions are more
common in male infants (e.g., X-linked spinal muscu-
lar atrophy occurs only in males), and therefore the
gender and side differences that occur are likely to
apply to typical DDH alone. Our results have shown
that hip joint morphogenesis is dramatically affected
by immobilization, but only after the point in develop-
ment after which cavitation should have occurred.®
The pharmacological immobilization treatment we
have used is representative of only the most severe
cases of neuromuscular disorders, where spontaneous
movements are completely absent. However, we have
identified the most severe effects of early-onset DDH,
and our next steps will be to investigate if the joint
can “recover” from short or intermittent periods of
absent movement, to test the effects of later starting
timepoints for the immobilization treatment (e.g.,
starting treatment at day 7 or 8) and to examine later
stage immobilizations that would be representative of
the more common nonsyndromic, or “typical”> DDH
which arises during late gestation. As with any drug
treatment, there is always a concern that the drug can
interact with biological processes in an unpredicted
manner. However, decamethonium bromide has previ-
ously been shown not to interfere with cartilage
synthesis,*® and so we are confident that the effects on
joint shape are related to the lack of movements rather
than a direct action of the applied drug.

This research provides the first detailed morpholog-
ical description of early hip joint development under
an altered mechanical environment. The use of 3D
OPT imaging enabled us to obtain surface views from
any angle and virtual sections in any desired orienta-
tion, and to “virtually dissect” out individual parts of
the anatomy in order to visualize effects from multiple
angles. Although many clinical case studies have
identified reduced or restricted movement as a risk
factor for abnormal hip development and DDH, this
study has provided the first experimental evidence of
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the role of prenatal movements in early hip joint
development. Our results suggest that immobility
during early hip joint development affects morphogen-
esis of both the acetabulum and proximal femur. The
congruency of the immobilized hip joints would cer-
tainly be affected due to the significantly altered
morphology, leading to dysplasia and possible disloca-
tion. Therefore, the immobilized chick hip joints are
consistent with teratologic DDH, providing the first
animal model system for early-onset DDH.
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